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Abstract. In the upcoming JAXA/ERG satellite mission, board the upcoming ERG satellite, for direct measurement
Wave Particle Interaction Analyzer (WPIA) will be installed of wave-particle interactions.

as an onboard software function. We study the statistical Sigkeywords Magnetospheric physics (Plasma waves and in-

hificance of the WPIA for measurement of the energy trans'stabilities) — Space plasma physics (Wave-particle interac-
fer process between energetic electrons and whistler-mod

. . o flons; Instruments and techniques)
chorus emissions in the Earth’s inner magnetosphere. The

WPIA measures a relative phase angle between the wave
vector E and velocity vectow of each electron and com-
putes their inner produd¥, whereW is the time variation 1 Introduction

of the kinetic energy of energetic electrons interacting with o . _ o
plasma waves. We evaluate the feasibility by applying theWWave-particle interactions in space plasmas occur within
WPIA analysis to the simulation results of whistler-mode time scales characteristic of plasma particles, such as the gy-
chorus generation. We compuiié using both a wave elec- roperiod and plasma oscillation period. These time scales are,
tric field vector observed at a fixed point in the simulation €SPecially for electrons in the magnetosphere, too short to
system and a velocity vector of each energetic electron passdetect wave-particle interactions in situ using conventional
ing through this point. By summing up; of an individual plasma instruments. As an example, we focus on cyclotron
particlei to give Wiy, we obtain significant values d¥in resonant interactions of energetic electrons with a coherent
as expected from the evolution of chorus emissions in thevhistler-mode wave in the magnetosphere. The time scale
simulation result. We can discuss the efficiency of the energyassomated with the motion of resonant electrons nonlinearly
exchange through wave-particle interactions by selecting thdrapped by a coherent whistler-mode wave is characterised
range of the kinetic energy and pitch angle of the electrondy the oscillation period of electrons within the trapping re-
used in the computation d¥.. The statistical significance 9ion in velocity phase space (e.g., Matsumoto, 1985), and
of the obtained¥in; is evaluated by calculating the standard IS one or two orders of magnitude longer than the gyrope-
deviationoy of Win:. In the results of the analysis, positive riod of electrons. The trapping oscillations of resonant elec-
or negativeWin; is obtained at the different regions of ve- trons occur within a limited region of velocity phase space
locity phase space, while at the specific regions the obtained€termined by the cyclotron resonance condition and within
Wint values are significantly greater thay, indicating ef- @ certain relative phase range with respect to the wave mag-
ficient wave-particle interactions. The present study demonetic field vector. Oscillations of resonant electrons result in

strates the feasibility of using the WPIA, which will be on @ relaxation of the velocity distribution within the trapping
region and saturation of the interactions within time peri-

ods of hundreds or thousands of electron gyroperiods (e.g.,
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504 Y. Katoh et al.: Statistical significance of WPIA

Katoh and Omura, 2004) corresponding to tens of millisec-Hikishima et al., 2009; Omura and Nunn, 2011) and with
onds. Using plasma instruments on board spacecraft, whickalling tones (Nunn and Omura, 2012) and rapid energisa-
mostly have time resolutions of a few tens of millisecondstion of relativistic electrons by chorus emissions (Katoh and
or less, it is impossible to directly measure relaxation of theOmura, 2007b; Omura et al., 2007; Summers and Omura,
electron velocity distribution or energy exchange processe®007; Furuya et al., 2008; Katoh et al., 2008). In particular,
during wave-electron interactions. the formation of an electromagnetic electron hole in velocity
One observation method that enables wave-particle interphase space is a key process related to nonlinear interactions
actions to be investigated is a comparison of the observedvith chorus emissions. The electromagnetic electron hole is
wave phase and particles. There have been many attempgsoduced by depletion of velocity phase space due to non-
to measure interactions between electron beams and electrinear interactions between a coherent whistler-mode wave
static waves, while previous instruments counted the num-and resonant electrons moving along the field lines around
ber of particles by referring the observed wave phase andhe magnetic equator. The presence of the hole results in the
measured the electron distribution in the wave phase spacfrmation of nonlinear resonant currents that contribute to
(Ergun et al., 1991, 1998; Gough et al., 1995; Buckley etthe growth of coherent wave elements with a specific phase
al., 2000). Recently Fukuhara et al. (2009) proposed a newariation with significantly large growth rate rather than the
type of instrument for direct and quantitative measurementdinear growth rate. In addition, a fraction of the resonant elec-
of wave-particle interactions, which is referred to as “Wave- trons trapped in the hole undergo very efficient acceleration,
Particle Interaction Analyzer (WPIA).” The WPIA uses all of while the majority which are outside the hole and are un-
the three-dimensional properties of the observed waveformsrapped by wave elements lose their kinetic energy in gener-
and particles and quantifies the kinetic energy flow by mea-ating chorus emissions. Based on the results of previous the-
suring the inner product of the observed instantaneous waveretical and simulation studies on chorus emissions, the non-
and the particle velocity vectors. To apply the WPIA to spacelinear theory is promising and can be verified by obtaining
plasma measurement, it is necessary to obtain both the wavevidence of an electromagnetic electron hole in the equato-
field vector and the velocity of each incoming particle on arial region of the inner magnetosphere during typical chorus
time scale sufficient to resolve variations in the wave phaseesvents. However, the greatest difficulty with regard to direct
and the gyro-motion of particles. Since the sampling clockmeasurements is that the hole is formed in a specific phase
in wave and plasma instruments can be adjusted to the ordeange relative to the wave magnetic field vector rotating with
of microseconds, measurement of the relative phase can bibe wave frequency, which is several kilohertz in the inner
carried out using state-of-the-art instruments. It is not necesmagnetosphere. This is a crucial problem for conventional
sary for all of waveform and particle data to be transferredplasma instruments, but can be overcome by the WPIA.
to the ground in order to apply the WPIA. Accumulation  Inthe WPIA, W (tg) = q E (t9) - v(fo) is computed using the
of the inner product can be conducted onboard, so that thevave electric field vector measured by the plasma wave in-
telemetry data size can be optimised to a realistic size bystrument and the velocity vector of an energetic electron de-
sending only the results of the accumulation. In the upcom-tected by the particle instrument a& ry. Considering the
ing JAXA satellite mission: Exploration of energization and time variation of the kinetic energy, we obtain
Radiation in Geospace (ERG) project (Miyoshi et al., 2012),
WPIA measurements will be carried out using Software-type j g d(yv)
WPIA (S-WPIA). One of the primary targets of this mission — - =mov x — — =qExv=W, @
is to clarify the interaction of relativistic electrons with cho-
rus emissions. During the mission, the onboard S-WPIA will where K = moc?(y — 1) is the kinetic energy of a charged

be used to investigate whistler-mode wave-particle interac-__ "~ ~ . X o
tions for the first time. particle including relativistic effectspg andg are the rest

Recently, the gyroresonant interaction of relativistic elec-Mass and charge of a charged particle, respectivatythe

. : g o . speed of light, and/ is the Lorentz factor given by =
trons with whistler-mode chorus emissions has been investiz -~ (v/e)2]-2. Since Eq. 1) indicates thatw represents

gated as a possible generation mechanism for MeV electront[%e time variation of the kinetic enerav of a charaed particle
in the outer radiation belt (e.g., Shprits et al., 2008; Thorne, Ime variation ot the Kineti gy charged parti
due to wave-particle interactions, by summing Wp of an
N

2010; Ebihara and Miyoshi, 2011, for review). Observations
have reveqlepl the possible roles of cho_rus in_ controlling thedividual particlei to give Wint = Z W;, we can measure
flux of radiation belt electrons (e.g., Miyoshi et al., 2003, P

2007; Horne et al., 2003; Kasahara et al., 2009). As theothe amount of energy transferred between waves and parti-
retical and simulation studies have clarified, nonlinear wave-cles in a volume filled by plasma particles. In the presence
particle interactions are essential when considering the genef efficient wave-particle interactions, the valueWs,; can
eration process of coherent chorus elements with rising tonebe either positive or negative corresponding to particle ac-
(Nunn, 1974; Nunn et al., 1997; Trakhtengerts, 1995, 1999celeration or wave generation, respectively. In practice, how-
Katoh and Omura, 2007a, 2011; Omura et al., 2008, 2009¢ver, the limited data availability (e.g., finite particle count)
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restricts the accuracy of the calculations, so that the statisticahereeg and g are the permittivity and the magnetic per-
significance of the obtainedi,; must be carefully evaluated. meability in vacuum, respectively. From Eqg) &nd 6) we

In the present study, to evaluate the statistical significancebtain
of WPIA measurements of wave-particle interactions, the
WPIA method is applied to dataset of the simulation resultsv . § = — + Jr- E, )
reproducing whistler-mode chorus generation (e.g., Katoh dt

and Omura, 2007a). The inner produgtis computed for  where the variable/ is the energy density of the plasma

a wave electric field observed at a fixed point in the simula-waves and/ = 2 E2 + ZABZ + %Ncmeug- Let us consider
tion system and the velocity vector of each energetic electrory wave generation regig%i, and integrate Eq.7j over the

passing through that point. We propose that the statistical sigyolume v, given by
nificance can be evaluated based on the standard deviation
ow Of Wint and discuss the feasibility quantitatively by ap-
plying the method to the simulation result. The outline of
this paper is as follows. The meaning of the quanttyis v
discussed in Sect. 2. In Sect. 3, we briefly describe the sSimpy, the surfacet of the generation regiol, we have
ulation model and results reproducing the chorus generation

9
V~SdV:§/UdV+/JR-EdV. ®)
\%4 \%

process. We show results of the WPIA analysis in Sect. 4 and V. SdA = a J Ed 9
discuss the statistical significance in Sect. 5. Section 6 give ’ o vdv+ [ Jr-EdV ©)
summary of the present study. A 14 14

and
2 WPIA

/V -SdA > 0. (10)

We examine the meaning &f in detail. In the present study, 4

ions are assumed to be an immobile neutralising compo- _

nent. We assume that the current dendityonsists of acold ~ From Egs. ) and (L0), we obtain

plasma componenf. and a hot componetr, namely,J = P

Jc+ Jr. The cold componen] ¢ is given by J. = —eNcug, — / udv > —/ Jr-EdV. (11)
. . ot

where N; and u¢ are the number density and velocity of v v

the cold plasma component, respectively. By taking the in-

ner product off andJ, we obtain If [, Jr-EdV <0, we have
E=J.- . a
The equation of the motion of the cold plasma componentis Vv
given by which suggests the plasma wave energy is growing in time,
dut, e i.e., an absolute instability such as generation of chorus is
5= e (E +uc x Bo), (3)  taking place in the volum# .

As a proxy of fv Jr-EdV, we measureAW(r,t)
whereme is the mass of an electron aBg is the background emerged during a time intervals, given by
magnetic field. By taking the inner product @f with both

sides of Eq. ), we obtain e
AW(r,1) = / E(r.t)- Jr(r,t)dr. (13)
auc _ e t
Uc- ? = meuc E. (4)

The current density of the hot componeht is given by
Using Eq. @), we find that the time variation of the kinetic

energy of the cold plasma component is given by Jr(r1) = ///qvf(r v.1)dv (14)
d 1 2 8uc
o ENcmeuc = Nemelic - o Jc E. (5) wheref is the phase space density of the hot plasma compo-

nent. Substituting Eq14) into Eq. (L3), we obtain

From the divergence of the Poynting vecfmwe obtain A
t

V~S=i<@E2+iBZ)+J-E, ©) AW(r,t) = / ///qE(r,t/)-vf(r,v,t/)dvdt/. (15)
ar \ 2 210 t
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@W <0 the time intervalAr of the accumulation from the time-scale
of wave-patrticle interactions. The time resolution;athould
be shorter than the time-scale of wave-particle interactions,
but At should be sufficiently longer than the time-scale of
wave-particle interactions to observe energy exchange be-
tween waves and particles. In addition, since we use a wave-
form and a finite number of particles obtained during a finite
time interval, statistical fluctuation should be considered in
the measurement of this energy exchange.

Figure1 shows a schematic illustration of the WPIA for
interactions between energetic electrons and whistler-mode
waves propagating parallel to the background magnetic field
direction. Figurela and b show the relation between the per-
pendicular component of the velocity of an energetic elec-
tron, and the wave electridE(y) and magnetic fieldsKy)
of whistler-mode waves for the casesWf< 0 andW > 0.

The sign ofW is determined by the relative anglebetween
v, and Ew. Here we assume that a finite volume is filled
by Ng plasma particles and that a fraction of these particles
resonate with whistler-mode waves propagating in the vol-
ume. Since we can evaluate the time variation of the kinetic
energyW; of each particle, the net energy exchange between
the particles and waves in the volume can be evaluated by ac-
cumulatingW; over all Ng particles to obtairWiy;. Figurelc
shows a distribution of energetic electrons in the volume as
a function of W for an example with a negativ&in:, which
corresponds to wave generation. We denote the numbers of

w energetic electrons having positive and negaiieas N

and N_, respectively. If efficient energy exchange occurs in

particle interactions(a) and(b) represent the relation between the the?[izoellﬁergterbrsega::sf;iit et?lzrgcygéirgin?eesg::glnncaetecso: d(iatinoer:-
perpendicular component of the velocity of an energetic electron,g_ hwhistl d 9 y h d hould
and the wave electricHy) and magnetic By ) fields of whistler- with whistler-mode waves. In such a casl, andN— shou

mode waves propagating parallel to the background magnetic field€ Significantly different from each other, while similair,
direction for the cases d&) W < 0 and(b) W > 0. (c) Distribu- and N_ would be obtained if only non-resonant electrons

tion of energetic electrons as a functionWffor an example of a  were present. Figuréc corresponds to the case of efficient
negativeWin; corresponding to wave generation. The total number wave-particle interactions resulting in the wave generation,
of energetic electrons &g, while N and N_ are the numbers of whereN_ is larger thanV, to satisfy thatWi; is negative.
energetic electrons having positive and negalieespectively. As shown, the differencé N betweenN, and N_ makes
the distributionn (W) asymmetric. IS N was negligible and
the resultanWi,; was almost zero, essentially no net energy
exchange would occur: i.e., the waves would be merely prop-
agating in the volume without growing nor damping.

Since the number of particles in the volume is finite, there

Fig. 1. Schematic illustration of the WPIA for whistler-mode wave-

Since measurement of the phase space density con-
ducted for discrete times, we re-expres¥ (r, ¢) as a sum-
mation ofg E - v measured over the time intervak, given

by must be fluctuation ofj,; over time. This fluctuation orig-
N inates from thermal fluctuation of energetic electrons and
AW(r, 1) = Z GE(r, 1) - v, (16) fluctuation of both wave electric field amplitude and relative

angled. The value ofWiy should be sufficiently larger than
the fluctuation, particularly for the case of efficient wave-
whereN denotes the number of particles detected during theparticle interactions. Based on the central limit theorem, we
At interval, the subscript designates quantities of the can evaluate the statistical significance of the obtaigg

th particle, and; is the timing of the detection of thieth by computing the standard deviatiefy,. Here we consider
particle. We note that can be identical for different We the integration ofW (¢) over a time intervaliT for the case
also note that the expression & given by Eq. {6) isan  of N energetic particles. In this case, we can evalugteof
alternative representation of the quantit’ introduced by

Fukuhara et al. (2009). To obtaimW, we should determine

t<t;<t+At
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the obtained¥j,; by computing (@ 10 1
~ e 2 0.8¢

ow= |y (@Ew() v)*~- v Y qEw(t)-vi ) . < 0.6}
i=1 i=1 _

(17) > 04r

Here the first and second terms on the right-hand side of 02

Eq. (17) correspond to the width and the centre of the dis- 0.0
tribution of g Ew (¢) - v, respectively. In the WPIA, we can

identify the energy exchange between waves and particles ,

if we can obtain aWjy; sufficiently larger tharry . The in- €0
tegration of W(¢) over time should be conducted until the 1.0 ==
obtained Wj,; exceeds the value ofoy corresponding to ol -
the required statistical significance: assuming a Gaussiandis- 0.8
tribution, n = 1.64 for a statistical significance of 90 % and

n = 1.96 for 95 %. 0.6 [

3 Simulation of chorus generation

To evaluate the feasibility of the WPIA method, we anal-
yse simulation results reproducing chorus emissions. We use Ly . BT et
an electron hybrid code with a dipole magnetic field (Ka- 0.0 05 10 15 Y
toh and Omura, 2006, 2007a, b, 2011; Omura et al., 2008), t [0 x10
in which cold electrons are treated as a fluid and energetic (¢

electrons as particles using the particle-in-cell (PIC) method  [25'] 10 10g,4(Bu/Bo)
including fully relativistic effect. We assume a spatially one- 1.5 _2
dimensional system along the background magnetic field di-
rection, with as the distance from the magnetic equator.
Although the simulation system is one-dimensional, we take
into account the mirror motion of energetic electrons in the
dipole magnetic field by using a cylindrical field model (Ka-
toh and Omura, 2006). We solve Maxwell’'s equations with
the current densities computed from the motion of electrons
of both cold and energetic components. We treat transverse
electromagnetic waves propagating parallel to the dipole ‘ S ’gff
magnetic field, while we neglect the longitudinal component ) 00 400
of the electric field.

The time step and the grid spacing of the simulation are
0.0192_; and 006c$2.y, respectively, wher@eois the elec-  Fig. 2. Simulation results of the electron hybrid code used for
tron gyrofrequency at the magnetic equator. The simulathe pseudo-observations of the WPKa) The initial velocity dis-
tion system is along the field line and the number of grid tribution of energetic electrons assumed at the magnetic equator.
points L, = 16384. The number of particles initially placed Dashed and dash-dotted lines respectively denote resonance ellipses
in the simulation system representing energetic electrons i§f @ = 0.2 and 0.52¢( (after Summers et al., 1998). The five solid
4096x L. We assume that the plasma frequency of the coldgsemicircles represent constant energy _contours of 1keV, 10keV,
electronswpe at the equator is e, while the number den- 100keV, and 1 MeV, and the Spffc_i of lig) Spectrogram ob-
sity of cold electronsVe colq iS constant in space and time, S€rved at the fixed poirit = 92c%, in the Northern Hemisphere

L ' . f the simulation systenfc) Time evolution of the spatial profile of
Because of limited computational resources, we assume th%e wave maanetic fi .
S - .. gnetic field amplitude.
the spatial inhomogeneity of the background magnetic field
is larger than the realistic dipole field af= 4 of the Earth’s
magnetosphere. Approximating the spatial inhomogeneity of \ye assume an anisotropic velocity distribution with a
the dipole magnetic field in the equatorial region of the mag-j5ss cone for the initial velocity distributiorf (v, v, ) of

2 . .
netosphere aQ¢(h) = Qeo(1+ ah”), the constant ISgIVeN  energetic electrons at the magnetic equator, given by
by 4.5/(L Rg)? for the Earth’s magnetosphere, while we as-

sume 45(3.5/L Rg)? = 55/(L Rg)? in the simulation.

h [e05"]
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0.2 Table 1. Definition of Regions A, B, and C.

0.1 Energy range  Pitch angle  Sign of
range [deg.]  Wint

Region A 200-400 keV 100-110 negative
-0.1 Region B 1-4 MeV 85-90 positive
RegionC  100-300keV 85-90 -

vy [d]

. o . ) 4 WPIA in the simulation results
Fig. 3. Distribution of Wiy; in velocity space computed d@t=

+200¢Qe_01 over the time interval from 0 to 20 oq%l. Dashed ) ] ) ]

lines denote resonance ellipses of forward propagating whistlerUsing the simulation results for the chorus generation, we

mode waves ob = 0.1, 0.2, 0.3, 0.4, 0.5, and OByq (after Sum-  conduct a WPIA analysis. We compUi&(t) = g Ew (¢)-v(¢)

mers et al., 1998). Coloured rectangles represent the energy arflom the wave electric field y observed at a fixed point in

pitch angle ranges of Regions A, B, and C given in Tdble the simulation system and the velocity vectoof each en-
ergetic electron passing through the observation point. The
computedW (¢) is integrated over time to obtaiWi,;. Fig-
ure 3 shows the distribution of the obtainé#; in the ve-

2 . _1 . .
v locity space at = +200c€2_, for the time interval from O
I 0
, = Agexp| ——= 18 ) e .
f@vL) 0 p( 2 tﬁ ) §(vL) (18) to 20 OOOQgOl. Since chorus emissions generated from the
q magnetic equator propagate away from the equator, energetic
an

electrons of tens or hundreds of keV moving toward the equa-
1 Ui Ui tor satisfy the cyclotron resonance condition; the resonant
gvy) = 1-8 exp “oyz )T Pl — 28V2 . (19)  electrons have negative valueswpfath = +200c§2g01. Fig-
tL L ure3 reveals that the kinetic energy of electrons having large
whereAgq is a constantg = 0.5, andV; andV; are thermal  pitch angles and; opposite to the wave normal direction is
velocities of energetic electrons in the directions parallel andiransferred to waves in significant amount, resulting in the
perpendicular to the background magnetic field, respectivelyefficient wave growth as shown in Figp.
We assume that the thermal velocitiég andV; | are 0.22% For the discussion of the statistical significancé¥f; ob-
and 0.6c, respectively, and that the perpendicular componentained by simulation, we specify three regions in the velocity
of the effective thermal velocitxV, | > is 2A+B) V.. phase space as given in Taldleand shown in Fig3. We
The anisotropic velocity distribution of energetic electrons evaluateWj,; and oy separately for each region by using
drives a linear instability generating a band of whistler-modethe energetic electrons in the corresponding kinetic energy
waves. and pitch angle ranges. Figuda shows the time history of
Figure 2 summarises the simulation results reproducing Wi, computed in Region A of velocity space. We find that
the generation process of chorus emissions with rising tonedVj,; decreased over time, demonstrating the growth of cho-
(Katoh and Omura, 2007a). In the early stage of the simu+us emissions. Using the dashed lines included in &&g.
lation (¢ = 0—2500&2&,1), a band of whistler-mode waves is which show the value$Vj,; + 1.960y, we can verify that
generated through the instability driven by the temperaturethe kinetic energy of the energetic electrons in Region A de-
anisotropy of energetic electrons. The time scale and the freereased to a statistically significant degree; this difference
quency range of the evolution of whistler-mode waves arewas transferred to plasma waves contributing the generation
consistent with the growth rate predicted by the linear the-of chorus emissions. Figudb shows the results computed
ory including the relativistic effect (Xiao et al., 1998; Katoh for Region B. The value oWi,; increased over time and be-
and Omura, 2011). As shown in Figg, afterr = 250052;01, came larger than the values of 1.8¢ afterr = 160009;01.
we observe the generation of coherent wave elements wittBased on the results shown in Fiifp, we can verify with suf-
rising tones. Details of the generation process reproduced ificient statistical certainty that relativistic electrons obtained
the simulation results have been discussed in previous studinetic energy from plasma waves in Region B. Finally, we
ies (Katoh and Omura, 2007a, 2011; Omrua et al., 2008analyseW;,; obtained in Region C. Since energetic electrons
2009; Omura and Nunn, 2011). Coherent wave element$n Region C do not satisfy the cyclotron resonance condi-
are successively generated from the magnetic equator, whilgon with whistler-mode waves generated in the simulation
the wave intensity of each element is significantly amplified result, we expect that efficient wave-particle interactions will
during its propagation away from the equator, as shown innot be found in Region C. Figu#e shows thatVjy in Re-
Fig. 2b. gion C fluctuated over time, but not significantly relative to

Ann. Geophys., 31, 503512 2013 www.ann-geophys.net/31/503/2013/
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Fig. 5. (a) Trajectories of resonant electronsiip— ¢ phase space
for the inhomogeneity factaf = —0.4. (b) The accumulated distri-
bution in¢ space of energetic electrons in Region A. The estimated
statistical noisey (¢) at each; bin is also shown.

arising from the nonlinear wave-particle interactions. The
formation process of the nonlinear resonant currents has been
explained in terms of the concentration of nonlinear trajecto-
ries of resonant electrons in the specific phase range of ve-
locity phase space due to the presence of an electromagnetic
electron hole. Since the optimum condition for the nonlinear
wave growth of chorus elements is satisfied during the time
interval of the simulation, an electromagnetic electron hole

(c) Region C of velocity space. Energetic electrons passing throughs formed in the; — ¢ space as shown in Fi§a correspond-
the observation point toward the magnetic equator are used in th?ng to the conditions = —0.4, wheret is the relative phase

computation. Dashed lines dendig,; & 1.960yy .

angle between the wave magnetic fi#lg andv, of an en-
ergetic electron, and is the inhomogeneity factor (Omura
et al., 2008). Based on Fi§a, we expect a depletion of the

ow, indicating that neither systematic wave-generation nordistribution of energetic electrons in velocity phase space in

electron acceleration takes place in the Region C.
We expect that the enhancementigf; shown in Fig.4a

the energy and pitch angle range showing laiigg values.
In the WPIA, the measurement of instantaneous wave and

is a signature of the nonlinear wave growth of chorus ele-velocity vectors of electrons enables us to obtain the distri-
ments. Based on the nonlinear growth theory (Omura et al.bution of energetic electrons in wave phase space. Figure
2008), the explosive amplification of the wave fields can beshows the accumulated distribution gnspace of energetic
explained by the contribution of nonlinear resonant currentselectrons moving toward the magnetic equator with kinetic

www.ann-geophys.net/31/503/2013/
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5 Discussion

(@ 2 .
200 - 400 keV

0 SRS SE, B i A A 2
T

We obtained a largéViy; with sufficient statistical signifi-
cance to indicate wave generation in Region A and electron
energisation in Region B, as shown in Hg.and b. We also
found fluctuations oWy in velocity phase space beyond just
Regions A and B, as shown in Fi§. As an example, we
: found positiveWin; in the vicinity of Region B, which rep-
1or "~ 1 resents energisation of relativistic electrons. An evaluation
12t 1 of the statistical significance of thed®y; values is shown
14l ] in Fig. 6. Specifically, we showWj,; computed in the en-
‘ ‘ P ‘ ergy range from 200 to 400 keV (Figa) and that from 1 to
"% 30 60 90 120 150 180 4 MeV (Fig.6b) for the time interval from 0 to 20 0(}12;01 in
Pitch angle [deg.] pitch angle intervals of 5 degrees. The computed &R®f
(b) o6 \ T ‘ ‘ each pitch angle bin is also shown. According to the results
04l 1-4Mev ] shown in Fig.6a, statistically significanWjy; representing
wave generation were obtained not only Region A but pitch
| angles from 85 to 115 degrees. This result indicates that, in
‘ ILL the energy range from 200 to 400 keV, energetic electrons of

I/Vint

0.2+

=

0.0

02+

e ——
—_—

a wide range of pitch angles (from 85 to 115 degrees) con-

tributed to the chorus generation, while energetic electrons

in the pitch angle range from 100 to 110 degrees were partic-

ularly effective in the simulation. In Fighh, a positiveWint

081 7l 1 larger than 1.96y is observed only for the pitch angle range

10l | from 85 to 90 degrees, while a statistically significant nega-

‘ ‘ N ‘ ‘ tive Winy was obtained in the pitch angle range from 90 to

0 30 60 90 120 150 180 100 degrees. Based on the consideration of the statistical sig-
Pitch angle [deg.] nificance ofWjn, energy exchange between waves and parti-

cles is not evident in other pitch angle ranges.

In the electron hybrid code used in the present study, we
assumed a large spatial inhomogeneity and neglected the par-
allel component of the electromagnetic wave field. These as-
sumptions were necessary to reduce computational costs and
are not critical for the comparison with theoretical studies;

energies from 200 to 400keV and pitch angles from 100however, the necessary computation costs prevent us from

to 110 degrees. We divided the wave phase angle into zgonsidering realistic plasma parameter valges, ngmely, those
bins, and the accumulation is conducted over the time in-0bServed in the magnetosphere. In the simulation, we as-

terval from 0 to 20 00@—01 the same as that used in F&). sumed energetic electrons having relatively higher kinetic
We find a clear depletioen in the distribution inspace cor-  €Nergy and larger temperature anisotropy compared with typ-

responding to the region where the electromagnetic electroff@l Observation results. As shown in Figsand4, the en-
hole is formed under the optimum condition for nonlinear €79y range that mainly contributed to the wave growth in the

wave growth. Assuming that the detection (count) of par_simulation result was a few hundred keV, while previous ob-
ticles N follows a Poisson distribution in each bin of the servations reported that the typical energy range of electrons

wave phase angle, the standard deviatioay is equal to for chorus generation is a few or tens of keV in the inner

=

I/Vint

041}

-0.6

Fig. 6. Wint computeda) in the energy range from 200 to 400 keV
and(b) from 1 to 4 MeV for the time interval from 0 to 20 Otﬂ)gol

in pitch angle intervals of 5 degrees. The computed &p®f each
pitch angle bin is also shown.

the square root of the particle counts (Knoll, 2000): magnetosphere. As for a future study, it is necessary to carry
out simulations under realistic initial conditions of the back-
on () =+/N(©). (20)  ground magnetic field as well as velocity distribution func-

tion of energetic electrons and to conduct the WPIA in the re-
We show the estimatedy (¢) as vertical bars in Figbb sults so as to evaluate feasibility of the WPIA quantitatively.
and find that the size of the depletion is statistically signif- The quantity W(z) actually has both parallel and per-
icant. This result clarifies that nonlinear resonant currentgpendicular components with respect to the background
contributing to the large values d¥j,; are maintained by magnetic field. Since the longitudinal component is ne-
the asymmetry of the electron distribution in velocity phaseglected in the electron hybrid code, we only obtained
space due to the presence of the electromagnetic electramme perpendicular componeni®, (t) =gE | (¢)- v  (f) in
hole. the pseudo-observations. Although the assumption of the
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