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Abstract. We show that nonlinear wave trapping plays a sig- 2000; Albert, 2002; Miyoshi et al., 2003; Varotsou et al.,
nificant role in both the generation of whistler-mode chorus2005; Omura and Summers, 2006) and observational evi-
emissions and the acceleration of radiation belt electrons talence (Meredith et al., 2001, 2003) have established elec-
relativistic energies. We have performed particle simulationstron acceleration by gyroresonant wave-particle interaction
that successfully reproduce the generation of chorus emiswith chorus waves as a key mechanism for generating rela-
sions with rising tones. During this generation process wetivistic electrons in the Earth’s outer radiation belt during ge-
find that a fraction of resonant electrons are energized verymagnetically disturbed periods. After nearly four decades
efficiently by special forms of nonlinear wave trapping called of chorus wave observations and numerical studies, only re-
relativistic turning acceleration (RTA) and ultra-relativistic cently have computer simulations been performed that suc-
acceleration (URA). Particle energization by nonlinear wavecessfully model the generation of chorus emissions with a
trapping is a universal acceleration mechanism that can be efising tone (Katoh and Omura, 2007a; Omura et al., 2008).
fective in space and cosmic plasmas that contain a magnetitlere we show that in the simulation of chorus generation,
mirror geometry. some resonant electrons are rapidly energized by the pro-
cesses of relativistic turning acceleration (RTA) (Omura et
I., 2007; Katoh and Omura, 2007b) and ultra-relativistic ac-
Celeration (URA) (Summers and Omura, 2007). RTA and
URA are particular forms of nonlinear wave trapping of res-
onant electrons by coherent whistler-mode waves and consti-
tute viable mechanisms for the generation of relativistic elec-
1 Introduction trons in the radiation belts of magnetized planets (Furuya et

. ) _ . al., 2008). The computer simulations reveal that nonlinear
Whistler-mode chorus waves are electromagnetic emissiong 5, growth due to the rising tone is the key ingredient in
that have been observed by spacecraft in the magnetosphergg, generation of chorus waves.

of Earth (Tsurutani and Smith, 1974; Meredith et al., 2001;
Santolik et al., 2004), Jupiter (Scarf et al., 1979; Coroniti

et al., 1980), Saturn (Gurnett et al., 1981; Hospodarsky et2 Generation mechanism of chorus emissions
al., 2008), and Uranus (Gurnett et al., 1986), with frequen-

cies in the range 0.05—-0¢&,, whereg, is the local electron . ..

. Necessary conditions for chorus generation in the equato-
gyrofrequency. At Earth chorus emissions have also beerr]ial region of the Earth’s outer radiation belt include the in-
recorded on the ground (Smith et al., 2004). Chorus waves 9

comprise discrete emissions of short duratienl@1s), jection of energetic seed electrons from the outer magneto- .

with frequency typically increasing in time (‘rising tones”), sphere during magnetospheric disturbances known as sub-

. e . ' storms; see Fig. 1la. Recent theory and simulations (Omura
and, when connected to an audio amplifier, sound like bird- .

; . : et al., 2008) show that chorus emissions can be gener-
song at dawn. Theoretical and modeling studies (Summers

et al., 1998, 2002: Roth et al., 1999: Summers and Maated in a dipole magnetic field by seed electrons with a @
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Fig. 1. (a)Earth’s radiation beltgp) Chorus wave generation near the equa@ryector geometry of a whistler-mode wave in a dipole mag-
netic field, and velocity components of a resonant elecif@nThe relativistic turning acceleration (RTA) and ultra-relativistic acceleration

(URA) mechanisms operating near the equator.

equator, receiving energy from energetic electrons that satular to the background magnetic field, respectively, aigl

isfy the cyclotron resonance condition,

)

wherew and k are the wave frequency and wavenumber,
respectively. The left-hand side of Eq. (1) is the Doppler-
shifted frequency of the wave, and the right-hand side is th
relativistic cyclotron frequency given by the cyclotron fre-
quency . (k) of non-relativistic electrons divided by the

-1/2
Lorenz factory= [1— (vﬁ—i—vi)/cz] ;v andvy are

the speed of light. The variableis the distance along the
magnetic field measured from the equator. A band of in-
coherent whistler-mode waves in the frequency range 0.1-
0.5Q.(0) forms near the equator, as predicted by linear the-
ory (Kennel and Petschek, 1966). Nonlinear wave growth
(Omura et al., 2008) takes place for a coherent wave com-
onent with a phase variation corresponding to an increasing
requency or rising tone. That is, from the enhanced incoher-
ent wave spectrum, a coherent wave packet with increasing
frequency Qw/8t>0) corresponding to maximum nonlinear
wave growth emerges as a seed of a chorus element, as illus-

the components of electron velocity parallel and perpendicirated in Fig. 1b. We have reproduced the gradual formation
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Fig. 3. The top panel shows the spatial profile of the ampli-
tude of the transverse wave magnetic field and its time evolution.
Modes with longer wavelengths than chorus emissions are elimi-
nated. Wave packets of whistler-mode waves are successively gen-
erated near the magnetic equator, their amplitudes increasing as they
propagate into both hemispheres. The bottom panel shows the spa-
tial distribution of the energy increase of accelerated electrons, as a
function of kinetic energy and position a£10 0009;01. The ef-
ficiency of the acceleration depends on both the wave amplitude of

. . : he chorus emissions and the variation of the resonant veltgity
Fig. 2. Spectrograms generated in the Northern Hemisphere (to _ . - ;
9 P g g b ( pighe variation ofVy is due to both the spatial inhomogeneity of the

and the Southern Hemisphere (bottom). The vertical axis representb K d tic field and th f f the ch
wave frequencyn; Q2,9 is the electron gyrofrequency at the equa- ﬁ;ﬁsgirg:: magnetc field and the wave frequency of the chorus

tor. Several chorus emissions are generated in both hemispheres

the simulation. These waves propagate in the poleward directions

and interact nonlinearly with counter-streaming energetic electronsd2§ wtzéz

The majority of the resonant electrons are untrapped and lose enz;, 2 = y

ergy slightly, thereby contributing to chorus wave generation. Se-

lected electrons are trapped by the generated chorus and undergghere w,=+/kv; Qw is the trapping frequency and

dramatic acceleration by the RTA/URA processes. 82=1—w2/c2k2. The parameterQy is defined by

Qw=eBw /mo where By, e andmg are the amplitude of

of coherent whistler-mode waves by means of a large-scaléhe wave magnetic field, the unit charge and the rest mass

computer simulation. The dynamical frequency spectra ofof an electron. The variable is the phase angle between

the simulated chorus emissions are shown in Fig. 2. the perpendicular velocity, of a resonant electron and the
Once the seed of a chorus element is formed near the equavave magnetic field3 in the plane transverse to the dipole

tor, it propagates away from the equator and undergoes furmagnetic field; see Fig. 1c. The variation of the phase, and

ther nonlinear growth due to both the rising tone and the in-likewise of the center of the trapping potential, is controlled

creasing gradient of the magnetic field; this is illustrated in by the inhomogeneity ratio (Omura et al., 2008),

the wave amplitude profile generated in the simulation and

(sing + 9), @)

plotted in Fig. 3a. The nonlinear growth is sustained so longg _ _ _1 { ( B E)Z o

as sufficient energetic electrons exist with velocities close to w?52 Ve ) ot

the resonance velocity;=Vy specified by the cyclotron res- v v2 520, _ 90

onance condition (1). The dynamics of the resonant electrons YUl _ (1 i e_ya)) el ©)
are described by a modified pendulum equation derived from 2%, 2 Q- dh

the second-order resonance condition for stable trapping 0t first and second terms in the curly brackets represent
resonant electrons and given by the effects of the rising tone and the spatial inhomegeneity,
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[MeV] ¢ = 10000 — 15000 [Q=1] wave packet as it propagates away _from the equator. When
4 i : kil S S=-—0.4 the nonlinear growth maximizes due to the effect of
o= J;_:;’, the untrapped resonant electrons (Omura et al., 2008), while
'\R»‘wtt R the trapped resonant electrons undergo an increase in per-
o _7.?63.”, %: pendicular velocity and are effectively accelerated. Special
2 ¥ e /,/’ trajectories exist for which electrons of several-hundred-keV
<ﬁ/‘} energy, moving toward the equator, change their direction of
5 g, motion along the magnetic field and, during their turning mo-
g r_/;" "»\3%\ tion, are accelerated to MeV energies in a single interaction.
| 1 74_,/. o8 ] The interaction requires a sufficiently long whistler-mode
A me® .\’“\5\*::;\”‘* wave packet and wave amplitudes of the ordeXrQ0pT
ﬂ S (Omura et al., 2007; Katoh and Omura, 2007b). The ac-
0.5 .\"‘“\,\ celeration can take place during the turning motion within a
. . . . . second. This very efficient acceleration mechanism is called
—400 —200 0 200 400 relativistic turning acceleration (RTA); see the illustration in
h [c();(,1 Fig. 1d (left). The resonance velocityy calculated from

the cyclotron resonance condition (l)Ws:(w—Qe/y)/k.
Fig. 4. Examples of trajectories of accelerated electrons duringFor an electron of a few hundred keV such tjzatsze/w, the
the time interval;=10 00082, ~15 00022 . Blue, green and red  resonance velocity is negative. As the electrons are accel-
curves show trajectories of electrons accelerated through the normarated by the wave trapping,increases. Whep = Qe/a),
trapping, RTA and URA processes, respectively. Open and f|||EdVR vanishes. Fora|arger energygge/w, V& becomes pos-
circles respectively indicate trapping and detrapping points on eachive The high efficiency of the acceleration process is due

ggs&g’g anof/Zetgvr:/er?jytI:;;nr?wzgr?gt?cs23:212? t;’j?:n /g wth t(;ia:pz;)ceciler a]to the extended interaction time over the course of the turn-
tion. For a trapped electron satisfying the RTA turning condition ng motion during whichWg~0. RTA is very efficient for a

y=§2€/w, the resonance velocity becomes zero due to the relativis-Iong wave packet with a constant ampllt,Ude and frequency.
For chorus, however, the frequency is time dependent, and

tic effect and eventually changes sign, thereby resulting in the turn- - )
ing motion. Since the gyro-frequency of highly relativistic electrons the duration of each chorus element is short, of the order of
is smaller than the frequency of chorus waves, trapped electrond00 ms. In the simulation of chorus generation, the RTA pro-
then move in the direction of the chorus emissions that are mov-cess takes place in a piecewise manner by different chorus
ing away from the equator. Highly relativistic electrons trapped by elements, as shown in Fig. 4. The piecewise nature of the in-
multiple chorus elements can undergo multiple URA interactions. teractions with successive chorus elements works favorably
for the trapping of the resonant electrons. The wave front of
respectively. Whes~—0.4, an electron hole is produced in €ach chorus element can channel a substantial number of res-
the velocity phase space giving rise to a maximum resonan@nant electrons into the wave potential well due to the sudden
current that induces the nonlinear wave growth. Sinfés  change in the wave amplitude.
proportional to the wave amplitudgy , the contribution of After a trapped electron is accelerated by the RTA process
E)a)/at to the quantity|S| decreases as the wave amplitude and then becomes detrapped, it undergoes adiabatic motion
increases. On the other hand, the increasing inhomogeneitgt a constant energy. The resonant electron velocity is posi-
of the magnetic fieIdZ{Qe/Bh) starts to contribute tpS| as tive since the Lorentz factor satisfies the Condibimsze/w.
the wave packet propagates away from the equator. The inlf the electron now encounters a whistler-mode wave packet
crease in wave amplitude with distaricalong the magnetic near the equator, it can again become trapped and undergo
field line is illustrated schematically in Fig. 1b. As shown in further acceleration, as illustrated in Fig. 1d (right). Accel-
Fig. 3a, the nonlinear growth of the chorus elements gradu€ration by nonlinear wave trapping is therefore possible even
ally subsides as the flux of resonant electrons decreases alofigy @ very high energy range. The acceleration process cor-
the field line. This is because the magnitude of the resonancgesponding to/><, /@ (or to electrons with kinetic energy
velocity given by Eq. (1) increases with increasing E/ (moc?)>, /w—1) has been analyzed theoretically, and
has been termed ultra-relativistic acceleration (URA) (Sum-
mers and Omura, 2007). URA has the important character-
istic that its interaction time can be much longer than for the
RTA process, even with a short-lived wave packet like a cho-
In the process of chorus wave generation, untrapped resqus element. If the resonance velocity approaches the group
nant electrons lose energy to the wave, while trapped resovelocity of the whistler-mode wave packet, URA becomes
nant electrons gain energy. The number of trapped resonaméxtremely efficient. Figure 4 shows that URA takes place
electrons is generally much smaller than that of the untrappe@ffectively for electrons with energies greater than 2 MeV.
electrons. This causes nonlinear growth of the whistler-mode

3 Acceleration of relativistic electrons
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In Fig. 3b, we plot the distribution of energized elec- Gurnett, D. A., Kurth, W. S., Scarf, F. L., and Poynter, R. L.: First
trons produced in the chorus generation simulation as a func- plasma wave observations at Uranus, Science, 233, 106-109,
tion of energy and position at=10000%2, 1. The colors 1986.
indicate increments in kinetic energy over the time inter- Hospodarsky, G. B., Averkamp, T. F., Kurth, W. S., Gumnett, D.
vl 100003 15000 . Elecon acceleraton i he (L WL D Sl O, e X e
energy range 0.5-2.0MeV is due to RTA, while that be- . ;
yondg)Z/.O Mgv is due to URA. Many particles are energized xag/;;r;st%rgse nt, J. Geophys. Res., doi:10.1028/2008JA013237,
by 10-40keV within the time Pe“Od 50@6_13 €. 60 ms. Katoh, Y. a’nd Omura, Y.: Computer simulation of chorus wave gen-
Both RTA and URA are especially effective in slightly off-  eration in the Earth’s inner magnetosphere, Geophys. Res. Lett.,
equatorial regions. Here, the chorus wave elements grow to 34, 03102, doi:10.1029/2006GL028594, 2007a.

a relatively large amplitude as a result of the nonlinear trap-Katoh, Y. and Omura, Y.: Relativistic particle acceleration in the
ping mechanism. process of whistler-mode chorus wave generation, Geophys. Res.

Energization of radiation belt electrons by gyroresonant Lett., 34, 113102, doi:10.1029/2007GL029758, 2007b. .
interaction with chorus waves has hitherto mainly beenKefrl‘”el’ Cj FéanthetsF(z:hek,7Hl.(1|E).:1L|g1£;t %Ztg‘b'y trapped particle
treated by quasi-linear diffusion theory. Quasi-linear the- "UX€S.J. S€0PNYS. Res., 1760, L I00 .
ory assumes incoherent wideband whistler-mode waves an'c\i/“g?]zh'ka\géhzg'o\té’ Qéblj?lz‘?r:a’ TScysfag\fli‘h:gu’t\é?ggai;i‘on
hence cannot treat nonlinear trapping of resonant electrons belt during thé é'NovembergngS magnetic storm: NOAA
by coherent waves. Timescales for electron acceleration due zng Exos-D observations, J. Geophys. Res., 108(Al), 1004,
to nonlinear trapping by chorus waves can be much shorter {oi:10.1029/2001JA007542, 2003.
than the corresponding timescales predicted by quasi-lineagieredith, N. P., Horne, R. B., and Anderson, R. R.: Substorm de-
diffusion theory. Recently it has been demonstrated that both pendence of chorus amplitudes: Implications for the accelera-
RTA and URA contribute to the formation of a high-energy tion of electrons to relativistic energies, J. Geophys. Res., 106,
tail in the electron distribution function in a time-scale of 13165-13178, 2001.
about one hour in the outer radiation belt (Furuya et al.,Meredith, N. P., Cain, M., Horne, R. B., Thorne, R. M., Summers,
2008). Nonlinear trapping of radiation belt electrons by co- D., and Anderson, R. R.: Evidence for chorus-driven electron

herent whistler-mode waves is emerding as a new paradiam acceleration to relativistic energies from a survey of geomag-
in radiation belt physics ging P 9 netically disturbed periods, J. Geophys. Res., 108(A6), 1248,

doi:10.1029/2002JA009764, 2003.
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