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Abstract. This review summarizes selected recent results(1953: “The sound of the ‘dawn chorus’ may be likened to
obtained during investigation of whistler-mode chorus emis-that of a rookery heard from a distance.”
sions in the Earth’s magnetosphere. Special attention is paid The generation mechanism of chorus has been exten-
to results published during the last five years, with a focussively investigated in the past (see reviews Bazhin and
on the results of the CLUSTER project. The nonlinear na-Hayakawa 1992 Omura et al.1991). It is now widely ac-
ture of chorus emissions is demonstrated using both theoretzepted that chorus is generated by a nonlinear process (e.qg.
ical results and measurements. Selected areas of research Nnn et al, 1997 Trakhtengerts1999 which involves the
whistler-mode chorus are covered and the paper especiallglectron cyclotron resonance of whistler-mode waves with
reports new results on substructure and amplitudes of chorusnergetic electrons in the Earth’s magnetosph&nelonov
wave packets, on new observations of frequency differenceand Trakhtengert4964 Kennel and Petschek966. How-
of chorus wave packets at different points in space and orever, important properties of the generation mechanism of
their possible interpretations, on results concerning determiehorus are not yet well understood.
nation of position and size of the source region of chorus, Early satellite observations showed that chorus is usually
on recent observational and theoretical results which leagbserved outside of the plasmaspheernett and O'Brien
to improved description of propagation of chorus from its 1964. Spacecraft measurements also confirmed the predom-
source, and, finally, on comparison of chorus measurementgant occurrence of chorus during the local morning and day
with corresponding values deduced from nonlinear theorytime (e.g.Burtis and Helliwel] 1976 Cornilleau-Wehrlin
and simulations. et al, 1978 Koons and Roederl990. This can be ex-
plained by the drift of the source population of electrons in
the Earth’s magnetic field from the magnetospheric tail earth-
ward and toward the local morning.
1 Introduction Generation of a large class of chorus events takes place
close to the geomagnetic equatorial plarigurfon and
Chorus is one of the most intense natural wave emission${olzer, 1974 Tsurutani and Smith1977 LeDocq et al,
generated by plasma instabilities in the Earth's magneto1998 Lauben et al. 2009, where the first derivative of
sphere, observed first on the ground in the local morningthe magnetic field strength along a geomagnetic field line
hours Gtorey 1953 Helliwell, 1969. It occurs in the fre- s close to zero Helliwell, 1967. In the source region,
quency range from a few hundreds of Hertz to several kHztwo frequency bands of chorus have been obseriai-(
with complex frequency spectra often containing many dis-rytani and Smith1974 Burtis and Helliwel| 1976 Gold-
tinct nonlinear wave packets with changing frequency at timestein and Tsurutanil984), below and above one half of the
scales of a fraction of a second. These features resemble thgcal electron cyclotron frequency. These bands are sep-
sound of chirping birds in the morning, from where came thegrated by a narrow frequency interval of decreased inten-
original name of “dawn chorus”. As first described®tprey  sity just below one half of the local electron cyclotron fre-
guency. Emissions of equatorial chorus are often observed
during periods of disturbed magnetospheric conditidrssi{
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electrons at energies of 10-100 keBufton 1976 Anderson  nonlinear saturation level which occurred at amplitudes of
and Maedal977) ~2x1072By due to a combination of nonlinear trapping of
Although chorus has been known for more than 50 yearsresonant electrons and quasi-linear relaxation of the temper-
it recently regained an increased attention in connectiorature anisotropy of the source population of relativistic elec-
with the research on acceleration mechanisms of energetigons. Katoh and Omurg2006 2007 recently published
electrons Summers et al.1998 Horne and Thornegl998. results of an extensive simulation study using the electron
Whistler-mode chorus is being considered as a local sourcéybrid model, where they included a strong spatial inhomo-
of highly accelerated electrons in the outer Van Allen radi- geneity of Bo. They reported maximum amplitudes of cho-
ation belt (Meredith et al. 2001, 2003a Horne and Thorne  rus wave packets of the order of 8B, and important non-
2003 Horne et al.2003 Horne et al.2005 Demekhov eta).  linear currents contributing to wave growth and frequency
2006 Chen et al.2007 Horng 2007). These electrons can drift.
cause serious damage to spacecraft systems, and, if precipi- Omura and Summer€006 found important nonlinear
tated into the upper atmosphere, they can influence the atmdrapping of resonant particles at lower wave amplitudes of
spheric composition. Investigation of whistler-mode chorus~10-4By. This effect then leads to the formation of an elec-
could thus not only contribute to a basic understanding of outromagnetic electron hole in the velocity spa@enura et al.
space environment, but also it could potentially have somg2007) then showed that wave amplitudes s6x 10 6—
practical consequences. 6x10 4By are sufficient for resonant trapping and acceler-
This review paper summarizes recent results obtained duration of relativistic electrons to take place at different realis-
ing investigation of whistler-mode chorus. The main focus istic distances from the geomagnetic equator. This “relativis-
on selected experimental results published during the last fivéic turning acceleration” then can lead to the energy increase
years, with a special attention to the results of the CLUSTERwhose maximum value is proportional to the wave ampli-
project and to results which demonstrate the nonlinear natude of sufficiently long wave packets:{ s) of constant fre-
ture of chorus emissions. Sectichand3 report on new re-  quency.
sults on amplitudes and fine structure of chorus wave packets, Nunn et al. (1997 used the Vlasov-hybrid simulation
Sect4 presents new observations of frequency differences o{fVHS) method to reproduce observations of chorus wave
chorus wave packets in different points in space and their inpackets by the Geotail spacecraft in the dayside magneto-
terpretations, Sech refers to recent results on position and sphere. They found strong nonlinear currents and wave
size of the source region of chorus, Sé&summarizes ob-  growth already for amplitudes of the order of P, with
servational and theoretical results on propagation of chorushe saturation level at 1:610 2Bg for Bpa~100nT. Nunn
from its source, and, finally, Sect.reports on comparison et al. (2005 used an improved VHS methodNgnn et al,
of chorus measurements with corresponding values deduce2003 for a simulation of whistler-mode wave packets trig-
from nonlinear theory and computer simulations. gered by a weak signal of3L0~’ By for the magnetic field
model at Mcllwain's parametef.=4.4 (equatorial dipole
Bo~350nT), and in a dense plasma with a number density
2 Expected amplitudes of nonlinear chorus n.=400cn3. They again found that already a wave ampli-
wave packets tude of 2<10~°Bg gave a strongly nonlinear situation, with
many trapping lengths fitting into the generation region of a
Linear and quasi-linear approaches are often effectively usedjave packet with slowly rising frequency.
as a useful approximation for properties of wave-particle in- Al the above mentioned theoretical studies supposed that
teractions connected with chorus, especially for the purposgne whistler-mode waves propagate with wave vectors close
of global modeling of radiation belt dynamics (eldorne  to theBy direction. Bell (1984 1986 derived conditions of
et al, 2005 Shprits et al. 2006 2007 Summers et al.  nonlinear trapping for waves with arbitrary wave-vector di-
20073b; Bortnik et al, 2008 Albert, 2008 and references rections. He predicted that whistler-mode waves can, during
therein). However, the discrete structure of chorus wavetheir propagation through the magnetosphere, encounter one
packets strongly suggests that nonlinear effects are importamir several regions where the wave amplitudes required for
for the microphysics of wave particle interactior®nfura  trapping are minimum. The minimum amplitudes were again

et al, 1991. Larger wave amplitudes could imply strong of the order of 10°-104By at L between 4 and 5.
nonlinear effectsNunn et al, 1997 Trakhtengerts1999

leading to an instability with a faster growth compared to

the linear approximation. 3 Observed amplitudes and fine structure of chorus
Omura and Summer®004 showed, using electromag- wave packets

netic particle simulations in a simplified model without in-

cluding the spatial inhomogeneity of the terrestrial mag-Now, the question arises if these amplitudes (of the order of

netic field By, that whistler mode waves grow nonlin- 10~*Bg, or 20 to 50 pT af.=4-5) can really be observed in

early after they reached amplitudes ®8x10-3By. The the naturally generated emissions of whistler-mode chorus.
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cases the amplitudes of chorus emissions are indeed suffi-
ciently high to be governed by nonlinear effects.

Meredith et al.(2001) analyzed electric field measure- ®)
ments of the CRRES spacecraft and observed equatorial cho-
rus with average amplitudeg,, of the order of 1 mV/m ]
during geomagnetic substorms. The plasma frequefjcy i Cluster 4
has been estimated for these conditions from wave measureg, ]
ments, yielding the ratio to the electron cyclotron frequency
fp/fc between 1 and S\Meredith et al.2009. This, using
the cold plasma theory in the frequency range of lower-band

chorus (f=0.1-0.5f.), gives the refractive index of parallel £ 10—;
propagating whistler-mode waves, @ % 3 ﬂ\\ _/(W

2 |
L /0 " 1 1 kLI

% a- %) 35 y:/‘ ,
yielding N between 2 and 16. The magnetic-field ampli- © £ 0] M\/é//
tudes of chorus can be then estimated from the Faraday’s ] "/M,./{Af oL
law, B,=FE,,N/c, supposing again propagation parallel to ]
the magnetic field lines:(is the light speed). We thus obtain 0 ime (ms) fom Zeg2-04-15T08:45: 306g20 ®
averageB,, of the order of 10—-100 pT, corresponding also to
results ofMeredith et al. (20030 where similar analysis of Fig. 1. Waveforms and model parameters in an 85-ms time interval
averaged amplitudes of whistler-mode waves is done for dif-covering a chorus element recorded by the WBD instrument on-
ferent levels of geomagnetic activity. However, the time res-board CLUSTER during geomagnetically disturbed conditions on
olution of these measurements is insufficient to resolve thel8 April 2002.(a—c)Broadband electric field waveform for CLUS-
separate wave packets of chorus and average amplitudes afER 24, respectively(d) Amplitude; (e) Frequency. The results
calculated over time intervals corresponding to many char- from the three spacecraft are color-coded. In order to demonstrate
acteristic durations of chorus wave packets, assuming theﬁhe fine structure, minima of amplitude are connected with the cor-
responding frequency estimates by vertical dotted lines (f6am-

presenc_e. . . %0|Ik et al, 2003.

Investigation of the amplitudes of separate wave packets o
chorus requires high-resolution measurements of wave elec-
tric or magnetic fields, such as those recorded by the Wide-
band data (WBD) instrumenGrnett et al.1997, 2001) on- rate of the initial linear phase can be highly variable from
board the CLUSTER spacecrafifcoubet et 811997. Fine  case to case. Typical values of imaginary part of the wave fre-
structure of chorus waveforms has been investigated usingquency thus vary between a few tens and a few hundreds of
measurements obtained during geomagnetic stdBaustoik s~1. The detected amplitudes of the subpackets reached more
et al, 2003 2004h. Analyzed wave packets appeared asthan 30 mV/m. Using a preliminary estimate 6f/f.~1.5
rising discrete elements of lower-band chorus with the fre-from the local plasma density measurements by the WHIS-
qguency drift of 10-20kHz/s. The waveform of the mea- PER instrument@écau et al.200]), these amplitudes ap-
sured electric field has shown an internal fine structure ofproximately correspond to 300 pR(0~2By) for the mag-
each wave packet consisting of a sequence of separate subetic component of chorus. Improved analysis (EcBau,
packets. This effect could be explained by generation ofprivate communication, 2007) givefs /f-~2.4 and a some-
frequency sidebands during the evolution of a chorus wavewvhat higher estimate for magnetic amplitudes~d@00 pT.
packet and by the beating effect of simultaneously presenNote, however, that the instrumental upper limit for ampli-
signals at closely separated frequenchégrn et al, 2005. tudes in that study was39 mV/m and that many observed

Initial analysis of this fine structure has been done using avaveforms had peaks above that limit and could not be used
sine-wave parametric model with a variable amplitular(-  in the analysis. Analysis of a large number of chorus wave
tolik et al, 2003. Some subpackets start with an exponen-packets $antolk et al, 2004 showed that the typical delay
tial growth phase, and after reaching the saturation amplitudéetween the two neighboring maxima of the wave amplitude
they can also sometimes show an exponential decay phases. a few milliseconds with a decreasing probability density
The duration of subpackets is variable from a few millisec- toward longer delays. The subpackets with largest ampli-
onds to a few tens of milliseconds (see Fiy. The growth  tudes were found embedded in the interior of the separate
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624 O. Santdk: Whistler-mode chorus emissions

wave packets. This study also indicates that the highest amin the source from which each spacecraft can only receive
plitudes are rare and that most common amplitudes in the exa limited frequency interval.Breneman et al(2007) have
amined case ranged between a few mV/m to about 10 mV/mshown that some of the observed time and frequency shifts
corresponding to a few hundreds of p¥X03By). can result from limited accessibility of the spacecraft po-

Cattell et al(2008 recently reported whistler-mode waves sitions for whistler-mode waves emitted from a stationary
in the dawn-side outer radiation belt, with amplitudes up tosource located close to the equatorial plane. In this paper,
the upper limit of detection (240 mV/m) of the S/WAVES in- the position of the source region has been found using a
struments onboard the STEREO spacecraft. This is 6 timeseverse ray-tracing technique started from the observation
higher than the upper limit for measurement of electric field points. Chum et al(2007) tested the hypothesis of a source
amplitudes by the WBD instrument onboard CLUSTER but, which emits waves in a relatively narrow interval of wave
on the other hand, only waveforms with largest amplitudesnormal angles and that varies both the wave normal angle and
were recorded on Stereo. A proper survey of wave ampli-frequency during the generation of a single chorus element.
tudes thus could not be done and, based on previous CLUSFhey demonstrated that the forward ray tracing simulation
TER results, itis probable that these high amplitudes are rardeads to patterns which are very similar to those observed.
Note thatCattell et al (2008 did not interpret their observa- They also succeeded to simulate events with large time shifts
tions as whistler-mode chorus although many observed chalbetween the corresponding elements observed on different
acteristics are similar. spacecraft.

All these new results on amplitudes and fine structure of Several possible explanations thus exist at present and
wave packets of chorus or whistler mode waves in generathese theories wait for future experimental tests to be done.
strongly suggest that nonlinear effects play an important role
in microphysics governing the interactions of these waves
with particle populations, including the energetic electrons5 Position and size of the chorus source region
from the outer Van Allen radiation belt.

Multi-point measurements of the CLUSTER mission re-
sulted also in determination of the characteristic size of the
4 Frequency differences of chorus wave packets ob- sources of separate wave packets of chorus. For a favorable
served by different spacecraft case when the separation distance of the CLUSTER space-
craft was only of the order of hundreds of km, chorus emis-
Gurnett et al.(2001) first reported unexpected frequency sions were observed in their generation region close to the
differences of~1kHz between nearly identical discrete magnetic equatorial plane at a radial distance of 4.4 Earth’s
wave packets that were observed simultaneously by differradii. Different spacecraft observed very similar wave pack-
ent CLUSTER spacecratft. ets of lower-band chorus below one half of the electron cy-

Inan et al (2004 andPlatino et al(2006 interpreted these  clotron frequency. Both linear and rank correlation analysis
observations by differential Doppler shift from rapidly mov- have been useds@ntolk and Gurnett2003 Santolk et al,
ing elementary sources at speeds comparable to the parallgD043 to define perpendicular dimensions of the sources of
velocity of counter-streaming resonant electrons. This in-these wave packets. Correlation was significant in the range
terpretation is based on the dependence of the whistler-modef separation distances up to 260 km parallel to the field line
refractive index on the angle between the wave vector and thend up to 100 km in the perpendicular plane. In this range,
static magnetic field and on the assumption of rapid motionthe correlation coefficient was independent of parallel sepa-
of highly localized source regions of chorus moving at largerations, and decreased as a function of perpendicular separa-
speeds of thousands to tens of thousands km/s. Waves frotion. The characteristic perpendicular scale for decrease of
the localized sources propagate to different spacecraft at difthe correlation coefficient varied between 60 and 200 km for
ferent wave normal angles, and thus at different phase andifferent time intervals when the spacecraft measured inside
group speeds and, as a consequence, the differential Doppléte source region. This variation was consistent with the ex-
shift and time delay between the two spacecraft occurs. Thipected effect of random positions of locations at which the
results in differences in observed frequency, as well as théndividual chorus wave packets were generated. Statistical
different times of arrival of the similar emissions at the dif- properties of the observations were consistent with a model
ferent spacecraft. However, a realistic plasma physical interof the source region consisting of individual independent ran-
pretation of rapid motions of chorus source regions needs talom sources emitting quasi-periodic series of wave packets.
be found. In this model, the wave power was radiated from the indi-

Breneman et ali2007) andChum et al.(2007) proposed vidual active areas with gaussian two-dimensional profiles
an alternative explanation based on their ray-tracing simulahaving a common half-width of 35km in the plane perpen-
tions of waves with different frequencies propagating from dicular to the magnetic fieldS@ntolk et al, 20043. This
a localized source to different CLUSTER spacecraft. Thesecharacteristic scale was comparable to the wavelength of the
different frequencies can compose a single chorus elemerndbserved whistler-mode waves.
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Multi-point measurement of the Poynting flux by the simulation together with a model of the electron distribution
STAFF-SA instrumentsGornilleau-Wehrlin et a).2003 on- functions, and showed that chorus originating at the mag-
board CLUSTER was used to investigate the position of thenetic equator with wave normal angles set at the generalized
chorus source regiorParrot et al. 20033 Santolk et al, Gendrin angle can propagate only to latitudes of 10-20 de-
2004h 20053. Observed spatio-temporal variations of the grees. Using these particular initial parameters, they found
direction of the Poynting flux consistently showed that thethat chorus emissions are typically Landau damped before
central position of the chorus source fluctuates on time scalesxperiencing magnetospheric reflections.
of minutes within 1000—2000 km of the geomagnetic equa- On the other handChum and Sant@ (2005, Santolk
torial plane. Estimates of the electromagnetic planarity wereet al. (2006, andBortnik et al. (2007 showed that chorus
used to characterize the extent of the source region in thean indeed magnetospherically reflect. They also showed
direction parallel to the field line, obtaining a range of 3000—that chorus can propagate from the equator to low altitudes
5000 km Santolk et al, 2004k 20053. The typical order of  toward the Earth if it is generated with Earthward inclined
magnitude of the global speed of motion of the entire sourcgldownward) wave vectors. This result can be used to explain
region was 100 km/s, as determined from average propagasbservations of low-altitude electromagnetic ELF hiss at sub-
tion properties of several neighboring chorus wave packets. auroral latitudes. Santolk et al. (2006 reported observa-

Concerning the global extent of the chorus distribution in tions of a divergent propagation pattern of these waves: they
the plane of geomagnetic equator, new results have been olpropagate with downward directed wave vectors which are
tained using the data of a similar STAFF/DWP instrument slightly equatorward inclined at lower magnetic latitudes and
onboard the Double Star TC-1 spacecr&@tiftolk et al, slightly poleward inclined at higher latitudes. Reverse ray
20050. Radial variation of the intensity of whistler-mode tracing with different plasma density models indicated a pos-
emissions was investigated for the L parameter ranging besible source near the geomagnetic equator at a radial distance
tween 4 and 12. The chorus events showed an increased ipetween 5 and 7 Earth radii, and a generation mechanism
tensity of the wave magnetic field at L above 6, consistentacting on highly oblique wave vectors. Additionally, wave-
with intensifications of chorus which were previously ob- forms received at altitudes of 700-1200 km by the Freja and
served by CLUSTER closer to the Earth at higher latitudes DEMETER spacecraft showed that low-altitude ELF hiss
This extends the radial distribution of chorus previously ob- contains discrete frequency-time structures resembling wave
tained byMeredith et al(2003h outward to higher L values packets of whistler mode chorus. Detailed measurements of
into the region which GEOTAIL investigatedN(gnn et al, the CLUSTER spacecraft indicated that the frequency-time
1997). structure and frequencies of chorus observed by CLUSTER

along the reverse ray-paths of ELF hiss are consistent with

the hypothesis that the ELF hiss is a low-altitude manifesta-
6 Propagation of chorus from its source region tion of whistler-mode chorus.

These ray paths have been also successfully simulated by

Parrot et al(2003h andParrot et al(2004 reported obser-  the direct ray tracing method &hum and Santé (2005,
vations with a CLUSTER spacecraft of intense chorus wavedor a source emitting with obligue and Earthward directed
that propagated away from the equator, and, at the same timgvave vectors. This paper also contains the first published
observations with another space-shifted CLUSTER spaceeescription of a class of ray paths which penetrate from
craft of much lower-intensity waves at the same frequencieshe chorus source region through the plasmapause density
propagating toward the equator. gradient into the plasmasphere (see Fyjj. Importantly

Using the observed wave normal directions of these wavesenough,Chum and Santdt (2005 also discovered that the
a backward ray tracing simulation predicted that the lower-wave-normal angles of these waves never get close to the
intensity waves could have undergone the Lower Hybridwhistler-mode resonance cone during their propagation from
Resonance (LHR) reflection at low altitudeRafrot et al.  the source. This means that the wave refractive index stays
20031. The rays of these waves then pointed back to theirlow and that we cannot expect any important effect of Lan-
anticipated source region close to the geomagnetic equatodau damping. Moreover, the wave normals are nearly field-
This source region was, however, located at a different radiabligned when the waves again cross the equator inside the
distance compared to the place of observation. The intensitplasmasphere which is consistent with the observed wave-
ratio between magnetic component of the waves coming dinormals of plasmaspheric hiss and which makes possible fur-
rectly from the equator and waves returning to the equatother amplification of these waves (e®plomon et al.1988
was between 0.005 and 0.01. The observations also showeslantolk et al, 2001).
that waves returning to the equator after the magnetospheri- As noted byChum and Santgt (2009, andSantolk et al.
cal reflection still had a high degree of polarization, even if (2009, Earthward propagating chorus can thus be consid-
they started to lose the coherent structure of the chorus wavered as a possible additional candidate for the embryonic
packets Parrot et al.2004). Contradictory results have been source of plasmaspheric hissonwalkar and Inai(1989,
presented byBortnik et al. (200§ who used a ray tracing and recentlyGreen et al.(20095 have presented evidence
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compared with the CLUSTER measurements. A good agree-
ment is found for the observed and predicted lengths of the
generation region measured along the magnetic field lines,
characteristic periods of succession and global frequency-
time slopes of chorus wave packets, growth rates of the sub-
structure, and for saturation wave amplitudes. The nonlinear
stage of chorus generation is determined by trapping of reso-
nant energetic electrons that leads to formation of a sideband
wave at a time scale between 6 and 60 ms, as calculated for
the observed plasma parameters. Therefore, a temporal mod-
ulation in wave amplitude can be expected, as confirmed by
the results shown above in SeB8t.

Trakhtengerts et a(2007) investigated frequencies of in-
dividual chorus wave packets close to the geomagnetic equa-
tor in the frame of the BWO theory. This model predicts that
Fig. 2. Ray tracing simulation showing a class of ray paths which the frequency of chorus is determined by the parallel (with
penetrate from the chorus source regiorkat6.6 R through the  respect to the field line) velocity of a step-like deformation in
plasmapause density gradient into the plasmasphere, as it is indthe distribution function of resonant electrons. This velocity
cated by red, yellow and orange lines (fr@dhum and Santé,  gecreases during the generation of a chorus wave packet. At
2003. the same time, the electrons move through the generation re-
gion in the opposite direction to the wave group velocity. The
highest frequencies of rising chorus wave packets are there-

on lightning-induced whistlers as the embryonic source of :
L : . fore generated by lower-energy resonant electrons which are
plasmaspheric hiss. Equatorward reflected ELF hiss whic . . L
eaving the source, but in the initial part of the wave path

IS most probably related to chorus emissions might rE’pre_throu h the generation region. Lower frequencies should be
sent another simultaneously acting embryonic source. De&onsg uentlg enerated vshen. the wave qackets ronagate 1o
pendence of plasmaspheric hiss on the substorm activity, re: q Y9 P bropag

ported byMeredith et al.(2004, could be in favor of this the other side of th(_a chorus source. Since the wave packets
chorus-related embryonic source. The original results of°2n be generated with both signs of parallel component of the

Chum and Santi (2005 were reproduced and confirmed group velocity, the outer regions of the chorus source should
by a recent study oBortnik et al (gooa who obtained the contain both narrow-bandwidth wave packets at the highest

same effect and who verified that there indeed is no substa frequencies and full-bandwidth packets, but only the higher-

tial damping of waves during propagation from the chorus requency parts of chorus wave packets should be observed
source into the plasmasphere well inside the source region. These predictions of the BWO

theory have been successfully compared with the data of the
WBD instrument onboard CLUSTER. The observations in-
7 Comparison of observations with nonlinear theory dicate that lower frequencies disappear when the spacecraft
moved closer to the geomagnetic equator where we expect to
The above described results of the CLUSTER project pro-find the average center of the source regi®antolk et al.
vide an important feedback for theories describing the chorug2008 related the frequencies of chorus wave packets to the
generation mechanismDemekhov et al(2003 compared  central position of chorus source region obtained from the
the growth rates of whistler-mode wave packets obtained byPoynting flux measurements onboard CLUSTER. The results
the backward wave oscillator (BWO) theoffrékhtengerts  confirmed the conclusions @takhtengerts et a(2007).
1995 1999 Trakhtengerts and Rycrof2000 with observa- The simulation study oKatoh and Omurg2006 tested
tions of Santolk et al. (2003 and came to the conclusion the model of resonant currents formed by nonlinearly trapped
that the observed range of growth rates (34—420 san be  resonant electrons by waves propagating in the inhomoge-
matched by the theory using reasonable fluxes of resonanteous background magnetic fieldunn 1974. Katoh and
electrons. Omura (2006 used the Electron Hybrid Model where the
Properties of the observed chorus emissions are compardaackground cold electrons are treated as a fluid while en-
by Trakhtengerts et al2004 with the theoretical proper- ergetic electrons are treated as relativistic particles. They
ties of the BWO mechanism. According to this theory, a succeeded to reproduce a coherent emission with a ris-
succession of whistler wave packets is generated in a neaing tone triggered by an intense constant frequency wave
equatorial source region with temporal and spatial characterpulse with an amplitude of&5x10~%By. Using a highly
istics close to those observed by the four CLUSTER spaceanisotropic loss cone distribution of resonant electrétas,
craft. Amplitudes and frequency spectra of chorus, as welltoh and Omurg2007) were able to reproduce realistic cho-
as dynamical features of the Poynting flux, are estimated andus elements by the same simulation method but starting the
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simulation with the thermal noise, without using the strong fast evolving domain of global modeling of radiation belt dy-
coherent triggering signal. They succeeded to simulate wav@amics starts to show the need for solid data on both the prop-
packets with sweep rates of9 kHz/s, approximately corre- erties and effects of whistler-mode chorus. Proper knowl-
sponding to observations &antolk et al. (2003 for simi- edge of these properties is hardly possible without investiga-
lar plasma densities. The maximum reported linear growthtions of the microphysics of nonlinear interactions of chorus
rate of 2305t and the simulated amplitudes of chorus wave waves with energetic electrons.
packets (10%Bo~500pT) also correspond to the observa- Besides the fact that many new results on chorus have re-
tions, as reported above in Sest. cently appeared, there are still many unknowns in our under-
Nunn et al. (2008) present new results obtained using a standing of source mechanisms and effects of this dynami-
Vlasov Hybrid Simulation (VHS) code to simulate the dy- cal nonlinear phenomenon. In the near future, new devel-
namical spectra of chorus. The results compare well to the@opments of nonlinear theory and electromagnetic simulation
observations of the CLUSTER mission. The simulation, fol- techniques based on particle and Vlasov codes can be ex-
lowing the theory oNunn (1974, predicts the nonlinear res- pected, as well as their continuing tests against experimental
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