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[1] On 3 September 2009, the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) satellites observed a significant intensification of chorus in
response to the interplanetary shock in the Earth’s dayside plasma trough. We analyze the
wave-particle interaction and reveal that the chorus intensification can be caused by the
gyroresonance between the chorus and the energetic electrons. When the electrons are
scattered from resonance points to low-density regions along the diffusion curves, a part of
their energy can be lost and then transferred to amplify the chorus. During the compression
of the magnetosphere, the temperature anisotropy of electrons is enhanced. This makes
the electron diffusion and chorus intensification very effective. The maximum growth
rate after the shock is about 50% greater than that before the shock. The lower-energy
(15–25 keV) electrons contribute more to the growth of chorus due to the larger density
gradient along the diffusion curve. The <10 keV electrons are almost isotropic, so they
contribute little to the amplification of chorus. We investigate the free energy for the chorus
intensification and find that it can be generated through the local betatron acceleration and
radial diffusion processes. The local betatron acceleration results from the shock-induced
compression of the magnetosphere. The linear and nonlinear growth rates are also
compared. We find that the linear diffusion process works well for the present case.
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1. Introduction

[2] On the Earth’s morning side, a type of electromagnetic
emission in the audio frequency range can usually be received
by the instrument [Oliven and Gurnett, 1968]. It sounds much
like the bird chirps when played through a loud speaker and
is thus named as chorus [e.g., Burtis and Helliwell, 1969;
Rodger and Clilverd, 2008]. Chorus consists of discrete
elements with rising or falling tones in the frequency-time
spectrogram [e.g., Omura et al., 1991; Sazhin and Hayakawa,
1992, and references therein]. They appear usually as two
bands in the plasmatrough region: a lower band in the range
from 0.1 to 0.45 fce, and an upper band in the range from 0.5
to 0.7 fce, where fce represents the equatorial gyrofrequency of
electrons. The absence of chorus near 0.5 fce is suggested to
result from the Landau damping [e.g., Li et al., 2010]. Chorus
is usually generated on the equatorial plane and then propa-
gates along the geomagnetic field line to midlatitude. During

the propagation process of chorus, the nonlinear wave-particle
interaction may be very important since the electrons can be
trapped by the wave electric field [e.g., Omura and Summers,
2006;Omura et al., 2009]. The characteristics of chorus in the
source region have been investigated by Santolík et al. [2003,
2004]. Near the equatorial plane, chorus has a transversal
dimension of 7–100 km [Santolík and Gurnett, 2003]. On the
basis of the POLAR data, Bunch et al. [2011] show the sta-
tistical distribution of chorus wave power in the off-equatorial
region. Recently, the THEMIS observations reveal that the
chorus can be well modulated by both the Pc 4–5 pulsations
[Li et al., 2011a] and the plasma density [Li et al., 2011b].
The variation of plasma density can lead to the change of
wave-particle resonance conditions. Some statistical studies
indicated that chorus is correlated with the interplanetary
shock [e.g., Gail et al., 1990; Gail and Inan, 1990; Lauben
et al., 1998] and the disturbing geomagnetic condition [e.g.,
Meredith et al., 2001, 2003;Miyoshi et al., 2003; Lyons et al.,
2005; Cao et al., 2007; Yang et al., 2007, 2008].
[3] Chorus receives increasing attentions recently due to

its key role in accelerating electrons to relativistic energies
[Horne et al., 2005a] in the outer radiation belt [Baker et al.,
2004], which produces a disastrous space environment for
humans and spacecraft. In addition, chorus can also be
responsible for the source of hiss [e.g., Bortnik et al., 2008,
2009] and the diffuse aurora in the polar region [e.g.,
Nishimura et al., 2010; Thorne et al., 2010]. Although chorus
is very important and has been studied for several decades, its
generation and growth process are still not well understood
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[Li et al., 2009]. A widely accepted mechanism is the gyro-
resonance [e.g., Burton and Holzer, 1974; Helliwell, 1967;
Tsurutani and Smith, 1977], which has been studied for
many years with different models and simulation methods.
For instance, by solving the Maxwell’s equations together
with the electron fluid equation for the cold dense electrons
and the motion equations for the hot resonant electrons,
Katoh and Omura [2006, 2007a, 2007b] successfully repro-
duced the main feature of the chorus in their simulations.
Omura and Summers [2006] pointed out that the electro-
magnetic electron hole in the wave phase space is crucial for
the growth of chorus because it can lead to a transverse res-
onant current. The backward wave oscillator (BWO) model,
which assumes a step‐like velocity distribution of energetic
electrons, was also used to understand the generation of
chorus [e.g., Trakhtengerts, 1995; Kozelov et al., 2008].
[4] By analyzing the experimental data, the generation and

amplification of chorus have also been studied recently. The
relationship between the wave amplitude and the sweep rate
of chorus elements was examined by Cully et al. [2011].
Li et al. [2008, 2009] observed an amplification of chorus
in the nightside plasma trough region. They attributed the
chorus intensification to the energetic electrons injected from
the plasma sheet.
[5] In this study, we show another energy sources for the

chorus intensification. We find that both radial diffusion and
local betatron acceleration of electrons, which is induced by
the interplanetary shock, can provide free energies for the
chorus growth. We show an observational evidence of the
chorus intensification as a consequence of gyroresonance.
We organize the paper as follows. Section 2 introduces the
data and instruments used in this study. Section 3 presents
the THEMIS observations of chorus intensification. In
section 4, we analyze the wave-particle interaction process,
and then section 5 discusses the energy sources. In section 6,
the summary and conclusions of our study are presented. A
discussion about the observation and wave-particle interac-
tion is given in section 7.

2. Data and Instrumentation

[6] THEMIS is a multisatellite mission launched on
17 February 2007 and is aimed at determining the evolution
of substorms and the dynamics of energetic particles in the
radiation belts [Angelopoulos, 2008]. Both the particle and
wave instruments are equipped onboard the satellites. In this
study, we use the data from the Electric Field Instruments
(EFI), Search Coil Magnetometers (SCM), Fluxgate Mag-
netometers (FGM), Electrostatic Analyzers (ESA), and also
the Solid State Telescopes (SST). EFI measures the electric
field from DC up to 8 kHz [Bonnell et al., 2008]. Six
antennas are involved in the EFI measurement. Each of them
also provides the onboard and ground-based estimation of
spacecraft floating potential, which can be used to calculate
the plasma density if combined with the ESA data [McFadden
et al., 2008b; Fu et al., 2011a]. SCM measures the magnetic
field fluctuations from 0.1 Hz to 4 kHz [Roux et al., 2008].
The measurements of EFI and SCM usually cover the range
of chorus especially in the outer plasmatrough region where
the equatorial gyrofrequency of electrons is considerably
small. The wave amplitude measured by EFI and SCM has
been calibrated according to the frequency response

characteristics [Bonnell et al., 2008]. In the normal mode, the
filter bank (FBK) data can be used to display the character-
istics of chorus; while in the burst mode, the high-resolution
EFI and SCM data will be used directly. FGM measures the
background magnetic field and its low-frequency fluctuations
(up to 64 Hz) in the near-Earth space [Auster et al., 2008]. It
covers the range of Pc 4 (7–22 mHz) and Pc 5 (2–7 mHz)
pulsations that have been suggested to correlate with the
radial diffusion process [e.g., Thorne, 2010; Su et al., 2011;
Fu et al., 2011a]. ESA and SST are the thermal particle
analyzers. ESA measures the electron distribution functions
over the energy range from about 10 eV up to 25 keV
[McFadden et al., 2008a]. SST measures the electron distri-
bution functions in the energy range from �30 keV to
�4 MeV [Angelopoulos, 2008]. In this study, however,
only the measurements of the <80 keV electrons are consid-
ered. There is usually a systemic jump between the electron
differential energy fluxes (dEFs) measured by ESA and SST.
To remove this jump, we use the kappa distribution and rel-
ativistic kappa-type distribution [Xiao et al., 2008] to fit the
dEFs.
[7] Figure 1 presents two examples of the fitting on

3 September 2009. One is at the quiet time (1551:06 UT),
while the other is during the compression of magnetosphere
(1551:15 UT). Both of them are used to analyze the wave-
particle interaction in this study. In Figures 1a and 1c, the
dEFs before fitting are shown; In Figures 1b and 1d, the dEFs
after fitting are shown. The color lines represent the dEFs
over the pitch angle from a = 0 to a = 180° (34 in total).
Among them, the black, green, and red lines represent the
dEFs at a = 0, a = 90°, and a = 180°, respectively. We see
that, at 1551:06 UT, these three components are almost the
same; while at 1551:15 UT, the perpendicular component is
much larger than the parallel–antiparallel component espe-
cially for the >15 keV electrons. The dEFs of the <25 keV
electrons are measured by ESA, while the dEFs of the
>30 keV electrons are measured by SST. A data jump is
clearly seen between the ESA and SST measurements
(shadow region). We elevate the dEFs measured by SST to
some degree to remove this systemic jump. The kappa
distribution

f pð Þ ¼ G kþ 1ð Þ
2pð Þ3=2q3k3=2G k� 1=2ð Þ

1þ p2

2kq2

� �� kþ1ð Þ
ð1Þ

and relativistic kappa-type distribution [Xiao et al., 2008]

f pð Þ ¼ N

4pI
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

p
� 1

kq2

" #� kþ1ð Þ
ð2Þ

with parameters k = 5 and q2 = 0.01, are considered during
the elevation. In Figure 1b, we find the dEFs after calibration
can basically follow these two types of distribution (bold
blue and black lines), and the systemic jump is not clear. In
Figure 1d, we find the parallel and antiparallel components of
dEFs can follow the kappa and relativistic kappa-type dis-
tribution. The perpendicular component, however, does not
follow very well. This is reasonable because during the
compression of magnetosphere the electrons are not in the
equilibrium state. Since the kappa and relativistic kappa-type
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distribution have been successfully used to fit the energetic
electron fluxes in the inner magnetosphere [e.g., Xiao et al.,
2008], the fitting of dEFs in this case should be reasonable.
[8] THEMIS consists of five satellites, however, only

THEMIS A (ThA), D (ThD), and E (ThE) are considered in
this study because they are located inside the magnetosphere
and are able to observe the whistler mode chorus. Figure 2
shows the location of ThA (squares), ThD (triangles), and
ThE (circles) at 1550 UT on 3 September 2009. As can be

seen, the three satellites are close to each other. They are
located in the dayside magnetosphere (Figure 2a) and near
the equatorial plane (Figures 2b and 2c). Therefore they may
be near the source region of chorus [e.g., Santolík and
Gurnett, 2003]. Since these satellites are also close to the
subsolar point of the magnetopause (Figure 2d), they should
be sensitive to the compression of magnetosphere. In
Figures 2a, 2b, and 2d, we notice that the Xgsm value of
ThD is slightly larger than that of ThA and ThE. This means
ThD may respond first to the compression of magnetosphere.

3. Chorus Intensification

[9] The solar wind and IMF conditions during the period
1000–2000 UT on 3 September 2009 are examined in
Figure 3. From top to bottom, the solar wind density
(Figure 3a), solar wind velocity (Figure 3b), IMF Bz
(Figure 3c), and solar wind dynamic pressure (Figure 3d) are
displayed, respectively. As can be seen, in the early time
(1000–1500 UT) on 3 September, the solar wind and IMF
conditions are very quiet. While at 1551 UT (vertical dashed
line), the sudden enhancement of solar wind density (Nsw,
from 5 cm�3 to 15 cm�3), solar wind velocity (Vsw, 325–
380 km/s), Z component of the interplanetary magnetic
field (IMF Bz, 0–4 nT), and the solar wind dynamic pressure
(Psw, 1–4.5 nPa) are observed. This is the typical feature of an
interplanetary shock [e.g., Zong et al., 2009; Fu et al., 2011c].
The enhanced solar wind dynamic pressure may compress
the Earth’s magnetosphere and then lead to the increase of
magnetic field strength.
[10] The whistler mode chorus in the magnetosphere has a

response to this interplanetary shock. Figure 4 exhibits the
VLF waves (Figures 4a, 4c, and 4e) and background mag-
netic field (Figures 4b, 4d, and 4f) during the period from
1548 to 1553 UT on 3 September. They are observed by
ThA (Figures 4a and 4b), ThD (Figures 4c and 4d), and ThE
(Figures 4e and 4f), respectively. Since the wave power
spectrograms are derived from the FBK data, they have a low
resolution. The three dashed white lines in each spectrogram
represent, from top to bottom, fce, 0.45 fce, and 0.1 fce, where
fce is the equatorial gyrofrequency of electrons. Labeled
below the abscissa is the orbital information of each satellite
including the universe time (UT), L value, magnetic local
time (MLT), magnetic latitude (MLAT), and the radial dis-
tance to the center of the Earth (r) in the unit of RE. Here the
L value is defined as the distance from the center of the Earth
to the point where a magnetic field line crosses the equatorial
plane. The T89 and IGRF model of magnetic field are used
to trace the location of spacecraft to the equatorial plane to
get this L value. We find from the orbital information that
ThD and ThE are close to the equatorial plane (MLAT ≈
�11°), while ThA is slightly far away from the equatorial
plane (MLAT ≈ �16°). The L value of spacecraft approxi-
mately equals to the radial distance (r) during this period. All
three satellites observed intensive wave activities between
0.1 fce and 0.7 fce. These waves may be just the whistler
mode choruses. Before 1551 UT, the measured magnetic
field strength is almost a constant. They are �50 nT (ThA),
�49 nT (ThD), and �53 nT (ThE), respectively. However,
at �1551 UT, the interplanetary shock hits the Earth’s
magnetopause and then compresses the magnetosphere. It
causes the magnetic field strength to increase very quickly to

Figure 1. Electron differential energy fluxes (dEFs) (a, c)
before and (b, d) after the calibrations. The color lines repre-
sent the dEFs at pitch angles from a = 0° to a = 180°. The
shadow region indicates the systemic jump between the mea-
surements of ESA (<30 keV) and SST (>30 keV). The black
and blue bold lines in Figures 1b and 1d describe the relativ-
istic kappa-type distribution [Xiao et al., 2008] and kappa
distribution, respectively.
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�56 nT (ThA), �54 nT (ThD), and �59 nT (ThE). This
compression of magnetosphere lasts for �20 s (see the
shadow region in each figure). The choruses are amplified
significantly in response to this compression at�1551:15 UT
(ThA), �1551:13 UT (ThD), and �1551:17 UT (ThE) (see
the vertical line in each figure). The chorus intensification
observed by ThD is earlier than that observed by ThA and
ThE. This is due to the larger Xgsm value of ThD (see
Figure 2d). After 1553 UT, the three THEMIS satellites are
exposed in the magnetosheath because the magnetopause
has been pushed inward by the interplanetary shock (not
shown).
[11] During this period, ThE works in the particle burst

mode hence can provide high-resolution data of SCM.
Figure 5 displays the measurements of SCM axis 2 (Figure 5a)
and axis 3 (Figure 5b) from 1550:30 to 1552:00 UT. The
three white solid lines represent, similarly, the equatorial
gyrofrequency fce, 0.45 fce, and 0.1 fce from top to bottom.

The blue dotted lines express the plasma density derived from
the spacecraft potential by applying the formula [e.g.,
Pedersen et al. 2008; Fu et al., 2011a]

Ne ¼ ae�
8
b þ ce�

8
d ð3Þ

where 8 represents the sum of the spacecraft potential and
the bias potential, and Ne is the plasma density. Parameters
are set as a = c = 0.023, b = d = 2.0 in this case after
considering the calibration with strong convection flows
[e.g., McFadden et al., 2008b; Fu et al., 2011a]. We can
see two bands of whistlers in these spectrograms. One is
from 0.1 to 0.45 fce, and the other from 0.5 to 0.7 fce. The
lower band is more intense than the upper band, and a gap
is observed around 0.5 fce. All these characteristics satisfy
the definition of chorus. The rising or falling tones are not
observed in these spectrograms probably due to that the data
resolution (1 s) is not high enough. We can see that, before

Figure 2. The location of ThA (squares), ThD (triangles), and ThE (circles) at 1550 UT on 3 September
2009. They are shown in the (a) XYgsm, (b) XZgsm, and (c) YZgsm planes, respectively. (d) Also displays
the location of the bow shock and magnetopause that are calculated with the model [Farris et al., 1991;
Cairns et al., 1995; Shue et al., 1998]. The Sun is in the right side of Figures 2a, 2b, and 2d but in the
inside of Figure 2c. All three satellites are close to the subsolar point of the magnetopause. The separations
among these three satellites are also quite small.
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1551:15 UT, the choruses are relatively weak; while after
1551:17 UT (vertical line), the choruses are amplified sig-
nificantly. The average amplitude of the lower-band (0.1–
0.45 fce) chorus at 1551:14 UT is�5.0� 10�7 nT2/Hz, while
at 1551:18 UT, it is �4.8 � 10�6 nT2/Hz. They are corre-
sponding to 14 dB (1551:14 UT) and 34 dB (1551:18 UT)
with respect to 10�7 nT2/Hz. This means the choruses can be
amplified 20 dB during the compression of magnetosphere.
These amplified choruses exist from 1551:17 to 1551:28 UT.
After 1551:28 UT, the choruses are damped. We suggest that
the chorus intensification at 1551:17 UT can be explained as
a response to the interplanetary shock (see also Figures 4e
and 4f). The plasma density decreases from 5.8 cm�3

(1551:13 UT) to 4.2 cm�3 (1551:45 UT), making the sum of
thermal pressure and magnetic pressure always a constant.
The frequency of chorus is slightly elevated after 1551:17 UT
due to the enhanced magnetic field.

4. Chorus-Electron Interaction

[12] To examine whether the seed chorus before the shock
can be amplified by the energetic electrons through the
gyroresonance, we investigate the data of electrons first.
Figure 6 displays the phase space density (PSD) of the 3.3–
76.4 keV electrons. It is measured by ThE from 1551:03 to
1551:30 UT with an accumulation time of 3 s. The PSD of
the 33.5–76.4 keV electrons, which is measured by SST, has
been calibrated using the kappa and relativistic kappa-type
distribution. It can be seen that before the shock the elec-
tron PSD is more isotropic. When the shock arrives at
1551:17 UT (bold frame), the electron PSD shows a peak at
90° pitch angle. This perpendicular distribution is

prominent for the >15 keV electrons but not very clear for
the <15 keV electrons. After 1551:21 UT, the perpendicular
distribution of electrons is also not clear. The electron PSDs
at 1551:06 and 1551:15 UT will be analyzed in detail. One
is measured at the quiet time (1551:06 UT), while the other
is during the compression of magnetosphere (1551:15 UT).
[13] Since the choruses are observed by ThE near the

geomagnetic equator (Figures 4e and 4f), it is reasonable to
assume that these choruses propagate along the magnetic
field line [e.g., Hayakawa et al., 1984; Santolík and Gurnett,
2003]. The relativistic cyclotron resonance condition for the
parallel and antiparallel mode chorus can be expressed as
[e.g., Brice, 1964; Omura and Summers, 2006; Rycroft,
1976]

w� kkvk ¼ wce 1� vk
2 þ v?

2

c2

 !1=2

ð4Þ

where w represents the angular frequency of chorus, while
kk the parallel component of the wave vector of chorus. The
quantities vk and v? denote the parallel and perpendicular
velocity of the resonant electrons, respectively. The right
side of the equation expresses the angular gyrofrequency of
the relativistic electron, which is smaller than the general
gyrofrequency wce especially when the velocity of electrons
is comparable to the speed of light c. Among the quantities
in equation (4), w, wce and kk can be obtained from the
observations of ThE. The relation between other two para-
meters, vk and v?, thus can be determined.
[14] Figure 7a shows the pitch angle of resonant electrons

(dashed and dotted curves) together with the PSD of the 3.3–
76.4 keV electrons at 1551:06 UT (before the shock). This
PSD distribution is same as that shown in the second frame
of Figure 6. The lower-band chorus with frequency from
0.1 fce to 0.45 fce is considered at this time. Their reso-
nances with energetic electrons are expressed by the dashed
(0.1 fce) and dotted (0.45 fce) curves. The left resonance curve
is produced by the parallel mode chorus, while the right
resonance curve is produced by the antiparallel mode chorus.
Only the electrons between the dashed and dotted lines can
interact with the lower-band chorus at 1551:06 UT. We
notice that the chorus with frequency of 0.45 fce can interact
with the very low energy electrons, while the chorus with
frequency of 0.1 fce cannot interact with the <10 keV elec-
trons. The bold lines represent the diffusion curves of elec-
trons produced by the parallel (Figure 7, left) and antiparallel
(Figure 7, right) lower-band chorus [e.g., Kennel and
Petschek, 1966]. They can be described by the equation
[Summers et al., 1998]

1� vphvk
� �

v?dv? þ vk � vph þ vphv?
2

� �
dvk ¼ 0 ð5Þ

where vk and v? are the parallel and perpendicular velocity of
the electrons along the diffusion curves (bold lines in
Figure 7a). Variable vph is the phase velocity of the wideband
chorus; it is a function of wave frequency that ranges from
0.1 fce to 0.45 fce in Figure 7a. All velocities in equation (5)
have been normalized by the speed of light c. Since vph is
not a constant, the integration of equation (5) is nontrivial.

Figure 3. Solar wind and IMF parameters measured at the
Earth’s bow shock nose. The (a) solar wind density, (b) solar
wind velocity, (c) IMF Bz, and (d) solar wind dynamic pres-
sure are displayed respectively. The vertical dashed line
indicates the arrival of an interplanetary shock, which then
compressed the Earth’s magnetosphere at 1551 UT.
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Figure 4
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On the diffusion curves in Figure 7a, the arrows indicate the
diffusion direction of electrons.
[15] To compare with the previous studies [e.g., Meredith

et al., 2002], we also plot the diffusion curves produced by
the single-frequency wave. In Figure 7a, the left solid white
line indicates the diffusion curve produced by the parallel
mode chorus with frequency of 0.45 fce, while the right solid
white line is the diffusion curve produced by the antiparallel
mode chorus with frequency of 0.45 fce. They are described
by the formula [e.g., Walker, 1993; Summers et al., 1998]

vk � vph
� �2 þ v?

2 ¼ vph � vres
� �2 þ ve

2 � vres
2

� � ð6Þ

where vk and v? are the parallel and perpendicular velocity
of the electrons along the diffusion curve (solid white lines
in Figure 7a). Variable vph is the phase velocity of this single-
frequency wave; it is positive for the parallel propagating
mode but negative for the antiparallel propagating mode (see
the two green dots in Figure 7a). Variable vres represents the
parallel velocity of resonant electrons; it has the same
meaning as the quantity vk in equation (4). For the parallel
propagating chorus, vres is negative; while for the antiparallel
propagating chorus, vres is positive. Variable vres is determined
by both the relativistic velocity of electrons and the frequency
of chorus. Variable ve represents the relativistic velocity of

resonant electrons. All velocities in equation (6) have been
normalized by the speed of light c.
[16] To avoid the confusion, it is necessary to state that

the quantities vk and v? in equation (4) are used to describe
the resonance curves, while the quantities vk and v? in
equations (5) and (6) are used to describe the diffusion
curves. The diffusion curve produced by wideband chorus can
be decomposed into many elements. Every element is pro-
duced by the single wave with different frequency [Summers
et al., 1998]. The bold curves in Figure 7a are actually
obtained with this method, but not equation (5).
[17] We can see that, in Figure 7a, the diffusion curves

created by the wideband chorus and single-frequency
(0.45 fce) wave are almost the same in this case. This situation,
however, cannot be always true especially when the pitch
angle diffusion (Da) is strong. In fact, the single-frequency
chorus can only scatter the electrons near the resonance point.
In the region far away from the resonance point, the cyclotron
resonance condition (equation (4)) is not satisfied for single-
frequency wave. In this way, the wideband chorus should
be taken into account during the analysis of wave-particle
interaction.
[18] Since ThE is located in the quiet plasmatrough at

1551:06 UT, the electron PSD shown in Figure 7a is almost
isotropic. We examine the resonance between the lower-band

Figure 5. Spectrogram of VLF waves recorded by ThE in the particle burst mode from 1550:30 to
1552:00 UT on 3 September 2009. The wave amplitude in Figure 5a is measured by axis 2 of the SCM
instrument, while the wave amplitude in Figure 5b is measured by axis 3 of SCM. Similarly to
Figure 4, the three white lines represent the equatorial gyrofrequency of the electrons fce, 0.45 fce, and
0.1 fce. The blue dotted lines, scaled by the right-side y axis, denote the plasma density derived from
the spacecraft potential.

Figure 4. Spectrogram of VLF waves and the background magnetic field measured by (a, b) ThA, (c, d) ThD, and (e, f) ThE
from 1548 to 1553 UT on 3 September 2009. The wave amplitude is derived from the filter bank (FBK) data; it has been
calibrated according to the frequency response characteristics [Bonnell et al., 2008]. The three dashed lines in Figures 4a,
4c, and 4e represent, from top to bottom, the equatorial gyrofrequency of the electrons fce, 0.45 fce, and 0.1 fce. The shadow
region in Figures 4b, 4d, and 4f indicate the sudden compression of magnetosphere induced by the interplanetary shock; it
lasts for�20 s. The vertical lines point out the starting time of chorus intensification, and the upward arrows show the largest
amplitude of these choruses. Labeled below the abscissa is the orbital information of each satellite, including the universal
time (UT), L value, magnetic local time (MLT), magnetic latitude (MLAT), and radial distance to the center of the Earth
(r) in the units of RE.
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chorus and the higher-energy electrons. The 60.1 keV
electrons, which are measured by SST, are investigated in
detail. Their PSDs are indicated by the white dashed half-
circle in Figure 7a. When the 60.1 keV electrons interact
with the wideband chorus, they can be scattered along the
diffusion curve from high-density region to low-density
region. Figures 7b and 7c show the electron PSD and
energy loss along the parallel diffusion curve (left bold
curve in Figure 7a). The arrows indicate the diffusion
direction.
[19] Figure 8 is plotted in the similar format as Figure 7 but

for investigating the resonance process at 1551:15 UT (after
the shock). The interaction between the 60.1 keV electrons
and the 0.1–0.45 fce wideband chorus are considered at this
time. Owing to the compression of magnetosphere, the
equatorial gyrofrequency fce at 1551:15 UT is slightly larger
than that at 1551:06 UT.We see that, in Figure 8a, the PSD of
higher-energy electrons shows a peak near the 90° pitch
angle, just same as the PSD shown in the fifth frame of
Figure 6. These electrons are unstable and can be scattered
along the diffusion curve from resonance point to low-den-
sity region. Figures 8b and 8c show the electron PSD and
energy loss along the parallel diffusion curve (left bold line in
Figure 8a).
[20] The parameters for the electron diffusion in Figures 7b

and 7c and Figures 8b and 8c are summarized in Table 1. The
second column corresponds to the diffusion before shock

(Figure 7), while the third column corresponds to the diffu-
sion after shock (Figure 8). As can be seen, the pitch angle
diffusion (Da) and energy loss (DE) are quite similar for
the process before and after the shock. The PSD gradient
(DN/Da) after the shock, however, is about 10 times larger
than that before the shock. This means the electron diffusion
after the shock is more effective than that before the shock.
During the diffusion process, the electrons lose energies. This
energy can them be transferred to amplify the chorus. Since
the electron diffusion after the shock is more effective, the
chorus amplification after the shock should be significant.
This linear diffusion process can qualitatively explain the
observation in Figures 4 and 5.
[21] We also investigate the gyroresonance between the

lower-band chorus and the low-energy electrons that are
measured by ESA. The data of these low-energy electrons
are basically reliable so need not further calibration. The
24.5 keV electrons are studied as an example. Figure 9
shows the resonance and diffusion curves of the 24.5 keV
electrons before the shock at 1551:06 UT, while Figure 10
shows them after the shock at 1551:15 UT. Figures 9 and
10 are plotted in the similar format as Figure 7. Since the
pitch angle diffusion is strong for these low-energy elec-
trons, we can see that in Figures 9 and 10 the diffusion curve
produced by the wideband chorus is a little different from
that produced by the single-frequency (0.45 fce) wave. This
difference is clearer near the dashed lines. The PSD and

Figure 6. Phase space density (PSD) of the 3.3–76.4 keV electrons. It is measured by ThE from 1551:03
to 1551:30 UT with an accumulation time of 3 s. The bold frame indicates a perpendicular distribution
during the compression of magnetosphere, which is observed at 1551:15 UT.
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energy loss of the 24.5 keV electrons along the parallel
diffusion curve are shown in Figures 9b and 9c and
Figures 10b and 10c. The corresponding parameters are listed
in Table 2, where the second column is for the diffusion before
shock (Figure 9), and the third column is for the diffusion
after shock (Figure 10). Seen from Table 2, the Pitch angle

diffusion (Da) after the shock is slightly stronger than that
before the shock; the Energy loss (DE) before and after the
shock is almost the same; the PSD gradient (DN/Da) after
the shock is about 2 times as larger as that before the shock.
Similar as the 60.1 keV electrons, the diffusion of the
24.5 keV electrons after the shock is more effective than

Figure 7. (a) PSD of the 3.3–76.4 keV electrons, measured by ThE at 1551:06 UT on 3 September 2009
(before the shock). The dashed half-circle indicates the PSD of the 60.1 keV electrons that are set as an
example to investigate the chorus-electron interaction. The wideband chorus from 0.1 fce to 0.45 fce is con-
sidered as the wave interacting with the energetic electrons at this time. Their resonance curves are
expressed by the dashed (0.1 fce) and dotted (0.45 fce) lines, respectively. The left resonance curve is created
by the parallel mode chorus, while the right resonance curve is created by the antiparallel mode chorus.
Only the electrons between the dashed and dotted lines can interact with the wideband chorus. The bold
lines represent the diffusion curve created by the parallel (left) and antiparallel (right) wideband chorus.
The diffusion directions of the 60.1 keV electrons are shown by the black arrows. The white solid lines
denote the diffusion curves created by the single-frequency (0.45 fce) wave. When the pitch angle diffusion
(Da) is strong, the diffusion curves created by the single-frequency wave and wideband chorus are quite
different. The electron velocities in Figure 7a have been normalized by the speed of light c; their corre-
sponding energies, measured by ESA and SST, are listed on the right side. (b) Electron PSD along the left
diffusion curve in Figure 7a. (c) Electron energy along the left diffusion curve in Figure 7a. The arrows in
Figures 7b and 7c also indicate the diffusion direction of the electron, i.e., from high-density region to low-
density region.
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that before the shock. The chorus after shock thus will gain
more energy and should be more intense.
[22] The comparison between the 60.1 keV and 24.5 keV

electrons can be used to investigate whether the higher-
energy electrons or the lower-energy electrons contribute
more to the diffusion and the chorus intensification. At
1551:15 UT, the PSD gradient of the 24.5 keV electrons
(DN/Da ≈ 2.19 � 10�20 s3/m6/deg) is about 3 times as
lager as that of the 60.1 keV electrons (DN/Da ≈ 6.59 �
10�21 s3/m6/deg), while the energy losses for the 24.5 keV
(DE ≈ 2.7 keV) and 60.1 keV (DE ≈ 3.0 keV) electrons

are very similar. At 1551:06 UT, the PSD gradient of the
24.5 keV electrons is even 15 times lager than that of the
60.1 keV electrons, and the energy losses are similar. This
indicates that, in this event, the lower-energy electrons
contribute more to the chorus intensification.
[23] In Figures 7–10, the resonance curves (dashed and

dotted lines) are calculated using the relativistic cyclotron
resonance condition (equation (4)). However, they look like
vertical straight lines. This means the relativistic effect is not
important for the <80 keV electrons. In this way, we can
evaluate the nonrelativistic linear growth rate with the

Figure 8. Same as Figure 7 but for investigating the resonance process between the 60.1 keV electrons
and the 0.1–0.45 fce wideband chorus at 1551:15 UT (after the shock). The equatorial gyrofrequency fce at
1551:15 UT (after the shock) is slightly larger than that at 1551:06 UT (before the shock) due to the com-
pression of magnetosphere.

Table 1. PSD Gradient and Energy Loss of the 60.1 keV Electrons During the Diffusion Processes Before and After the Shock

1551:06 UT, Before Shock 1551:15 UT, After Shock

Pitch angle diffusion Da ≈ 18° (94°–112°) Da ≈ 19° (94°–113°)
PSD decrease DN ≈ 1.205 � 10�20 s3/m6 (10�19.305–10�19.426 s3/m6) DN ≈ 1.253 � 10�19 s3/m6 (10�18.60–10�18.90 s3/m6)
PSD gradient DN/Da ≈ 6.69 � 10�22 s3/m6/deg DN/Da ≈ 6.59 � 10�21 s3/m6/deg
Energy loss DE ≈ 2.7 keV (0.447c–0.438c) DE ≈ 3.0 keV (0.447c–0.437c)
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formula [Kennel and Petschek, 1966; Hikishima et al., 2009;
Li et al., 2011a]

wi ¼ pwce 1� w
wce

� �2

h VR0ð Þ A VR0ð Þ � Ac½ � ð7Þ

where wce and VR0 represent the gyrofrequency and parallel
velocity of the resonant electrons; h(VR0), A(VR0), and Ac

represent the density, temperature anisotropy of resonant
electrons, and the critical temperature anisotropy, respec-
tively. They are defined as

h VR0ð Þ ¼ 2p
wce � w

k

Z ∞

0
v?Fdv?jvk¼VR0 ð8Þ

A VR0ð Þ ¼

Z ∞

0
vk

∂F
∂v?

� v?
∂F
∂vk

� �
v?
2

vk
dv?

2

Z ∞

0
v?Fdv?

jvk¼VR0 ð9Þ

Ac ¼ 1

wce=w� 1
ð10Þ

Figure 11 shows the linear growth rate of chorus at
1515:06 UT (Figure 11a) and 1515:15 UT (Figure 11b).
As can be seen, the positive growth rates are between
0.05 fce and 0.3 fce, roughly consistent with the frequency
range of the lower-band chorus. Before the shock
(Figure 11a), the maximum growth rate is wi/wce ≈ 0.04 and
appears at f ≈ 200 Hz. After the shock (Figure 11b), the
maximum growth rate is wi/wce ≈ 0.06 and appears at f ≈
300 Hz. The maximum growth rate after shock is about
50% larger than that before the shock. Thus it may be
responsible for the strong intensity of chorus observed
after the shock. Since the plasma density decreases at
�1551:13 UT (see dotted lines in Figure 5), the maximum
growth rate shift from at f ≈ 200 Hz (before the shock) to
at f ≈ 300 Hz (after the shock). This is consistent with the
numerical results of Hikishima et al. [2009, Figure 2a].
The largest damp rate is obtained near 0.5 fce, consistent
with the gap of chorus (see Figure 5). For the upper-band
chorus (0.5–0.7 fce), the amplitude is not large (Figure 5).
This agrees with the small damp rates in Figures 11a and 11b.
Here we should point out that the linear grow rates of the
0.3–1.0 fce chorus in Figure 11 may be not very accurate

Figure 9. Same as Figure 7 but for investigating the resonance process between the 24.5 keV electrons
and the 0.1–0.45 fce wideband chorus at 1551:06 UT (before the shock).
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because the low-energy (<3 keV) electrons are not taken
into account during the calculation (see the white space in
Figures 7a–10a).

5. Energy Source

[24] In this section, we investigate the free energy for the
chorus intensification. The local betatron acceleration and
radial diffusion are considered respectively.

5.1. Local Betatron Acceleration

[25] Figure 12 schematically illustrates the process of local
betatron acceleration. Before the shock at 1551:06–09 UT,

ThE observes a regular magnetic field; while after the shock
at 1551:15–18 UT, ThE observes a shock-induced enhance-
ment of magnetic field. The compression of magnetosphere
lasts for�20 s (Figure 4f). This is much shorter than the drift
period (�2 h) of the local 40 keV electrons, but much longer
than the cyclotron period (�1.0 � 10�3 s) of the 40 keV
electrons. Therefore, during the compression of magneto-
sphere, the first adiabatic invariant m = E?/B should be con-
served. This can lead to the betatron acceleration of electrons
and then the increase of pitch angle, as indicated by the bold
frame of Figure 6.
[26] We examine quantitatively whether the local betatron

acceleration can be responsible for the free energy. Figure 13

Figure 10. Same as Figure 7 but for investigating the resonance process between the 24.5 keV electrons
and the 0.1–0.45 fce wideband chorus at 1551:15 UT (after the shock).

Table 2. PSD Gradient and Energy Loss of the 24.5 keV Electrons During the Diffusion Processes Before and After the Shock

1551:06 UT, Before Shock 1551:15 UT, After Shock

Pitch angle diffusion Da ≈ 32° (97°–129°) Da ≈ 35° (97°–132°)
PSD decrease DN ≈ 3.277 � 10�19 s3/m6 (10�17.95–10�18.10 s3/m6) DN ≈ 7.650 � 10�19 s3/m6 (10�17.77–10�18.03 s3/m6)
PSD gradient DN/Da ≈ 1.02 � 10�20 s3/m6/deg DN/Da ≈ 2.19 � 10�20 s3/m6/deg
Energy loss DE ≈ 2.5 keV (0.299c–0.285c) DE ≈ 2.7 keV (0.299c–0.283c)
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Figure 11. Nonrelativistic linear growth rate of chorus (a) before and (b) after the shock. The growth rate
and frequency of chorus have been normalized by the equatorial gyrofrequency of electrons.

Figure 12. A cartoon illustrating the anisotropization pro-
cess of the electrons in response to the interplanetary shock.
(top) The quite-time magnetosphere. (bottom) The compres-
sion of magnetosphere by the shock. After the shock, the
magnetic field is enhanced, and the gyroradius of electrons
becomes smaller.

Figure 13. Evolution of the electron PSD from 1551:06 UT
(before the shock) to 1551:15 UT (after the shock). The solid
lines represent the observations of ThE, while the dashed
lines represent the results calculated from the model of beta-
tron acceleration.
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shows the electron PSDs at 1551:06 UT (Figure 13a) and
1551:15 UT (Figure 13b). We can see that, at 1551:06 UT,
the electron PSD is nearly isotropic although small peaks are
observed around a ≈ 90° for the 60–76 keV electrons. At
1551:15 UT, the electrons clearly peak at a ≈ 90° (solid
lines) especially for the >15 keV electrons. Since the drift
period of these electrons is very long (�2 h), it is reasonable
to assume that the <80 keV electrons observed at 1551:06 UT
and 1551:15 UT are the same population. In this way, we can
treat the electrons at 1551:06 UT as the source, and then

reproduce the electrons at 1551:15 UT with the betatron
acceleration model E1? = (B1/B0) ⋅ E0? = Fb ⋅ E0?, where
E0? and E1? represent the perpendicular energy of elec-
trons before and after the shock, respectively. The parallel
energy of electrons does not change during the betatron
acceleration process. Before the shock at 1551:06 UT, the
magnetic field strength is B0 ≈ 53 nT, while after the shock at
1551:15 UT, the magnetic field strength is B1 ≈ 55 nT. The
factor of betatron acceleration is thus determined to be Fb ≈
1.04 in this case. We plot the modeling results in Figure 13b

Figure 14. Wavelet power spectrogram of the (a) magnetic field, (b) electric field, and (c) differential
energy fluxes (dEFs) of the 20–25 keV electrons during the period 1530–1630 UT on 3 September
2009. (d) Coherence analysis between the magnetic field and the dEFs. (e) Coherence analysis between
the electric field and the dEFs. The upper and lower dashed lines indicate the period of 45 s and 600 s,
respectively. They cover the range of Pc4 and Pc5 pulsations. (f) AE index recorded on the ground. The
vertical arrow indicates the arrival of an interplanetary shock at 1551 UT.
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as dashed lines. As can be seen, the modeling results are
roughly consistent with the observations of ThE. The
observed PSD is slightly larger than the modeling results,
indicating that the local betatron acceleration can contribute
partly to the free energy. For the low-energy (<10 keV)
electrons, the betatron acceleration is not effective. This is a
normally expected situation as illustrated in the previous
studies [e.g., Birn et al., 2004; Fu et al., 2011b].

5.2. Radial Diffusion

[27] The inward radial diffusion, which yields to the
violation of the third adiabatic invariant, may also lead to
the perpendicular acceleration of electrons. Radial diffusion
is driven by the drift resonance between the electrons and
the ULF waves in the range of Pc4 (45–150 s) and Pc5
(150–600 s) pulsations [e.g., Thorne, 2010; Su et al., 2011].
Figure 14 investigates the possibility of radial diffusion as
a mechanism producing the free energy in this event. From
top to bottom, the spectrogram of magnetic field (Figure 14a)
and electric field (Figure 14b), the dEFs of the 20–25 keV
electrons (Figure 14c) are shown in the period range of
8–1024 s. The coherences between magnetic field and dEFs
are shown in Figure 14d, while the coherences between
electric field and dEFs are shown in Figure 14e. The two
dashed lines in Figures 14a–14e indicate the period of 45 s
and 600 s. They cover the range of Pc4 and Pc5 pulsations.
When the interplanetary shock compresses the magneto-
sphere at 1551:15 UT (vertical arrow), the good coherences
between ULF waves and dEFs are observed (Figures 14d
and 14e). This means the ULF waves can interact with the
energetic electrons, and then lead to the radial diffusion. The
ULF waves in the range of Pc4 and Pc5 pulsations, thus, may
supply free energies for the chorus intensification. This is
consistent with the recent study of Li et al. [2011a].
[28] In Figure 14f, the AE index is plotted. We find a

small substorm event at �1556 UT. During this substorm,
energetic electrons may inject from the magnetotail to the
inner magnetosphere. However, it should be pointed out
that these injected electrons cannot contribute to the chorus
intensification because they are observed about 5 min later.
In fact, if the energetic electrons injected from magnetotail
contribute to the chorus intensification, ThA should observe
the intensification earlier than ThD (see Figure 2d). How-
ever, this is not the case (see Figure 4).

6. Summary and Conclusions

[29] In this paper, we studied a chorus intensification event
on 3 September 2009. The event is observed by THEMIS in
the dayside plasmatrough region when an interplanetary
shock compresses the magnetosphere. We analyzed in detail
the gyroresonance condition between chorus and energetic
electrons. We find that the lower-band chorus can scatter the
electrons from resonance points to low-density region. Dur-
ing the diffusion process, the electron energy can be partly
lost and then transferred to amplify the chorus. Since the
temperature anisotropy of electrons after the shock is much
larger than that before the shock, the diffusion processes and
chorus intensification after the shock are more prominent.
We calculated the linear growth rates and found that the
maximum growth rate after the shock is about 50% greater
than that before the shock. The lower-energy (15–25 keV)

electrons contribute more to the chorus intensification due
to the larger density gradient along the diffusion curve. The
<10 keV electrons are almost isotropic during the com-
pression of magnetosphere. Their contribution to the chorus
intensification thus is not important. The energy source for
the chorus intensification was also investigated. Both local
betatron acceleration and radial diffusion can supply free
energies for the chorus intensification. The substorm-injected
electrons from magnetotail are not expected to contribute to
free energies in this event because they appear �5 min after
the chorus intensification.
[30] We have also investigated another chorus intensi-

fication event on 19 November 2007 [Fu et al., 2011c]. We
find a similar situation in this case that the chorus is amplified
significantly when the interplanetary shock hits the Earth’s
magnetosphere. Both radial diffusion and betatron accelera-
tion, which results from the shock-induced compression of
magnetic field, can provide free energies for the chorus
intensification. This means the shock-associated intensifica-
tion of chorus may be a common phenomenon, and the local
betatron acceleration of electrons should be emphasized in
the future as the energy source.

7. Discussions

[31] Betatron acceleration requires the conservation of the
first invariant, while radial diffusion requires the conservation
of the first and second adiabatic invariants but the violation of
the third adiabatic invariant. During the gyroresonance and
diffusion process, all three adiabatic invariants are violated.
Therefore, in the different stage of chorus intensification,
different adiabatic invariants should be taken into account.

7.1. Linear and Nonlinear Growth Rate

[32] Chorus intensification involves both the linear and
nonlinear processes [e.g., Santolík, 2008; Hikishima et al.,
2009; Macúšová et al., 2010]. The linear process plays a
dominant role in the early stage, while the nonlinear process
is important in the later stage and will lead to the saturation
of waves [e.g., Omura et al., 2008; Hikishima et al., 2009].
Hikishima et al. [2009] pointed out that the linear growth
rate of chorus [see Hikishima et al., 2009, equation (6)] is
determined by fpe/fce (ratio of plasma frequency to gyro-
frequency), A (temperature anisotropy) and Nh/Nc (ratio of
hot electron density to cold electron density). The large
value of fpe/fce, A and Nh/Nc will give rise to a large linear
growth rate during the chorus generation process [see
Hikishima et al., 2009, Figure 3]. The nonlinear growth rate
of chorus is also determined by fpe/fce [Omura et al., 2009,
equation (22)]. Large value of fpe/fce, however, will give
rise to the small nonlinear growth rate [see Hikishima et al.,
2009, Figure 1]. Omura et al. [2009] pointed out that the
linear growth rate is maximum at the magnetic equator; the
nonlinear growth rate becomes important when the chorus
propagates away from the equatorial plane. This nonlinear
growth process is attributed to the increasing gradients of
the static magnetic field and electron density along the
magnetic field line.
[33] In the present case, the chorus intensification was

observed by ThE near the equatorial plane (MLAT ≈ �11°)
and in the dayside plasmatrough region (L ≈ 9, MLT ≈ 12).
In this region, the gradients of static magnetic field and
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electron density along the magnetic field line are very small
especially at MLAT <20° [e.g., Huang et al., 2004; Fu et al.,
2010a, 2010b]. So the linear growth rate should be much
larger than the nonlinear growth rate. We also examine the
plasma frequency and electron gyrofrequency in this event.
At 1551:15 UT (after the shock), the plasma frequency is
fpe ≈ 21.7 kHz, and the electron gyrofrequency is fce ≈
1.5 kHz. The large ratio of fpe/fce ≈ 14 will give rise to a
large linear growth rate, but a small nonlinear growth rate.
The parameters A and Nh/Nc are considerable large after the
shock due to the betatron acceleration and radial diffusion.
This will also lead to the large linear growth rate. According
to all these criteria, the linear diffusion process assumed in
the present study is reasonable. The investigation of the
nonlinear process is beyond the scope of our study.

7.2. Wave-Particle Interaction as Energy Source?

[34] The chorus before the shock is possible to accelerate
electrons and simultaneously enhance the anisotropy of
electron distribution. This acceleration and anisotropization
process may be effective for the >200 keV electrons. For the
<80 keV electrons, the distribution function is already
slightly anisotropic before the shock (see the second frame
of Figure 6). Hence the chorus is difficult to accelerate these
electrons. On the contrary, the <80 keV electrons may
transfer some energy to this seed chorus (see Figures 7c and
9c). There is an “anchor point” at a few 100 keV above which
chorus tends to preferentially accelerate/anisotropize elec-
trons, and below which chorus tends to dissipate/isotropize
electrons [e.g., Summers et al., 2002; Bortnik and Thorne,
2007; Fu et al., 2011a]. The low-energy (<100 keV) elec-
trons can transfer their energy to the high-energy (>200 keV)
electrons trough the chorus. This dual role of chorus was
suggested as a mechanism responsible for the origin of the
1 MeV electrons in the radiation belt [e.g., Horne et al.,
2005b]. Therefore, the acceleration/anisotropization of elec-
trons induced by the chorus, and the diffusion/isotropization
of electrons induced by the chorus, are corresponding to
different energy channels. The acceleration of electrons will
not supply free energies for the chorus intensification in this
event especially when the frequency of chorus is only slightly
changed before and after the shock (see Figure 5). To
avoid the confusion, here we must clarify that the word
“anisotropization” means the electrons moves from �0° or
�180° pitch angle to �90° pitch angle. It is a description
of the PSD for all electrons but not for the resonant electrons.
In fact, for the resonant electrons, all diffusion processes are
the isotropization processes because the resonant electrons
can only diffuse from high-density region to low-density
region.

7.3. Future Work

[35] The lower-energy (15–25 keV) electrons contribute
more to the chorus intensification in this event. This situa-
tion, however, may vary in other events. Actually, whether
the lower-energy or higher-energy electrons contribute more
to the chorus amplification is determined totally by the dis-
tribution of phase space density. We use AE index to monitor
the substorm-injected electron from magnetotail. This may
be not accurate and should be improved in the future with
more reliable observations. Even through the plasma density
derived from the spacecraft potential can be affected by the

temperature variations, it is more reliable than the ion/
electron density measured by ESA directly in most cases
[e.g., McFadden et al., 2008b; Fu et al., 2011a]. The com-
parison between betatron acceleration and radial diffusion
should also be given in the future to distinguish which one
contributes more to the free energy of electrons.
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