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The measurements of chorus emissions by four closely separated Cluster spacecraft provide
important information concerning the chorus generation mechanism. They confirm such properties
of the wave source as their strong localization near the equatorial cross section of a magnetic flux
tube, an almost parallel average wave-vector direction with respect to the geomagnetic field, and an
energy flux direction pointing outward from the generation region. Inside this region, Cluster
discovered strong temporal and spatial variations in the amplitude with correlation scale lengths of
the order of 100 km across the magnetic flux. The wave electric field reached 30 mV/m, and the
maximum growth and damping rates are of the order of a few hundreds’ofThiese and other
properties of the detected chorus emissions are discussed here in relation with the backward wave
oscillator mechanism. According to this mechanism, a succession of whistler wave packets is
generated in a small near-equatorial region with temporal and spatial characteristics close to the
Cluster data. Amplitudes and frequency spectra, as well as dynamical features of the Poynting flux
of chorus are estimated and compared with the Cluster measuremer&804&American Institute

of Physics. [DOI: 10.1063/1.1667495

I. INTRODUCTION radiation belt(RB) electrons. The similarity of the spectral
forms of chorus elements and of triggered ELF/VLF emis-
Chorus is the most wide-spread type of natural discretgions has stimulated the application of the theory of triggered
electromagnetic ELF/VLF emissions, which accompany thesignals to explain chorus generation. Helliwedliggested a
main and recovery phases of magnetic stoffapparently,  phenomenological model of the generation of discrete emis-
it is the most important type of electromagnetic emssions irsions, based on the second-order cyclotron resonance. This
the magnetosphere, providing precipitation of bulk energetignodel stimulated further analyti¢dland computation&t
electrons from radiation befté and essentially contributing  studies(see Ref. 12 for more detailNew step in the quan-
to the acceleration of MeV electrofs. titative theory of chorus generation was made in Ref. 13,

At the same time, chorus emissions remain the most inyhere the backward wave oscillatdBWO) generation
triguing signals among natural ELF/VLF radiation. They mechanism was suggested.

consist of a succession of discrete elements with rising fre-  Backward-wave oscillators are well known in

quency, with a repetition period Gi~0.1-1s. According to  glectronicst* but application of this knowledge to the mag-
ground-based observations the typical duration of a chorugetospheric conditions is not trivial. The matter of fact is that
eventis 0.5-1 h or more. Satellite measurenfefghow that  aporatory BWOSs use beams of electron oscillatetectrons
chorus is generated in a narrow region near the equatoriglrating in the magnetic fiejdwith small dispersion in both
cross section of a magnetic flux tube, and appears as Whis“%brpendicular ¢,) and parallel ¢,) velocities with respect
waves whose wave vectdris close to the direction of the to the geomagnetic fieldsv , /v, <1 andAv, /v,<1. Under
magnetic fieldH. As a rule, chorus is accompanied by hissRB conditions, such beams are absent. However, it was
emissions which serve as a lower frequency background foshown in Ref. 13 that not only delta-like distribution func-
the discrete elements. For more detailed information abouion but also sufficiently sharp gradier(step-like deforma-
chorus emissions one can refer to Refs. 1, 2, and 8. tions) in the velocity space can lead to the BWO generation
It is generally accepted that the generation mechanism atgime. According to Ref. 15, such step-like features appear
chorus is connected with the cyclotron instabilit@l) of  naturally upon the development of the cyclotron instability
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(Cl) of RB and generation of noise-like ELF emissions.
Actually, if there is an upper-frequency cutaff,, in
the spectrum of noiselike emissions, then it follows from the

cyclotron resonance condition

15
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that the resonant particles occupy the region bounded fron
below in the equatorial values of the field-aligned velocity:
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Here, wy is the electron gyrofrequency, and the subscript
“L" denotes the values in the equatorial plane. In the reso- 5
nant region, the distribution function is isotropized due to the
velocity diffusion, while this process is absent in the non-
resonant region. Therefore, a step is formed at the boundar
VL= (@max—@n)/K L. This is shown in Fig. 1 on the ex-

ample of numerical calculatiolf. Upper panel shows the 0
whistler wave energy density(¢) and gainl’(¢), where ¢
=1l-wol/w, wog=wy /B,, and B, =(a)p|_/wH|_)2(v/C)2.

Lower panel shows the pitch-angle distribution and pitch-
angle diffusion coefficienD (x=sind,, where 9, is the 300
equatorial pitch angle The snapshots are taken for subse-
guent time moments during generation of a noise-like emis-
sion in the simulation. One can see that a moving sharp ste|
is formed in this case, accompanied by excitation of higher-
frequency noise-like emissions.
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Il. BASIC FEATURES OF THE BWO GENERATION
MODEL OF CHORUS EMISSIONS

D, arb. units

The BWO model of chorus generation is based on a 100

specific modulation of the distribution function of energetic
electrons in the course of Cl development, which leads to the
appearance of a coherent energetic electron clusters and ge
eration of discrete ELF/VLF electromagnetic emission. This
interaction manifests itself as the absolute cyclotron instabil- 0
ity which develops in the local region near the equatorial

cross section of the magnetic flux tube. The lengfho of ) ) .
. . .. ; . FIG. 1. Formation of sharp drofsteps in the velocity spacéfrom Ref.
the generation region along the magnetic field line is equa{s)_

t09,12,13,16
lswo=1.76 \RZL?/6)*"3 (3)
where\ is the wavelengthRRg is the Earth’s radius, and is Vstep 2lewo
the Mcllwain parameter. The factor 1.76 was obtained in T Y :—M(Ugvste e Vstep 5)

numerical study of the linear BWO theory in the parabolic _ _ _
magnetic field® At the initial stage of chorus generation, i the dimensionless parameter showing the excess of the
such a specific evolution is seen as a step-like deformatiofireshold, which is proportional to the hydrodynamic growth

. . . . . ... — 1/2
function of the energetic electrons in field-aligned velocitiesrate Yseep= 0.23wpnB8, b,

(Fig. 2). In the case of a step-like distribution function, the 1 1
absolute instability is realized, if the wave growth raig., Y= T, To=lgwo|l —+ D) (6)
Ug Uste

for the step-like distribution functioriFig. 1) of energetic
electrons exceeds some threshold vaklye. The growth rate wph:(4we2Nh/m) 12 N, is the density of energetic elec-

of the absolut¢BWO) instability is equal t&* trons, B, =u, o/C, U, ¢ is the characteristic velocity across
2 the magnetic fieldb=AN, /N, is the relative height of the
yBWO=87Q(Q— 1). (4) step, which is typically about 10%—-20% in our simulations,
0

andvgy andv e, are the group velocity and velocity at the
Here, step, respectively.
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(A, vg) ~Ustep wave amplitude in the following fornifor chorus propagat-
4 \NV\/" b ing in the +z direction:
z
Ustep W/ A" (lgwo/2) =A™ (Igwo/2t—To)

(A=, ) s X[1= (A" (lwol2t=To)?l, ()

whereA™* (Igwo/21) is the dimensionless chorus amplitude
at the pointz=1gyo/2, and the parametey is related to the
BWO growth rate as

—lswo /2

2
9= 1+2yewoTo=1+ 5 Q(Q—1) ®)

[see Eqgs(4)—(6) for notations.
For the opposite direction,

A_(_IBwolz,t,):qA_(_leolz,t,_To)
X[1=(A™ (=lgwo/2t' = To))?].
9)

As g increases, Eqq7) and (9) demonstrate the transition

If the inequality ysep> yunr is Satisfied, then the ampli- between all 'the above-meptlongd generation regimes, i.e.,
tude of a whistler wave which is in cyclotron resonance withfrom the stationary generation with constant amplitude at 1
the step, grows exponentially in time in the local region near<d<?2, to a regime with periodic amplitude modulation at
the equatorial cross section with the growth rate give@jn ~ d>2, and to the stochastic generationgat2.3.

This absolute instability is due to the phase bunching of step  The amplitudgH | of the wave magnetic field is related
electrons, which produces a positive feedback between With A~ as follows:

FIG. 2. Schematic picture of magnetospheric BWO.

whistler-mode wave and a hot-plasma mode supported by the 312 2
: « » + 2 WphMo step +
energetic electron “beam. IHZ|= ” i b12A*, (10
Actually, if the step is formed, two “beams” of energetic U 0€lewo

electrons appear with a sharp front in the field-aligned velocynerek is the wave vectorlleI—To), and the other notations
ity component, which move intz directions(Fig. 2) with have been introduced above.

the ve_Iociti.esi_ustep and generate chorus i_ndepe.m.jently in It is clear from Eqs(7) and (9) that the saturation am-
opposite dwecpons. If the growth ratgswo IS sufﬂqently plitude is
large, the nonlinear phase bunching effects result in the tran-
sition from the growing phase of the wave amplitude to the A~ ~1. (11)
damping phase. This corresponds to some bifurcations in th§gjng the definitiong4) to (6) and(10), we can obtain from
ger?era_mon regimes, with transition frpm the stationary to th?ll) the maximum value ofH_| for g=2,
periodic one, and then to a stochastic regith€horus gen-
eration can be associated with the two latter regimes. om
Dynamics of these regimes is described by the wave |H”|m:M7’BWO'
equation with nonlinear current of energetic electr¢sse,
e.g., Ref. l@- Whezre 6=6 for (U/(UHL:O.S, ,BLZUL O/C, and YBWO
There is a rich experience in computer modeling of cy-="7/(4To) [see(4)]. _ o
clotron whistler-mode generation, based on this equation It_ is als_o pos§|ble to estimate the characteristic chorus
(e.g., Refs. 11, 17, and L&However, a computer simulation gmpht_u.de in a d|fferent_way. In the case of the absolute
of the BWO regime with the step-like distribution is rather mSta_b'“tzy' such an estimate can be obtained from the
complicated and has not been realized yet. The situation i'éEIat'oriL
simplified in the case of a model with wave-particle interac- ), /ygo=32/(37), (13
tion in two discrete points located symmetrically to the equa- . i )
tor, z; ,= *lgwo/2, Where the cyclotron resonance is ful- whereygwo is determined by4) and the trapping frequency
filled (Fig. 2. Theoretical and experimental studies of the}w iS €qual to
laboratory BWOs with the initial electron distribution as Q=K u, gwu [H-|[/H)Y2 (14)
S&function in the velocity space Hxd(v, —v,q)d(v
—vy0)) showed that the two-point interaction model pre- ~ From(13) and(14) we have
serves the basic qualitative and many quantitative features of 10m
the BWO generation, which are observed in distributed |H_|= Wﬁswo- (15
BWO systems? Similar model can be obtained for the step- +
like distribution function. Leaving the details for a separateAs one could expect, the estimaid®) and(15) are close to
paper, we write the final nonlinear equation for the whistlereach other.

(12
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TABLE |. Summary of chorus parameters in the BWO model. Numerical estimates are obtained for the event shown in Fig. 3 and studied experimentally in
Ref. 20. Basic parameters dre=4.4, cold plasma densitf.~2 cm 3, andw/wy, ~0.45[see Fig. 83)]. From that, we obtain the resonant parallel energy
Wiee= (M/2) ((wp — ©)/K)?=62 keV and the wavelength~26 km. The flux density of energetic electrons is assumed t8-béx 10° cm 252,

Characteristic
Length of period of
generation succession, Growth rate Frequency drift Wave amplitude
region, | gwo T, Yewo df/dt [H_]|
R2L2\ 13 ( 1 1) w? ) 10mc
— — - 0.5 2
1.76( K >lawo Vg + Ustep) 8T, Q(Q-1) YBWO eku, YBwo
Theory ~1.2¢10 57
2600 km >0.025 s [ AN, 0.7x10" Hz st ~100 pT
b=—=0.17
Np
Observations ~2000 km 0'0270'5 N 34-420s? 1.5x10* Hz st 100-300 pT
[see Fig. 49)]

Equationg7) and(9) describe the dynamics of the wave This estimation is close to the one which follows from the
amplitude at the base frequency, corresponding to the stegptimum condition for cyclotron interaction of an electron
velocity, and determine retriggering of the next element awith a whistler wave in an inhomogeneous magnetic
this frequency. Formation of the entire chorus element idield.}%*2
related to the sideband instabilfywhich results in the gen- In the following sections, we use the obtained relations
eration of new frequencied.Rigorous consideration of the for the discussion of specific chorus data from Cluster.
chorus element formation requires sophisticated computer
simulations of the complete problem, which are beyond th§|; pROPERTIES OF VLF DYNAMICS IN THE
scope of this paper. We restrict ourselves to the qualitativggiAGNETOSPHERIC BWO
consideration, suggesting that a chorus element is formed as )

a succession of sidebands separated from each other by the Relations(3) to (4), (12), and (16) allow one to deter-
frequency interval f~ Q. /(2) and growing with the tem- MiNe the basic parameters of chorus emission. These param-

poral rateyswo. Taking into accountl3), we obtain eters are given ip Tab!e I, which summarizes their analytical
expressions, their estimates for the particular values of the

ﬂNM Yewo~0.572 (16) magnetic field, the cold plasma density and the radiation

dt BWO = BWor electron parameters, and their comparison with Cluster data

= 107!
T ° I Y | I 102
(@) % 4 | W i j Z { i ‘ o§ 10 FIG. 3. Upper panel, dynamic spec-
334 ('t m i h { Ll ! 2 £ 10 trum of VLF waves observed by Clus-
o I L i i i o1 R ML ‘ 1072 ter 1 during its pass through the equa-
] : ; torial region on April 18, 2002
() ] g’ M\ m *N Im lefce [electric field fluctuations recorded by
] J Y L the WBD instrument (Ref. 20].
= WWWXMMWJNW’MM'WW’ : ; : : ; Cluster 1 Middle panel, Parallel component of
o UT 083 042 084 08 085t 034 0857 0900 L CHEETS the Poynting vector normalized by its
Mol (oG 673 413 551 088 075 539 403  5oa < Clusters standard deviation from the measure-
MLT (h): 21.08 21.06 21.04 21.02 21.00 20.98 20.96 20.95 ment of the STAFF—SA instruments
on board the four Cluster spacecraft
o.8 (spacecraft indicated by different col-
o6 - | ors) (Ref. 20. Position is given on the
bottom for Cluster 1:R, radial dis-
o4 r 1 tance; MLat, magnetic dipole latitude;
(c) O.2 r a MLT, magnetic local time. Lower
o | i panel, Poynting flux A7)?—(A™)2
6.5 |- | (in arbitrary unit$ resulted from simu-
lations performed using the discrete
O.4 . model (7)—(9).
0.6 | :
o.8

-4 -2 o 2
Geomagnetic latitude, deg
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for the event studied experimentally in Ref. 20. The dynamic 10%F — T —
E a) Cluster observations

frequency spectrum and the normalized Poynting vector for
this event are represented in Figs.(a3 and 3b),
respectively* Below, we discuss these estimates and com-
pare the experiment and theory in more detail.

1071

A. Space—time evolution

Equations(7)—(9) allow us to consider the dynamics of 10-2
chorus generation. Computer simulations of this dynamics
are shown in Fig. ). Here, the center of the source region
(z=0) was placed at GMIat1°. To calculate the wave am-
plitude as seen by a satellite moving along the magnetic fielc 107°F
line, we generate time series for amplitudes at the start- :
ing points + |l gwo/2, respectively, and assume that the am-
plitudes remain constant while the waves propagate from
their starting points. The amplitude is zero upstream of the
starting point, i.e. A" (z<—lgwo/2)=A"(z>lgwo/2)=0.
This scheme vyields both amplitudes at any time and at any 5
point z, so we can recalculate them onto the satellite trajec- 1073 ) Ll

P(at)

10_4:_ o = 233 <. =
3043 elements E

tory. 0.01 0.10 1.00
For the simulations, the value gfmust be chosen. Here, 100 ——rrrr ~s e — 3
we assume that the step sharpness and amplitude fluctua b) Simulations ]

randomly, and specify as a random value distributed uni-
formly within some range. There are several processes whict
can lead to a random variation in the parameters of the steg 10_1;
The shortest time scale of such a variation can be related t ;
the reabsorption of a chorus element outside the generatio
region; this time scale can be of the same ordefasvaria-

tions inq can also be related to bounce-oscillations of ener-
getic electrons with time scalig<1s. Longer time scales %
arise due to the finite time of transverse correlation of the &
electron distribution, which is about the drift time through 1073
the BWO source region. According to Ref. 21, the transverse F
size of the chorus source is about 70—100 km, which yields

the drift time about 4—6 s for 60 kev electrons. Source varia-
tions can also take place due to the magnetic field fluctua- 10
tions. Such variations have been reported, e.g., in Ref. 7 an

had time scales of several seconds. As it is discussed in th

102

| a =228
E 1568 elements

next section, the assumption of a random variatiorn iis 105 L L i ,
important to explain temporal characteristics of the emis- 0.01 0.10 1.00
sions. at, s

For the result shown in Fig.(G), the distribution qu FIG. 4. Distribution of time intervals between chorus elements as seen by
variations was assumed uniform within the rarj@e3,2.3  cluster and simulated using the discrete BWO model. On—off intermittency
(note that the threshold value of=1 corresponds to the manifests itself by the power-law behavior of the distributiBrg (At) ™.
relative height of the step=17%, see Table)] and the time
scale ofq variations was chosen about 4 s. These calcula-
tions repre;ent fairly well the chorus d.ynamlcs observed b¥>oynting flux from negative values on the one side of the
Cluster, as it crossed the equator, moving along the magnetg:Ource region to positive ones, on the other side
field line [Fig. 3(b)]. The most important quantitative aspect ' '
of this agreement is the good coincidence between the esti-
mated and observed sizes of the chorus source. The latitudi-
nal extent of the source is about 3°, if we use the parametef®. On—off intermittency of the VLF chorus
shown in Table I. If shorter time scales are allowed for dhe

\éa;'?k?on’ the|r|1 t_h(te S|mulate_d st;r):kes becclj\lmte rtr;]ortethfrequer}&luster data(Fig. 3 revealed interesting regularities in the
utthe overall picture remains the same. Note that the SImpif«ip, tion of time intervals between chorus elements. This

discrete model used here does not take into account the aMistribution. shown in Fig. @), could be approximated by
plitude variation along the group ray path and averaging ovefhe power-l’aw function T

the detector timescale. Qualitatively, these factors together
lead to a smooth variation of the parallel component of the  Po«(At)™ ¢, (17)

Statistical analysis of chorus spectrograms obtained from
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1 Cluster 2
E 20? a)
€ 0
W 20

FIG. 5. Panelda) and(d) from Fig. 6
in Ref. 20, representing fine structure
of a chorus element.

20 40 60 80
time (ms) from 2002-04-18T08:49:30.620

where P is the probability density for the time intervalt C. Fine structure in wave dynamics
between chorus elements. Fitting observations to the power- Figure 5 shows fine structure of the same event as in Fig.

law function yieldsa=2.33. 3 with temporal resolution of 1 né. One can see some
Slﬁ'Ch a depgndence does not follow from the mad! pulses(satellite varying with characteristic time scale

fco (9) if the coefficients are a_lssgmed to be constant. In real-_ 10 ms. According to the BWO model, the nonlinear stage

ity, the paramet_eq changes in time both regularly and_ran- of chorus generation is determined by trapping of energetic

domly. Calculations show that the power law B(ALt) is particles at the step-like feature, which leads to sideband

obtained ifq varies randomly in time. In our calculatiors, formation at time scale of abOlﬂEv%/o- Subsequent bursts

was changing as a random value distributed uniformly within . :
) . th t th f hift of 2
the interval[0.3-2.3. In this case, the power-law exponent are then generated with frequency shift of abolt/(2)

. . . one from another.
@=2.28 Is CIOS? o the expenmentglly obtained one. Here, Therefore, one can expect temporal modulation in VLF
we allowed the t'me. sgalgs of thelarlatmp to be as short as wave amplitude, which is confirmed by the plots shown
the.B\'NO qhargctenshc t.'m%' The possible nature of suph above. Using the parameters specified in Table |, we obtain
variations is discussed in Sec. lll A. Actually, the obtamethrN 1P—10° s %, which corresponds to the temporal scale
power law forP(At) corresponds to the well-known “on-— .

" . N . of fine structurer~6-60 ms.
off” intermittency regimé? with some features specific for
the discrete BWO model. More detailed analysis of this
problem is presented in Ref. 23. Note that the chosen shor
est time scale of theg variation determines the lower limit Figure 6 shows an example of good correlation between
(At) min in the power-law dependence & (At), and the chorus and hiss emissions, where groups of chorus elements
power-law exponent is determined mainly by the minimum(f=2-3 kHz) are observed simultaneously with separate
value ofq. hiss bursts at a lower frequent¥This corresponds qualita-

P. Relation between chorus and hiss emissions

FFT Size 256 Vim-tHz

l“]_s

6 107
5
Lr=s 1078
E
=, 8
g 5 10—9°
g3 g FIG. 6. An example of good correla-
Ky | ‘ ) 10-10 tion between chorus and hiss emis-
s 1 AR ] . o Bt ik sions in Cluster data.

| i i Ll "“ 1 K ‘ iIWJ e ‘ E"
{ ¥ i | | g k e s VR ok h
) MH i.‘.‘" .“\""‘Jl!u“.\r‘ it mlmJﬂi’rLﬂ’.m%‘} (il dila .‘.W'N!M‘ T ﬂ,“m il

1 10-12
08:53:50 08:53:52 08:53:54 08:53:56 08:53:58 08:54:00 08:54:02 08:54:04
Re 4.36 4.36 4.36 4.36 4.36 4.36 4.36 4.36
A 2.28 2.30 2.31 2.33 2.35 2.37 2.39 2.41
MLT 20.98 20.98 20.98 20.98 20.98 20.98 20.98 20.98
L 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40

Ulowa 0303
uUT_OBT: 2002-04-18T08:53:50 to 2002—-04—-18T08:54:04
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