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[1] We investigate the plasma instability of a current disruption event that shows an
inverse cascade of waves starting at frequencies slightly below the ion cyclotron frequency
to waves at low frequencies that correspond to the time scale of dipolarization. The electric
and magnetic perturbations in the initial wave excited are extracted to check their
agreement with two alternative theoretically predicted instability mechanisms. The first
mechanism involves the electromagnetic ion cyclotron instability propagating along the
magnetic field driven by the relative cross-field drift, while the second corresponds to the
Alfvén ion cyclotron instability propagating in quasi-perpendicular direction with
respect to the local magnetic field. It is found that the observed electric and magnetic
perturbations are incompatible with the quasi-parallel electromagnetic ion cyclotron
instability, but they are found to be consistent with nearly perpendicular propagating
waves generated by the Alfvén ion cyclotron instability.

Citation: Yoon, P. H., A. T. Y. Lui, and J. W. Bonnell (2009), Identification of plasma instability from wavelet spectra in a current

disruption event, J. Geophys. Res., 114, A04207, doi:10.1029/2008JA013816.

1. Introduction

[2] The interaction between the solar wind and the Earth’s
magnetic field leads to the formation of the magnetosphere.
Its volume is conservatively estimated to exceed ten thousand
times the size of the Earth. Many different plasma domains
exist within the magnetosphere. The magnetic field intensity,
plasma temperature, and the plasma density vary consider-
ably among these different regimes. These variations give
rise to a wide range of key plasma parameters for consider-
ation when basic physical processes are sought for the origin
of different magnetospheric phenomena.
[3] Magnetospheric substorms constitute a major challenge

in understanding such a phenomenon that involves an explo-
sive energy release at its onset. As a first step to unravel the
physical process for its onset, the recent NASA mission
Time History of Events and Macroscale Interactions during
Substorms (THEMIS) aims to identify the location where
the substorm disturbances are initiated in the magnetotail
[Angelopoulos, 2008]. The result from this first step will
confine the range of plasma parameters appropriate for the
identification of the substorm onset process. Regardless
of where substorm onset occurs in the magnetotail, one
phenomenon inevitably linked to the substorm disturbances
in the magnetotail is dipolarization, which is a reconfigura-
tion of the magnetic field from a tail-like form consisting of
much magnetic tension to a less stressed dipolar form.

[4] There are several potential causes of dipolarization.
The process that relates directly to magnetic reconnection is
the braking of the reconnection-generated plasma flows in
the near-Earth region due to the strong magnetic field
[Haerendel, 1992; Shiokawa et al., 1997]. Near-Earth
processes for dipolarization include plasma instabilities
and noninstability type. In the first category are ballooning
instability [Roux et al., 1991; Voronkov et al., 1997; Liu,
1997; Bhattacharjee et al., 1998; Cheng and Lui, 1998; Pu
et al., 1999; Erickson et al., 2000; Dobias et al., 2004],
cross-field current instability [Lui et al., 1991], entropy
antidiffusion instability [Lee et al., 1998], current-driven
Alfvénic instability [Perraut et al., 2000; Le Contel et al.,
2001], and ion-ion two stream instability [Swift and Lin,
2001]. The second category includes convection reduction
[Lyons et al., 2003], magnetosphere-ionosphere coupling
[Kan, 2007], and ‘‘akis’’ structure in a thin current sheet
[Sarafopoulos, 2008].
[5] In a recent study of such dipolarization phenomenon,

Lui et al. [2008a] showed from continuous wavelet analysis
of the magnetic field signals that current disruption in one
dipolarization event exhibits a clear inverse cascade feature
of waves starting at frequencies slightly below the ion
cyclotron frequency to waves at low frequencies that
correspond to the time scale of dipolarization. A preliminary
theoretical analysis was made to suggest that the initial
waves in the inverse cascade feature might be due to drift-
driven electromagnetic ion cyclotron instability or an
ordinary mode instability driven by a cross-field ion drift.
This early effort was made without the knowledge of the
accompanying electric field fluctuations. After the comple-
tion of this previous work, we were able to examine the
associated electric perturbations at the onset of the inverse
cascade feature. The additional information allows us to
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better identify the instability that was excited at the abrupt
onset of dipolarization.
[6] In this paper, we shall first present the magnetic and

electric perturbations observed during the dipolarization
event. We then present a theoretical procedure to ascertain
the nature of the excited waves that allows us to identify the
instability that might cause the observed magnetic and
electric perturbations at dipolarization.

2. Observations

[7] A moderate-sized substorm started at �0743 UT on
29 January 2008 and was monitored well by both the
ground-based all-sky-camera observatories [Mende et al.,
2008] and the THEMIS satellites [Angelopoulos, 2008].
Figure 1 shows the keogram from Fort Smith (FSMI),
located at geog. Lat. = 59.984N, geog. Long. = 248.158E,

and selected frames of 1-min resolution auroral picture from
the all-sky-camera (ASC) on that day [Lui et al., 2008b]. As
is well known, keogram represents the auroral brightness
along the north-south meridian as a function of time. A
weak substorm can be seen to start at �0713 UT, preceding
the moderate-sized substorm that started later at �0743 UT.
The second substorm within this time interval had a
significant poleward expansion of auroral activity, as indi-
cated by the keogram as well as pictures taken at 0749–
0810 UT in the sequence shown. The keogram indicates that
the poleward boundary of auroral activity within the field of
view of that station started to recede at �0820 UT.
[8] Dipolarization was observed by the innermost

THEMIS satellite, which was located at (X, Y, Z)GSM =
(�8.3, 1.3, �2.7)RE in the magnetotail. Figure 2 shows the
measurements of the electric and magnetic fields during the
short interval encompassing the dipolarization. The electric

Figure 1. The keogram and selected 1-min resolution of ASC auroral images from Fort Smith during
0700–0900 UT on 29 January 2008.
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field data are from the Electric Field Instrument (EFI)
[Bonnell et al., 2008] and the magnetic field data are from
the FluxGateMagnetometer (FGM) [Auster et al., 2008]. The
electric field components are obtained using the approxima-
tion of E � B = 0. Only the two electric field components on
the equatorial plane are shown since the third component is
mostly contributed from the short axial boom and has less
accuracy than the other two components.
[9] Continuous wavelet transform using the Gaussian

Morlet mother wavelet as documented by Lui and Najmi
[1997] is used to examine the magnetic and electric field
perturbations associated with dipolarization for this event.
Wavelet analysis uses wavelet packets to resolve the
observed signal in a time-frequency domain, which is
superior to the traditional Fourier analysis [Lui and Najmi,
1997; Lui et al., 2008a]. The Gaussian width of the
envelope is chosen to be 0.5 and the frequency domain is
divided into 8 octaves, each with 15 divisions. The temporal
resolution of the magnetic field data is 0.25 s and that of the
electric field is 0.125 s. Figures 3 and 4 show the wavelet
analysis for the magnetic field and electric field compo-
nents, respectively. The local proton cyclotron frequency is
marked by the white trace in each frequency-time spectro-
gram. For magnetic field perturbations, the inverse cascade

feature can be seen in the By and Bz components during the
early phase of current disruption (�0746–0748 UT). The Bz

component showed this feature most evidently. The inverse
cascade began at the high frequencies around �0.1 Hz and
settled at the low frequencies of �0.005–0.009 Hz. The
time scale of dipolarization for this activity was �150 s
(0745:40–0748:10 UT), which corresponds to �0.007 Hz.
For the electric field perturbations, there is some indication
of an inverse cascade in the Ey component in the interval
�0747–0748 UT also. It started at the high frequencies
around �0.1 Hz and descended to the low frequencies at
�0.005–0.009 Hz, just like that of the Bz component but
occurred at a different time interval. In the present analysis
the frequency separation is gained with the wavelet analysis,
and the accuracy of the perturbed magnetic field compo-
nents is better than 1 nT.

3. Plasma Wave Diagnostics

[10] In this section, we outline the theoretical diagnostic
tool which will be utilized for data analysis. The purpose of
the formalism is to identify and characterize the nature of
the fluctuation. The spacecraft measurement is done for a
given range of frequencies, whereas the characteristics of

Figure 2. (a–d) The three components of magnetic field and (e and f) two components of electric field
measured by innermost probe of the THEMIS A (P5) during the short interval encompassing the current
disruption.
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the plasma eigenmode can be described in terms of fre-
quency, propagation angle, and the wave polarization. Of
these, the information on the propagation angle is not
available directly. The data provides electric and magnetic
field fluctuations, but the interpretation of the wave electric
and magnetic field must be done within the context of the
plasma normal mode theory. The theoretical scheme to be
discussed below is a tool that enables us to extract the
necessary information, namely, the propagation angle and
the wave polarization so that we may unambiguously
identify the nature of the fluctuations.

[11] Consider the linearized two-fluid equation in mag-
netized plasmas with an arbitrary orientation of the ambient
magnetic field,

dnj ¼
nk � dvj

w
;

dvj ¼
iej

mjw
dE� iej

mjcw
B� dvj;

dB ¼ c

w
k � dE;

dEþ c

w
k � dB ¼ �

X
j

4piejn
w

dvj;

Figure 3. The wavelet analysis result on all three magnetic field components showing the inverse
cascade feature and intermittent excitations.
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where dnj and dvj stand for perturbed number density
and velocity for particle species j (j = e, i being electron and
ions, respectively), dE and dB are fluctuating electric and
magnetic fields, and B stands for the ambient magnetic
field. Moreover, ej, mj, and c designate the unit electric
charge, mass, and the speed of light in vacuo. The above
linearized two-fluid equations can be combined to give the
following wave equation:

0 ¼ 1� c2k2

w2
�
X
j

w2
pj

w2 � W2
j

 !
dEþ c2

w2
k � dEð Þk

þ
X
j

w2
pj

w2 � W2
j

W2
j

w2
b � dEð Þbþ iWj

w
b� dEð Þ

 !
; ð1Þ

where wpj
2 = 4pnej

2/mj corresponds to the square of the
plasma frequency for species j, and Wj = ejB/mjc denotes the
cyclotron frequency for species j. In the above, b = B/jBj
stands for unit magnetic field vector.

3.1. Dispersion Relation for Low-Frequency Modes

[12] The solvability condition of the above equation, or
the dispersion relation, is well known. If we decompose the
wave vector k into components perpendicular and parallel
to the ambient field,

k ¼ b� kð Þ � bþ b � kð Þ b ¼ k? þ kk;

Figure 4. The wavelet analysis result on two electric field components showing an indication of an
inverse cascade feature and intermittent excitations.
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then the dispersion relation is given by

0 ¼ N4 �1 sin
2 qþ �3 cos

2 q
� �

� N2 �21 þ �22
� �

sin2 qþ �1�3 1þ cos2 q
� �� �

þ �21 þ �22
� �

�3;

where N = ck/w is the index of refraction, k? = ksin q, kk =
kcos q, and

�1 ¼ 1�
X
j

w2
pj

w2 � W2
j

;

�2 ¼
X
j

iWj

w

w2
pj

w2 � W2
j

;

�3 ¼ 1�
X
j

w2
pj

w2
:

For low-frequency waves satisfying w2 � We
2, we may

approximate

�1 ¼
w2
pi

w2
lh

�
w2
pi

w2 � W2
i

;

�2 ¼
iw
Wi

w2
pi

w2 � W2
i

;

�3 ¼ �
w2
pe

w2
:

In the above wlh
2 = Wi

2(mi/me) is the square of the lower-
hybrid frequency. Under the above approximations, the
dispersion relation can be expressed as a quadratic equation
in w2,

0 ¼ A
w4

W4
i

� B
w2

W2
i

þ C;

where

A ¼ 1þ 2k2v2A
w2
lh

þ k2k2?v
4
A

w4
lh

;

B ¼
k2k2kv

4
A

W4
i

þ k2v2A
w2
lh

k2?v
2
A

W2
i

þ k2v2A

W2
i

þ
k2kv

2
A

W2
i

;

C ¼
k2k2kv

4
A

W4
i

:

Here vA = B/
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnmi

p
is the Alfvén speed. Of course, the

exact solution is available, but to a good degree of
accurateness, one may obtain the following approximate
analytical forms for the two independent solutions,

w
Wi

� C

B

	 
1=2

¼
kkvA=Wiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ k2kv
2
A=W

2
i þ k2?v

2
A=w

2
lh

q ;

w
Wi

� B

A

	 
1=2

¼ kvA

Wi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2kv

2
A=W

2
i þ k2?v

2
A=w

2
lh

1þ 2k2v2A=w
2
lh þ k2k2?v

4
A=w

4
lh

s
: ð2Þ

The first solution corresponds to the Alfvén ion cyclotron
mode branch, while the second solution describes dispersive
property of the fast magnetosonic mode branch.
[13] Shown in Figures 5a and 5b are the surface plots of

the above two linearly independent low-frequency plasma
eigenmodes. Note that the ion cyclotron mode does not exist
above Wi. For quasi-perpendicular propagation angle, this
mode can be described by the O mode polarization. The fast
magnetosonic mode can have wave frequency much higher
than Wi. For quasi-perpendicular propagation angle, the fast
mode turns into quasi-electrostatic lower-hybrid wave.

3.2. Wave Polarization

[14] In what follows, we first start from the consideration
of the situation where the ambient magnetic field is directed

Figure 5a. Dispersion surface for Alfvén ion cyclotron
mode, which is one of the two linearly independent low-
frequency modes in magnetized plasmas. The frequency is
normalized to w/Wi, and the wave vector is normalized by
kvA/Wi.

Figure 5b. Dispersion surface for fast magnetosonic
mode, which is the second solution among the two linearly
independent low-frequency modes in magnetized plasmas.
The frequency is normalized to w/Wi, and the wave vector is
normalized by kvA/Wi.
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strictly along the z axis, and consider the wave vector to lie
in yz plane,

B ¼ Bez;

k ¼ k?ey þ kkez ¼ k sin q ey þ k cos q ez:

However, this is not the most general geometry. Conse-
quently, we next allow the ambient magnetic field to
possess a finite y component. To do that, we simply rotate
the geometry of B and k vectors in clockwise direction
about x axis in angle a. The new B and k vectors are then
given by

B ¼ B sina ey þ B cosa ez;

k ¼ k sin qþ að Þ ey þ k cos qþ að Þ ez:

Finally, in order to allow a finite x component magnetic
field, we rotate the above B and k vectors in counter-
clockwise direction about y axis in angle b. The result is

B ¼ B cosa sinb ex þ B sina ey þ B cosa cos b ez;

k ¼ k cos qþ að Þ sinb ex þ k sin qþ að Þ ey þ k cos qþ að Þ cos b ez:

By identifying

bx ¼ cosa sinb;

by ¼ sina;

bz ¼ cosa cosb;

we may easily reexpress the k vector as follows:

k ¼ exkx þ eyky þ ezkz;

kx ¼ kbx cos q� byffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2y

q sin q

0
B@

1
CA;

ky ¼ k
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2y

q
sin qþ by cos q

� �
;

kz ¼ kbz cos q� byffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2y

q sin q

0
B@

1
CA:

[15] Now that we have obtained the general expressions
for both B and k vectors, we go back to the wave equation
(1). After some tedious but otherwise straightforward alge-

braic manipulations, one may express five out of the six
electric and magnetic field components in terms of one

undetermined component. We choose dEz as the undeter-
mined element. Then, it can be shown that

dEx

dEz

¼ P

R
;

dEy

dEz

¼ Q

R
;

dBx

dEz

¼ c

vA

Wi

w
kyvA

Wi

� kzvA

Wi

Q

R

	 

;

dBy

dEz

¼ � c

vA

Wi

w
kxvA

Wi

� kzvA

Wi

P

R

	 

;

dBz

dEz

¼ c

vA

Wi

w
kxvA

Wi

Q

R
� kyvA

Wi

P

R

	 

; ð3Þ

where

P ¼ DxyDyz þ DyyDxz;

Q ¼ DxyDxz þ DxxDyz;

R ¼ DxxDyy � D2
xy;

Dxx ¼
k2y v

2
A

W2
i

þ k2z v
2
A

W2
i

� w2

w2
lh

þ mi

me

b2x

 !
1� w2

W2
i

 !
� w2

W2
i

þ b2x ;

Dyy ¼
k2x v

2
A

W2
i

þ k2z v
2
A

W2
i

� w2

w2
lh

þ mi

me

b2y

 !
1� w2

W2
i

 !
� w2

W2
i

þ b2y ;

Dxy ¼
kxkyv

2
A

W2
i

þ iw
Wi

bz �
mi

me

bxby

 !
1� w2

W2
i

 !
� iw
Wi

bz � bxby;

Dxz ¼
kxkzv

2
A

W2
i

þ iw
Wi

by �
mi

me

bxbz

 !
1� w2

W2
i

 !
� iw
Wi

by � bxbz;

Dyz ¼
kykzv

2
A

W2
i

þ iw
Wi

bx �
mi

me

bybz

 !
1� w2

W2
i

 !
þ iw
Wi

bx � bybz:

ð4Þ

In the above the angular frequency w and the wave vector k
are not independent but they are mutually related via the
dispersion relation (2).
[16] For the present purpose, instead of expressing w in

terms of k, we find it more useful to expression the
magnitude of the wave vector k in terms of the frequency
w and the propagation angle q. One can convert the
dispersion relation (2) in a straightforward manner, and
the result is

k2v2A ¼
wA
max

� �2
cos2 q

w2

wA
max

� �2�w2
;

wA
max

� �2¼ cos2 q
W2

i

cos2 qþ Wi=wlhð Þ2 sin2 q
; ð5Þ

for the Alfvén ion cyclotron mode branch, and

k2v2A ¼ w2
lh

2 sin2 q

2w2 � w2
lh þ w2

lh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2 w=wlhð Þ2þ4 w=Wið Þ2 1þ w2=W2

i

� �
cos2 q

q
wF
max

� �2�w2
;

wF
max

� �2¼ w2
lh

sin2 qþ wlh=Wið Þ2 cos2 q
sin2 q

; ð6Þ

for the fast magnetosonic mode branch. Shown in Figures 6a
and 6b are the two solutions (5) and (6) plotted as normalized
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k versus normalized w for several different propagation
angles q.
[17] We next make use of the results derived in this

section to analyze the data. Our purpose is to identify the
wave propagation angle defined with respect to the local
magnetic field, and to determine which of the two linear
independent modes is excited during the dipolarization
process.

3.3. Data Analysis

[18] At the first time of interest, 0745:50 UT, corre-
sponding close to the start of current disruption and inverse
cascade feature, the parameters extracted are summarized in
Table 1. For this event, we have chosen three discrete

frequency intervals corresponding to 0.0947 Hz, 0.0992 Hz,
and 0.1031 Hz. We have then extracted the fluctuating field
values for each frequency. We have used three adjacent data
for each frequency interval for statistical average. The three
frequency intervals can be translated as w/Wi = 0.2219,
0.2324, and 0.2416, respectively. The unit magnetic field
vector for this event is given by b = (0.0214, �0.1568,
0.9874).
[19] From Table 1, average values of (dBx/dBz, dBy/dBz,

dEx/dEy) are given by (�0.3, �0.5, �4.2) for w/Wi = 0.2219;
(�0.3, �0.4, �5.5) for w/Wi = 0.2324; and (�0.3, �0.4,
�7.3) for w/Wi = 0.2416. We then compare the theoretically
computed values on the basis of (3) and (4) with the above
values for each mode (5) or (6). If the following quantities

dBx

dBz

����
theory

�dBx

dBz

����
data

;

dBy

dBz

����
theory

�dBy

dBz

����
data

;

dEx

dEy

����
theory

�dEx

dEy

����
data

; ð7Þ

should approach zero value simultaneously for a given
propagation angle q, then obviously that angle characterizes
the excited wave mode. We have computed the above
quantities for all three frequency intervals. It turns out that
the fast magnetosonic mode does not render the above three
quantities simultaneously to zero for any propagation angle.
Consequently, we do not show the results of our investigation
related to the fast magnetosonic mode.
[20] The Alfvén ion cyclotron branch on the other hand

shows that the above three quantities simultaneously tend
toward zero value for a particular propagation angle q.
Shown in Figures 7a, 7b, and 7c are the results for the
Alfvén ion cyclotron wave polarization study. Although
exact zero values are not achieved owing to the inherent
uncertainty in the data and the fact that the theory
(specifically, we upshifted both curves (dBx/dBz)theory �
(dBx/dBz)data and (dBy/dBz)theory � (dBy/dBz)data by 0.075) is
based upon simple cold two-fluid theory, the overall trend is
clear enough so that we may confidently declare that the
root (i.e., the propagation angle) has been found for each
angle. Specifically, we find that the quantities defined in (7)
simultaneously approach zero value for q � 80�, 79.5�, and
79�, for the three frequency intervals. Note that we did not
adjust (dEx/dEy)theory � (dEx/dEy)data.

Figure 6a. Dispersion relation for Alfvén ion cyclotron
mode expressed as k versus w for several different
propagation angles q.

Figure 6b. Dispersion relations for fast magnetosonic
mode expressed as k versus w for several different
propagation angles q.

Table 1. Summary of Relevant Input Parameters for Event 1 at

0745:50 UTa

fw (Hz) dBx (nT) dBy (nT) dBz (nT) dEx (mV/m) dEy (mV/m)

0.0947 1.1663 1.8201 3.8327 1.0364 0.2385
0.0947 1.1623 1.8177 3.8359 1.0221 0.2420
0.0947 1.1585 1.8152 3.8377 1.0062 0.2263
0.0992 1.1034 1.6632 3.8497 1.1051 0.1982
0.0992 1.0988 1.6565 3.8506 1.0922 0.1990
0.0992 1.0944 1.6498 3.8501 1.0778 0.2008
0.1031 1.0178 1.5005 3.8368 1.1660 0.1623
0.1031 1.0117 1.4875 3.8339 1.1541 0.1592
0.1031 1.0059 1.4747 3.8294 1.1404 0.1573

aFor this event, fci = 0.4268 Hz, vA = 801.1 km/s, Bx = 0.6 nT, By =
�4.4 nT, and Bz = 27.7 nT.

A04207 YOON ET AL.: INSTABILITY IDENTIFIED FROM WAVELET SPECTRA

8 of 11

A04207



[21] TheAlfvén ion cyclotronmode for quasi-perpendicular
propagation is characterized by the ordinary mode polari-
zation. The k versus w dispersion relation for the three
angles identified by the processes shown in Figures 7a, 7b,
and 7c is plotted in Figure 8. Of the continuous dispersion
relation, only the discrete frequencies indicated by short
vertical lines represent the data points. In the paper by Lui et
al. [2008a], we considered two possible unstable modes,
one propagating exactly parallel to the local average mag-
netic field, and the other was the ordinary mode propagating
exactly perpendicular to the ambient B field. Judging from
the present analysis, we conclude that the latter O mode
instability is probably the unstable mode excited during the
dipolarization process.

[22] Next we consider another time of interest, 0747:14 UT.
The parameters extracted are summarized in Table 2. We
have again chosen three frequency intervals corresponding
to 0.0992 Hz, 0.1031 Hz, and 0.1088 Hz. The three adjacent
field data points for each frequency interval are shown
in Table 2. The three frequency intervals are translated
as w/Wi = 0.2013, 0.2093, and 0.2208, respectively. The unit
magnetic field vector for this event is given by b = (�0.0679,
�0.4877, 0.8704).
[23] Average values of (dBx/dBz, dBy/dBz, dEx/dEy) for this

event are given by (�1.3, �2.1, �0.4) for w/Wi = 0.2013;
(�1.4, �3.1, �0.4) for w/Wi = 0.2093; and (�1.2, �1.5,

Figure 7a. Plots of (dBx/dBz)theory � (dBx/dBz)data (top
curve), (dBy/dBz)theory � (dBy/dBz)data (middle curve), and
(dEx/dEy)theory � (dEx/dEy)data (bottom curve) corresponding
to the Alfvén ion cyclotron branch for w/Wi = 0.2219. Note
that the fast mode does not have a solution.

Figure 7b. The same as Figure 7a, but for w/Wi = 0.2324.

Figure 7c. The same as Figure 7a, but for w/Wi = 0.2416.

Figure 8. Alfvén ion cyclotron dispersion relation (k
versus w) for three angles: q = 80� (top curve), 79.5�
(middle curve), and 79� (bottom curve). The short
vertical lines represent the data points. For these quasi-
perpendicular propagation angles, the mode is characterized
by the ordinary mode polarization.
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�0.4) for w/Wi = 0.2208. We have repeated the analysis of
computing (7) as a function of propagation angle q in order
to determine whether these quantities approach zero value
simultaneously for a given angle q. Again, the fast magneto-
sonic mode does not satisfy the required condition. Conse-
quently, we rule out the fast magnetosonic mode from the
discussion. Figures 9a, 9b, and 9c show the results for
Alfvén ion cyclotron polarization. We find that the quanti-
ties defined in (7) simultaneously approach zero value in
an approximate sense, for q � 87�, 86.9�, and 86.7�, for
the three frequency intervals. In this case, the vertical
upshifts for the two curves (dBx/dBz)theory � (dBx/dBz)data
and (dBy/dBz)theory � (dBy/dBz)data were about 1.
[24] Figure 10 shows the k versus w dispersion relation

for the three angles identified by the processes shown in
Figures 9a, 9b, and 9c. The discrete frequencies represent-
ing the data points are indicated by short vertical lines.
Again, the mode is quasi-perpendicular Alfvén ion cyclo-
tron branch that is consistent with the O mode instability
discussed in the paper by Lui et al. [2008a].

[25] Finally, we should mention that the average or bulk
speed associated with the plasma along the direction of the
wave propagation (i.e., quasi-perpendicular direction with
respect to the local field) is negligible for both events.
Specifically, at 0745:50 UT, the data reveals that Vy =
�8.6 km/s, while at 0747:12 UT, the bulk speed along y
axis is given by Vy = 22 km/s. This implies that the Doppler
shift in these two instances is negligible and does not affect
the above wave analysis.

4. Summary and Discussions

[26] We perform continuous wavelet analysis to investi-
gate in detail the electric and magnetic perturbations of the
excited waves during current disruption detected by a
THEMIS satellite on 29 January 2008. On the basis of the

Table 2. Summary of Relevant Input Parameters for Event 2 at

0747:14 UTa

fw (Hz) dBx (nT) dBy (nT) dBz (nT) dEx (mV/m) dEy (mV/m)

0.0992 0.7810 1.3300 0.6373 1.9884 5.0301
0.0992 0.7922 1.3300 0.6337 2.0158 5.0330
0.0992 0.8027 1.3617 0.6291 2.0416 5.0278
0.1031 0.6321 1.4342 0.4754 2.0194 5.0155
0.1031 0.6457 1.4457 0.4684 2.0400 5.0194
0.1031 0.6584 1.4570 0.4607 2.0589 5.0152
0.1088 0.9332 1.2385 0.8218 1.9313 4.9903
0.1088 0.9418 1.2593 0.8203 1.9669 4.9921
0.1088 0.9497 1.2797 0.8178 2.0008 4.9860

aFor this event, fci = 0.4927 Hz, vA = 906.2 km/s, Bx = �2.2 nT, By =
�15.8 nT, and Bz = 28.2 nT.

Figure 9a. Plots of (dBx/dBz)theory � (dBx/dBz)data (top
curve), (dBy/dBz)theory � (dBy/dBz)data (middle curve), and
(dEx/dEy)theory � (dEx/dEy)data (bottom curve) corresponding
to the Alfvén ion cyclotron branch for w/Wi = 0.2013.

Figure 9b. The same as Figure 9a, but for w/Wi = 0.2093.

Figure 9c. The same Figure 9a, but for w/Wi = 0.2208.
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perturbations extracted from the wavelet analysis, we
formulate a procedure to conduct plasma wave diagnostics
to identify the instability responsible for these excited
waves. Two modes of instability, namely, the drift-driven
electromagnetic ion cyclotron instability and the Alfvén ion
cyclotron instability, are tested with the wave diagnostics. It
is found that the observed wave characteristics resemble that
of the waves generated by the Alfvén ion cyclotron insta-
bility with propagation angles nearly perpendicular to the
local magnetic field.
[27] The present methodology to identify the unstable

fluctuations detected in situ by spacecraft can be a powerful
diagnostic tool that can help the theorists and modelers to
identify the detailed physics associated with the observa-
tions. In the future, the present diagnostics must be extended
to include thermal effects by considering the full linear
dielectric response tensors calculated from Vlasov kinetic
theory.
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Figure 10. Alfvén ion cyclotron dispersion relation (k
versus w) for three angles: q = 87� (top curve), 86.9�
(middle curve), and 86.7� (bottom curve).
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