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Abstract. The STAFF-SC observations complemented byin the magnetosheath by the OGO-5 satellite (Smith et al.,
the data from other instruments on Cluster spacecraft werd969, 1971). These emissions were called “lion roars” and
used to study the main properties of magnetospheric liorare a characteristic feature of the wave activity in the magne-
roars: sporadic bursts of whistler emissiong'at0.1—-0.2 f, tosheath. Smith and Tsurutani (1976) identified lion roars as
wheref, is the electron gyrofrequency. Magnetospheric lion right-handed circularly polarized waves (whistlers) propagat-
roars are shown to be similar to the emissions in the magneing at angles of less than 3@ the magnetic field. The lion
tosheath while the conditions for their generation are muchroars are often closely associated with troughs in the mag-
less favorable: the growth rate of the cyclotron tempera-netic field amplitude and enhancements in the plasma den-
ture anisotropy instability is much smaller due to a smallersity: attributed to mirror modes excited by the ion pressure
number of the resonant electrons. This implies a nonlinealnisotropy downstream of the bow shock (Tsurutani et al.,
mechanism of generation of the observed wave emissionsl982). Analysis of the simultaneous wave and particle obser-
It is shown that the observed whistler turbulence, in real-vations made by ISEE-1 showed that lion roars are generated
ity, consists of many nearly monochromatic wave packetsby the cyclotron resonant instability in the magnetosheath
It is suggested that these structures are nonlinear Gendringlasma under conditions of electron temperature anisotropy
whistler solitary waves. Properties of these waves are widelyr, | >T,, whereT,, andT, are the perpendicular and par-
discussed. Since the group velocity of Gendrin’s waves isallel to the magnetic field temperatures (Thorne and Tsuru-
aligned with the magnetic field, these well guided wave pack-tani, 1981). Over the observed whistler frequency range the
ets can propagate through many magnetic “bottles” associ-

w
) ! . - fesonant electrons have energigs E, (1-—)3—<. Here
ated with mirror structures, without being trapped. ) o glé_ _r( Qe) a)
E, is the characteristic magnetic field energy per electron,

Keywords. Magnetospheric physics (Plasma waves and in- B2 m.V2
stabilities) — Radio science (Nonlinear phenomena; Waves irk, = =—24¢ andw and Q, are the characteristic
plasma) Holte 2

frequency of the emissions and electron gyrofrequency, re-
spectively, and/,, is the Alfvén speed based on the electron
mass density (Kennel and Thorne, 1967; Thorne and Tsuru-
1 Introduction tani, 1981). This condition implies that in the magnetic field
troughs, where the plasma density increases, the character-

Intense bursts of electromagnetic waves with a center frejgiic energyE, may drop down to values comparable to the
quency near 100 Hz (which corresponds to 0.16B.%here  therma) electron energy, and so one may expect an exponen-

Q2 is the electron cyclotron frequency) were first detectedyjs| increase in the number density of resonant electrons and
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304 E. M. Dubinin et al.: Coherent whistler emissions

There have been few studies of Lion roars inside theSTAFF (Spatio-Temporal Analysis of Field Fluctuations)
Earth’'s magnetosphere. Baumjohann et al. (2000) reportedomprises of a triaxial search coil magnetometer, a wave-
the presence of emissions in the magnetosphere, close form receiver (SC) with an upper frequency of either 10 Hz
the magnetopause, that had characteristics almost identicar 180 Hz, and a digital spectrum analyzer (SA) with a fre-
to those of magnetosheath lion roars. In this paper we willguency range up to 4 kHz (Cornilleau-Wehrlin et al., 1997,
focus on the observations of narrow-band emissions made b2003; Maksimovic et al., 2001). In this study we use the
Cluster in the duskside magnetosphere. We will also discusslata acquired in the burst mode of STAFF operation when the
a possible origin of the coherent structure of lion roars. Thewave form of whistler emissions can be recovered up to a fre-
actual waveform of the lion roars was unknown till the end of quency of 180 Hz. The electric field component of the wave
the 1990s when high time and frequency resolution measureemissions is measured by the EFW experiment (Gustafsson
ments made on the Geotail and Equator-S spacecraft showeat al., 1997). Since the presence of lion roars is favored by
that these emissions consist of near-monochromatic packethe magnetic field troughs associated with mirror modes, the
(Zhang et al., 1988; Baumjohann et al., 1999). These twamagnetic field from FGM instrument (Balogh et al., 2001),
features, a coherency and a wave packet structure, are diffand the ion data from the CIS experimeng(Re et al., 2001)
cult to explain in terms of linear theories of cyclotron reso- are also used to complement the wave observations. In our
nant instability fed by a temperature anisotropy, since the thestudy the Hot lon Analyzer (HIA) data are used to obtain
ory predicts a broader frequency range of excited waves withhe main plasma bulk parameters. Since lion roars are prob-
random phases. We suggest that the coherent structure of tlably generated by the resonant cyclotron instability associ-
wave emissions is associated with the nonlinear propertieated with the electron temperature anisotropy, electron char-
of the so-called Gendrin’ whistler waves (Gendrin, 1961). acteristics obtained from the PEACE experiment (Johnstone
A nonlinear system consisting of the electrons and protonset al., 1997) are also analyzed. The PEACE instrument com-
participating in the wave motion “resonates” at a frequencyprises Low and High-Energy Electron Analyzers (LEEA and
at which the phase speed of the waves equals their grouplEEA) which measure electrons in the energy range 0.7 eV—
speed. Periodic momentum exchange between the electror&6 keV sampling the full # per 4 s spin. Both sensors have
and protons, mediated by Maxwell stresses, gives rise to thdifferent modes permitting different combinations of energy
wave packet structures which are a kind of solitary Gendrinand angular resolution. In the standard, medium resolution
wave packets. mode the number of the energy sweeps is 32 sweeps/spin

The layout of the paper is as follows. Section 2 con- with 60 energy steps and an azimuthal resolution o231
tains the description of the instrumentation. Section 3 con-n the burst mode the instrument performs 64 sweeps with 30
tains discussion of the macroscopic plasma parameters ianergy steps and& azimuthal resolution.
the regions occupied by the whistler emissions. It is found
that, similar to magnetosheath lion roars, the magnetospheric
narrow-banded emissions appear as intermittent bursts @@ Observations
waves closely associated with the magnetic field depressions.

These field troughs are probably a manifestation of the mirror3.1  Macroscopic characteristics
wave structures excited by the proton temperature anisotropy
that is confirmed by the measurements. The behavior of thé©n 11 December 2001 (day 345) at 11:00-
electrons is more complicated. A close correlation betweenl4:30 UT Cluster was in the northern dusk mag-
the wave intensity and the temperature anisotropy of the bulknetosphere  at  geocentric  distances~14—16Rg
electron distribution is not found. On the other hand, the ob-(xgsm~(—1.5+-0) Rg, yesm~(14-16.5) R,
served trapped population of more energetic electrons is sufecsm~(4+-4.5) Rg).  The tetrahedron separation scale
ficient to provide the energy source for the generation of thewas of the order 0ok2500 km. All four spacecraft observed
whistlers. The structure of the waveforms is also discussedporadic bursts of rather narrow-banded wave emissions at
in Sect. 3. It is shown that the “whistler turbulence” consists frequencies of about 20-50 Hz. Figure 1 shows the spectro-
of coherent wave structures in the form of a train of peri- grams of the power spectral density of tBecomponent of
odic, almost monochromatic wave packets. The amplitudehe magnetic field fluctuations measured by the STAFF-SC
of the waves is almost the same as those found in the magexperiment on all four spacecraft. Intermittent emissions
netosheath. A mechanism to explain the coherence of thare almost always associated with magnetic troughs, clearly
waves and the wave packet structure is discussed in Sect. 4seen in a plot of the magnetic field strength (the white
curves). This close association suggests that these emissions
are examples of lion roars which are usually observed in the
2 Instrumentation magnetosheath. Well correlated magnetic field signatures
indicate that the four spacecraft cross almost the same
We present observations of lion roars in the magnetospherenagnetic field tubes, some of which are acting as wave
made by the STAFF experiment on the Cluster spacecraftguides.

Ann. Geophys., 25, 30345, 2007 www.ann-geophys.net/25/303/2007/
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ing 0.5—-1 min of a wave activity, the wave packets can either
propagate across several successive magnetic bottles or be
trapped in a magnetic field trough.

Fig. 1. Spectrograms of whistler emissions in the distant magneto-
sphere. The white curves depict the magnetic field strength.

3.2 Multipoint measurements 3.3 lon dynamics

Inth b . i inl def Lion roar whistlers are often associated with the presence of
n the past observations of lion roars were mainly made oM. \waves characterized by anticorrelated perturbations

a single satellite. Cluster allows us to carry out simultane-in the density and the magnetic field magnitude. Figure 3
ous four-point measurements. Figure 2 shows a close-up 05:‘
n

o - (the top panel) shows the proton number density and the
the waves and the magnetic field measured by Cluster duri agnetic field value measured on spacecraft C1 (the black

the time interve_\l 13:30_13:4(_) UT. Space'craft C3 records %nd red curves, respectively). The measurements depict dis-
burst of waves in the magnetic troughrat3:34 UT. Space-  yinqt gyt-of phase field-density variations. Mirror modes are

craft C4 and C2 enter this magnetic field depleted tube Iaterreadily excited in a plasma with the ion pressure anisotropy

and observe the waves with a time la§0s. Spacecraft C1 (€u>pi||)- The bottom panel in Fig. 3 presents the pro-

also CTOSS?S;h'S tube at the dsa(rjng time as Satff"'te C3 P“t_fl n temperatures parallel and perpendicular to the magnetic
intensity of the waves recorded by spacecraft C1 is signi “field, deduced from the moments of the proton distribution

icantly smaller. Sirlnilar fea.tures e}re also olbserved in othe o tions (the green and blue curves, respectively). A clear
events. For example, at 13:05-13:10 UT Cluster C1, C4, C nisotropy withT,,, /T, >1 in the magnetic troughs is ob-

successively, with a time lag 0#30ss, cross the field tubes seryeq The characteristic value of the proton iigtis ~15.
characterized by a depression of the magnetic field and bursts
of whistler emissions. The fact that spacecraft C1, C4, C23 4 Electron dynamics

cross the same magnetic field tubes with a time lag yet con-

tinue to observe the wave activity gives a hint that the fieldlt is widely believed that whistler emissions are driven by
tube may be “wave active” for, at least, 30 s—1 min. At the the temperature anisotropy of the rgtzesonant electrons: elec-
same time however, spacecraft C3 is situated in this field de; . o 3,82

pleted tube, but does not observe whistler waves. Similarly,trons with the energEzEr(l—Q—e) (Z) (Thorne and Tsu-
at~12:52 spacecraft C3 does not observe the wave activityutani, 1981). With parameters;~0.6 cm 3, B~10nT,
although the other spacecraft do. Note that if a characteristiew/ ©2.~0.1—0.2, the energy of the resonant electrons is
scale of magnetic bottles along the magnetic field is aboutbout 1-2.5keV. The PEACE data show that the bulk of
10*km (see e.g. Maksimovic et al., 2001) then the transitthe electrons have much smaller energi&s<Q00eV). It
time of whistler waves atv~0.1Q2, is about 5s, and dur- is in a contrast to a situation in the magnetosheath where

www.ann-geophys.net/25/303/2007/ Ann. Geophys., 25, 3032007
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the characteristic energy of the resonant electrons is about
100eV, i.e. close to the electron temperature, and therefore ‘=
the number of resonant electrons is much higher. <

Figure 4 compares the intensity of the whistler waveg (

the magnetic field strength and the temperature anisotropy = «| ]
(A.=T,1/T,)) of the electrons at 14:12-14:17 UT for the o~ 12: ]
four Cluster satellites derived by the fitting technique. There 0 & 120 180 20 300
is no visible correlation between the wave activity and & 12; Aj\ A
temperature anisotropy. Moreover, the factor of electron & [°f == ]

0 60 120 180 240 300

anisotropyA, for the bulk electron population is often less

than 1 in the regions of wave activity within the magnetic Time, s

field depleted tubes (e.g. the intensity of the waves recorded _ . o o

by spacecraft C1 and C4 reaches the maximum values in thglg 4. Intensity of whistler emissions, the magnetic field strength

region wheref, | /T, <1). ltis also seen that during some and factor of the electron anisotrofy, / Te -

periods (e.g. as observed by C1 and C&), /7. ;~B/B,.

Such atrend, i.e. a decrease of the anisotropy where the mag-

netic field decreases, might be expected if the magnetic moanism in these Cluster observations implies an insignificant
ment (I, /B) of the electrons and the electron temperaturetrapping in the magnetospheric troughs of the bulk of elec-
T, are conserved. tron distribution.

A different electron anisotropy signature within mirror  However, more energetic particles, in the energy range of
modes was observed by ISSE-1. Tsurutani et al. (1982)1-4 keV, corresponding to the resonant electrons, clearly re-
showed thatl,, /T, was higher at the bottom of magnetic veal a pitch-angle anisotropy witfy ,/7j,,>1. The PEACE
field troughs than at the peaks. Probably, two main factoranstrument on spacecraft C2 was operating in the mode
control electron dynamics in mirror waves, (Lee et al., 1987):which provides us with the electron fluxes in the different
the conservation of the magnetic moment tends to increassectors with time resolution of 128 ms. Figure 5 shows
T, in the high magnetic field region while the mirror force the wave intensity (the first panels) and the electron fluxes
reduces it there. The observed dominance of the first mechmeasured on the spacecraft C2 in two angular zones (the

Ann. Geophys., 25, 30345, 2007 www.ann-geophys.net/25/303/2007/
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shows a typical example of the magnetic field perturbations.
The data are presented after applying a minimum variance
analysis. It is observed that the waves are almost circularly
Fig. 5. Spectrogram of the electron fluxes (high resolution mea-P0larized and consist of a sequence of wave packets although
surement) and the wave intensity measured onboard spacecraft 2.the variations in the magnetic field strength resemble a se-
guence of solitary waves. Such a periodic structure is also re-
vealed from wavelet analysis (the bottom panel). The signal
second and third panels) at 14:14:10-14:15:10 UT. Due tds nearly monochromatic with a center frequency near 30 Hz
the Spacecraft Spinning (per|0d4 S) zones 2-3 (8_9) have (|e ~0.1 Qe). The number of wave cycIeS in the wave pack-
sampled respectively pitch-angles 17B0° and 4—94°. ets varies from-5 to ~10 with increasing amplitude. A typ-
In the magnetic field depleted tube the spacecraft clearlycal structure of a single wave packet is given in Fig. 7. The
records signatures of the trapped electrafis1 keV) and ~ coherent character of the observed perturbations is clearly
loss cones at angles close fo(@80°) (these pitch-angles are observed.
readily identified by the presence of the field-aligned low en-  Figure 8 shows the waveforms of two mutually perpen-
ergy electrons). The distribution of the electrons drasticallydicular components of the magnetic field and electric field
changes with peaks at intermediate angles betwe¢h8W°) perturbations measured by the STAFF-SC and EFW exper-
and 90 (27C) at times when the wave activity intensifies. iments. Wave packets observed in the magnetic and elec-
Note that a such pitch-angle distribution differs from a dis- tric field variations confirm the electromagnetic origin of the
tribution expected from a quasilinear diffusion in the veloc- emissions. Therati&; /B, gives us an estimate of the value
ity space due to a pitch-angle scattering of the electrons omf the phase speed of the waves;,~2000-3000 km/s.

whistler waves. Note that the Alfién speed based on the electron mass den-
sity, Vae, is about 10 000 km/s, i.@,,;/Va.~0.2—0.3. The
3.5 Waveforms theory predicts phase velocities of whistler waves in this fre-

guency range to be a factor of 2 higher. The difference could
The remarkable feature of the wave emissions is that theye explained by an error in the electric field values. Some-
consist of nearly-monochromatic wave packets. Figure 6times wave packets with several different central frequencies

www.ann-geophys.net/25/303/2007/ Ann. Geophys., 25, 3032007
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December 11,2001  14:13:08.76; C1 range of the banded whistler emissions they estimated the

. ' fraction of resonant electrons to be3% of the total elec-
0.10F /\ [\

(\ (\ — tron population. It was supposed that these are just elec-
-0.10 —

trons trapped in mirror wave cavities. A small number of
such “resonant” electrons was also found by Massood et

\ al. (2006) who have analyzed the electron distribution func-

\} tions within several events associated with the lion roars in
\ J ] the magnetosheath. Another interesting scenario for genera-

tion of almost monochromatic whistler waves was proposed

by Treumann et al. (2000). They suggested that the mecha-
nism of wave trapping in a mirror wave cavity selects a nar-
row range of wave numbers. Just one harmonic emission is
expected for largg. | ~10-20. Note here however that in the
observed magnetospheric evepts1.

Bm, nT

nT2Hz

ax10™

5
2x10

Although the assumption of the existence of a very small
16 group of the “resonant” electrons (Baumjohann et al., 1999)
is in a reasonable agreement with our observations of trapped
electrons, we suggest another mechanism based on the non-
linear properties of whistler waves, which we call here the

8
5%10

0.2 0.3 : : nonlinear resonance (NR) to distinguish from the electron

Time, s cyclotron (wave/particle) resonance (ECR). Solitary struc-

tures with embedded smaller-scale oscillations which look

Fig. 7. The wave form of the magnetic field variations (tBg, like localized wave packets were found recently for nonlin-

component) in a single wave packet. The bottom panel shows thar whistler waves (Sauer et al., 2002; Dubinin et al., 2003;
wavelet spectrogram of the observed emissions. Webb et al., 2005). Their existence is intimately related to a
specific dispersion feature of whistlers, namely, the existence
. o . of a maximum of the phase speedk atw/k=V,4, c0s0/2,
are .observed in the same magnetic field trough. Figure 9?Nhere0 is the propagation angle with respect to the magnetic
depicts examples of the wave packets recorded by the SPaCRa14. For nonlinear whistlers of the forgfi(x—U1) propa-

cri\ft C22 vyhiIeTirt] rerrr:ained [n t'hef same magfner:iC bot'tle.for gating parallel to the magnetic field in a cold plasma the exact
= '.5_ min. The characteristic requency o the em_'ss'onsanalytical solutions are found in Dubinin et al. (2003); Webb
lies in the range of+25—-60 Hz although the difference in the

et al. (2005). The important point is that in these solutions
propagation angles is rather smalld3and 115°). ( ) P P

; i the dynamics of both species, the electrons and protons, are
_The total magnitude of the wave field often also revealsgq q)ly important since the amplitude of the transverse mo-
distinct oscillations. Figure 9b shows the observed variation§entum flux carried by the electrons (in the wave frame) is

of the wave magnetic field strength in several wave packetgyacily equal to the amplitude of the transverse momentum
propagating at slightly different angles (1306°and 8)t0 1,y carried by the protons (Dubinin et al., 2003). There-
the magnetic field. It is observed that the amplitude of thegq o although the proton velocities are small,{v,/u

small scale oscillations can be rather high. where ju=m,/m, is the mass ratio) their dynamics can-
not be neglected. At first glance, this result is surprising
since the linear dispersion relation for whistlers at frequen-
ciesw>»>Q2, does not contain any dependence on the proton
2 1 QZ

4.1 Nonlinear resonance of Whistler Waves mass (k—zz—z—e), whereVAezBo/(Monme)l/2 is

ws Vg, 0 (QLe—w)
The nearly monochromatic and coherent character of thesi€ Alfvén speed based on the electron mass density. How-
wave emissions, which can not be related to any plasma?yer th(_e dynamlc.mt(_arplay between the electrons and protons
resonances, is difficult to explain in terms of linear insta- gIves rise tp periodic momentum exchange bet\{veen these
bilities. Such bounded emissions were interpreted as arisSP€CieS which leads to the appearance of an oscillatory core
ing from a weak residual bump on the electron distribu- éMPedded within solitary structures.
tion function (Baumjohann et al., 1999). Baumjohann et Different solutions are found fa¥/ 4, >0.5 andM 4,<0.5,
al. (1999) assumed that only a very limited group of nearlywhere M4,=U/ V4., U is the wave speed. Note here that
monoenergetic electrons contributed to the growth of al-M4,=0.5 corresponds t&/ =v,,,,,=0.5 V4., Wherev, ..
most monochromatic waves. Using the linear theory of theis the maximum value of the phase speed of whistler waves
electron cyclotron instability and the measured frequencypropagating parallel to the magnetic field in a cold plasma.

4 Discussion

Ann. Geophys., 25, 30345, 2007 www.ann-geophys.net/25/303/2007/
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The structure of nonlinear whistler waves propagating par- a  December 11, 2001 14:14:546 C2
allel to the magnetic field in a cold plasma can be totally = 02 '

described by the relation between the transverse velocity £ gZEWWV\NWWNWWWWWAW\WWWWW
of the species (e.g. electrons,) and the phase difference 0 05 10 s

. 14:16:36.84 C2
d=¢,—¢. between the vectors of the transverse motion of 0.15

the protons and electrons. In the non-relativistic case, in E_EZZWWNMW\MWWWWMWMWNMWWNWWWMNWWW
which charge neutrality is an appropriate assumption for the < -o.s o - o o o . -
magnetosheath and distant magnetospheric plasmas, wherep) Time, s

the background magnetic field and the traveling wave veloc- oo

. . . [ 14:13:27.84; C1
ity are parallel, the system of fully nonlinear equations can = w\/\/\f\/\_\/\__/
be reduced to two coupled differential equations: =

0,08‘0 - 01 0.2 0.3
du ' 0.12 14:16:17.16;
e = M2 sing (AN M
X &
d ) 5 1o 00800 0.05 0.10 0.15 0.20 0.25 0.30
== =2M3,(1+ cosp) — (1—uZ/uw)™ (2)

14:16:17.93; C1

dx =
- 0.04
The reader can find a more detailed analysis in Dubinin et = . \/\/\/\/\/’\/\/\/\/\/\/\/\/\/\/\/\,

al. (2003); Webb et al. (2005). We present here only a qual- e 009 010 T‘)Ir:; . 020 025 030
itative picture of the different types of nonlinear stationary '

solutions. Figure 10 shows the phase portrait of this systentig g (a)The magnetic field variations(,) in the whistler wave

in the variables:,, ¢ at M4,=0.501 andM4,=0.5. Inthe  packets observed in the same magnetic field troghVariations
“supersonic” regimel( > v ., there is a family of periodic  of wave amplitude in three different wave packets.

solutions around a circle equilibrium point limited by the tra-

jectory connecting two saddle points at thaxis (Fig. 10a).

This latter trajectory corresponds to a soliton-type of solu-  Figure 11 shows examples of a soliton (oscilliton) and
tion. WhenM.<1/2 the two saddle points degenerate to 5 periodic sequence of wave packets corresponding to the
one atp=0 and the phase portrait reconfigures to that shownphase portraits given in Fig. 10. The wave number of em-
in Fig. 10b. Soliton-like solutions disappear but nonlinear pedded oscillations is close to the wave number at which

stationary periodic waves remain. The remarkable featurghe phase speed of whistlers has a maximum, namely
of solitary and periodic solutions is the appearance of peri- 1Q, €,

odic oscillations in the transverse components of the veloc=~ 27 ~ v, "
ities and the magnetic field embedded within solitary pulsescan be understood from a simple analogy with two nonlin-
(therefore such solitary structures were called oscillitons). early coupled pendulums (electron and proton oscillators)

The appearance of small-scale oscillations
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Fig. 10. (a) Phase portrait of solitary and periodic nonlinear ; 0.000
whistler solutions in the variables., ¢. (b) Phase portrait of the 0,005
solutions in the form of periodic wave packetsMf,=1/2. ’
-0.010 e
. . . . . -0.01 L I
with slightly different and varying phases. A change in 00 200 400 600 800
the phase difference occurs due to the momentum exchange Distance, x/xg

between the electrons and protons, mediated by the mag-

netic and electric fields. A nonlinear beating between bothFig. 11. The magnetic field variations (the componét, and the
modes produces a localized wave packet (oscilliton) or a peamplitudeB; =(B2+B2)/?) in the whistler oscilliton and periodic
riodic sequence of wave packets. In the center of the oswave packets.

cillitons (wave packets) the “frequencyk ) of oscillations

increases slightly. Such an increase can also tentatively be

observed in data (see e.g. the wavelet spectrogram in Big. 6)nodes and amplified since the system “resonates” at this fre-
Note that the standard linear or quasilinear approximationgjuency. This gives rise to almost coherent and monochro-
neglect any changes in trajectories of particles in wave fieldgnatic nonlinear wave packets since the wave phase speed
due to their momentum exchange, and therefore cannot reequals to the group speed, i.e. the speed at which energy flux
produce such fully nonlinear structures. supplies the structures, and the amplitude of the wave packets

In fact, the observed wave structures do not appear a§an reach rather large values without a significant distortion
isolated solitary waves but in trains of many wave packets Of the wave form.

Moreover, solitary waves usually need for their excitation a  Figure 12 shows the periodic wave packets generated by
large amount of a free energy (e.g. the bulk kinetic energy ofthe system for different "initial’ conditions (differeitt,, val-
the plasma must be about thz/anuVje/S). Itis eas- ues andB,,=0). The amplitude of waves is proportional to
ier to generate periodic wave packets than oscillitons sinceByo. The amplification factor is-25. Note that the corre-
their speed equal to the phase speed of linear whistler wave§ponding phase portraits,, ¢) (Fig. 10b), in a certain sense,
which can be efficiently excited by different mechanisms of can be considered as the resonance curves. It is observed
whistler generation. For example, a cyclotron resonance inthat the resonance is acute and that the selection of the “reso-
stability driven by a temperature anisotropy or by loss-conenant” wavelength and the wave speed is rather strict. Indeed,
distribution of the electrons can excite a rather broad specalthough at 4. <1/2 the phase portrait of the nonlinear sys-
trum of emissions. The modes with the equal phase andem is similar to the phase portrait shown in Fig. 10b, the am-
group speeds (that occurs &<,/ V4, andw=%,/2) are  Pplitude of the wave packets strongly decreases with deviation
then selected from this wave ensemble of linearly unstablérom M4,=1/2 (Fig. 13) confirming the resonant properties
of the system ab=%2,/2.

INote that solutions in the form of wave packets also exist if SUch & NR can be responsible for the selection and gen-
only the electron dynamics is considered. Such a formal approactgration of the observed coherent whistler emissions in the
is sometimes used in simulations. In this case momentum exchangt®rm of wave packets. This resonance appears in the fluid
occurs between electrons and the wave fields. treatment and therefore differs from a classical wave-particle
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. o . . - (1/Qer<c.o<Qe) can be con3|d¢red as .Gendrln nonl.lne.ar
modes which travel in a plasma like a soliton without signif-
Distance, x/x, icant distortions. Wave packets, consisting of a spectrum of

the nonlinear Gendrin modes, are well guided by the mag-
Fig. 12. Amplitude of periodic wave packets is proportional to the Netic field, and can propagate without significant reflection
“initial” triggering perturbations. or trapping through a number of magnetic bottles associated

with the mirror modes and give rise to the observed inter-

mittent bursts of coherent whistlers in a broad region. Since

resonance, for example ECR, responsible for the generatiote group speed of the wave packets is field-aligned, an az-
of seed whistler wave modes which can be subsequently amimuthal asymmetry of the waves relative to the symmetry
plified by the NR. Correspondingly, a narrow wave band of @xis of a mirror trough may be not uncommon. This can
whistler waves is not an effect of a very small group of reso-€xplain a difference in a wave activity recorded by different
nant (in a sense of the ECR) electrons. In a contrast, in a col@Pacecraft crossing the same mirror structures.

plasma the whole electron fluid oscillates at this frequency.

In the case of obliquely propagating waves the full sys-

tem of nonlinear equations becomes more complicated bufpe regyits discussed in the previous section, however, can-
the main results remain similar, although now the variations,, ;: pe applied directly to magnetosheath or magnetospheric
of the longitudinal velocitie® ., u.x and the magnetic field ) a5mas The conditions under which the nonlinear whistler

strength also contain small oscillationskat<2./ Vae. Itis  \yave packets can exist are modified in the presence of a fi-
'”teffes“”g to note that the phasg SPeed of Wh'Stler,S ProPhite electron temperature and temperature anisotropy which
agatlngz at angle to the magnetic field has a maximum o4 1o the generation of whistler waves through the elec-

at w=—=cosf. It was shown (Gendrin, 1961; McKenzie, tron cyclotron instability. Unfortunately, analytical solu-

1967) that the group velocity of such waves is directed alongion of nonlinear Viasov equations is probably not feasi-
the magnetic field and coincides with the component of thePle. Nevertheless some features of nonlinear whistler waves

phase speed parallel to the magnetic field. Therefore nonl? @ nonequilibrium Viasov plasma can be predicted. The
2w wavenumber (frequency) of the oscillations in the periodic

linear periodic whistler wave packets for which “9@39_6 whistler wave packets is approximately determined by the

4.2 Modifications due to a finite electron temperature
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of the whistler wave packets propagating at the aA(le®),
respectively. However, the observations do not show a such
relationship although the frequency sometimes varies by a
factor of 2 (see, e.g. Fig. 9a). Therefore, rather, variations
in the observed frequency can arise as a result of different
distant sources. Small scale variations in the total wave mag-
netic fields embedded within the solitary structures (see, e.g.
Fig. 9b) are also difficult to explain in terms of the theory
developed for the cold case.

4.3 Electron dynamics

The characteristic feature of the NR for whistler waves is the
coherent gyrating motion of the patrticles participating in pe-
riodic momentum exchange. A shift of the pitch-angle of
the trapped electrons from 9@270C) to intermediate val-
ues observed during a wave activity might indicate that these

electrons experience a bulk, coherent, gyrophase-bunched
\ /\ | motion. The behavior of the electrons within mirror waves
0004 © 53 57 o5 5050 was studied by Chisham et al. (1998) using AMPTE obser-
0.0004 Az 1% vations. Chisham et al. (1998) observed a “cooling” of the
0.00021 Joso2 electrons with pitch angles close to°9id the field troughs,
d o~ ------ TN mm— ] Eﬁ and a “heating” of the electrons with pitch angles just greater
00002 )( Eh than a trapping pitch-angle. A similar feature, i.e. a shift of
00004t — ” = O:§4o the peak in the differential fluxes from 9@ smaller angles
KVao/ O is also observed in our study and cannot be explained by a

pitch-angle diffusion of the electrons which are in the reso-
Fig. 14. Phase speed and the growth rate of whistlers generated byyance with a whistler band.
a temperature anisotropy instability. Chisham et al. (1998) have interpreted this as a result of a
different behavior of the “deeply” and “shallowly” trapped
electrons undergoing a combination of betatron decelera-

wavenumber at the inflection point(k=dw/dk) of the tion and Fermi acceleration (deceleration). In contrast, our

dispersion curved, k) that corresponds to a maximum on model suggests that the electrons in the periodic nonlin-
the curve of the phase speed. The top panel of Fig 1£ar wave packets coherently move on spiral trajectories that

shows the phase speeds (black curves) of whistlers propagalﬁads to a shift of the maximum of differential fluxes from

ing parallel to the magnetic field in a magnetosheath plasma? € intermediate pitch-angles. We can roughly estimate
with typical parameters for the flank crossings=@0 cnt3, the pitch-angle of the gyrophase-bunched electrons assum-

B=9nT, T,|=T,|=100&V, T,1 /Ty =13, T, /T.j=L14 ing the equipartition of the momentum flux carried by dif-
= y Le||=1Lp|= y Ip pll—=+ fLe el|—+

(solid curves) and B (the dashed curves). The red curves €rént particle populations. The conservation %f tge mo-
depict the growth rate of waves excited by the electron tem-mentum flux in the wave frame yields.n, Uu,, ~k Lo ,

. : . w
perature anlsotrppy.. The maximum of the phase spegd Sh'ﬁ\%/herek is a factor which takes into account the eq(l)Jiparti-
to w~0.222,, which is in a reasonable agreement with the

: ~ tion of total momentum flux of the particles,, is a num-
magnetosheath observations (Zhang et al., 1988; Baum]oBer density of the trapped electrorl[s,andua‘gre, fospec-

hann elt ?rl] ﬁggg; Makzmowc tet "’.‘I" '3001')t.h t’\rl]Ot? that, in tively, the wave speed and the transverse speed of the gyrat-
general, this frequency does not coinciae wi € requencxng electronsp |, B,, are the wave and ambient magnetic

at which the growlth rate reaches the maximum value.. In'fi]elds (Dubinin et al., 2003). Sincg,.~U then the pitch-
deed, the comparison between the observed frequencies 0 Ul b,
=)~ —~30-45". This value is

the narrow-banded whistlers in the magnetosheath and thangle a%atar(u saM2 B
. . . ex A o
theoretical values corresponding to the maximum growth ratgn a reasonable agreemeent with the observations. Here

often shows a clear difference with a factor @fs/ fineor~2 ] Ny ]
(Massood et al., 2006). Generation of Gendrin’ nonlinearM4c=U/Va.~0.5 is the Mach numbea‘nzn—e~0.03 IS a

wave packets at different angles to the magnetic field could. . by

also lead to the different frequencies of the narrow-bandeJraCtlon of the trapped particles>~1/3—1/4, B—0~0.02.
emissions. In a cold plasma, these frequencies must follow a Note that a further thorough investigation is necessary
simple relationfy / fo=cosd, wherefy (fo) is the frequency to confirm the predicted signature of gyrophase-bunched
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resonant electrons. To date there are only a few observations |V|A=o_501 Vb=0_55
in space plasmas of signatures of gyrophase-bunched elec- 4
tron distributions (e.g. Gurgiolo et al., 2000). It is worth not-
ing that gyrophase-bunched ions are often observed upstream -
of the bow shock where the solar wind plasma contains an ion m o
beam along the magnetic field. In this case, a similar non-
linear resonant system, consisting of the solar wind protons
and beam ions, generates the coherent low-frequency waves 40 50 T00 750
and gyrophase-bunched motions of the ions (Dubinin et al., ]
2004).

o =10°

4.4 Wave amplitudes

It is not clear yet what other components, besides the reso-
nant electrons which form a small bulge on the distribution
function, also participate in the nonlinear interaction medi-
ated by whistler waves in a loss-cone plasma configuration. It
could be, for example, the trapped resonant electrons charac-
terized by the different temperatur€s ,, 7j -, and the bulk

electrons or it could be all particle populations, including the

protons. The resonant properties of such a system may be-

come weaker. This can be demonstrated by the example of B R S TN
a cold plasma with an electron beam parallel to the mag- ? 7
netic field. Recall that an electron beam-plasma system is & o o =10
linearly stable with respect to whistler waves if the temper-

ature anisotropy is not added (see e.g. Hashimoto and Mat- TS0 7570 2
sumoto, 1976). Nevertheless it is useful to analyze the non- Distance, x/x,

linear properties of a such system consisting of three inter-
acting populations. Figure 15 shows how the structure of arnsig 15 Amplitude of oscillatory waves in a beam-plasma
“oscilliton” changes with an increase of the density of beamgsysiem at different values of the beam density=n;, /n
electrons. As the density of the beam increases the amplitudg@y , ,=0.501 V;,=0.55V 4,
of wave oscillations decreases, i.e. the resonant characteris-
tics of the system become weaker. Since the anisotropy and
loss-cone instabilities are purely kinetic (not fluid) an assess¥,, / T.;=1.5, 1.4, 1.3, 1.2, respectively. A damping also in-
ment of the resonance properties of a such system and thereases with anisotropy decreasing.
contribution of the different particle populations can only be  The similar intensity of narrow banded whistler emissions
analyzed accurately by PIC simulations which are very de-in two very different plasmas is difficult to explain in terms of
sirable to study the generation of nonlinear coherent whistlelinear anisotropy instabilities. We assume that the wave am-
wave structures. plitude depends not only on the amount of free energy con-
Typically, observations in the magnetosheath and magitained, for example, in the temperature anisotropy of the bulk
netosphere show approximately the same amplitudes obr trapped populations, but also on the resonant properties of
narrow-band whistler emissions despite there being sigthe system which can be different in plasmas with different
nificant difference in the number of resonant electronsg, and7. /T, . The amount of free energy determines the
which can generate these waves. Correspondingly, théehavior of the system at the linear stage. Due to pitch-angle
growth rate of the electron temperature anisotropy in-scattering temperature anisotropy decreases and the system
stability strongly decreases for magnetospheric condi-can evolve to a state of a marginal stability, similar as a sys-
tions. The panels 2-5 from the top in Fig. 14 presenttem with ion temperature anisotropy unstable to the genera-
the phase speed and the growth rate for whistlers untion of ion cyclotron waves (Gary et al., 1997). Then non-
der conditions typical for the magnetosphere observadinear effects, with selection and amplification of “resonant”
tions, n=0.6cn3, B=9nT, T,;=3700eV, T,;=200eV,  modes, may become dominant. This scenario must be tested
Tp1/Tpy=14, T,1 /Tey=1.5 (1.4,1.3,1.2). The growth  and quantified in PIC simulations of plasma configurations
rate becomes more than ten times less than its value fowith a temperature anisotropy and a loss cone. It is inter-
the magnetosheath parameters (the number of resonant elegsting to note that preliminary PIC simulations (Sydora and
trons strongly decreases), and the maximum of the phas8&auer, private communication, 2006) confirm it. Sydora and
speed is observed at~kmaxU ~0.27, 0.25, 0.21, 0.182, at Sauer (2006) studied whistler generation in a plasma with an
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electron temperature anisotropy. They found that at the ini-correspondingly, low number density of resonant electrons,
tial state the system evolved in accordance with the predicthe amplitudes and the characteristic frequencies of magne-
tions of linear theory. The amplitude of the waves centeredtospheric lion roars appear similar to those in the sheath. This
at the frequency corresponding to the maximum growth rateémplies that the origin of the emissions and their character-
yYmax €Xponentially increased with a characteristic time deter-istics are determined by nonlinear processes. It is assumed
mined byyqa, While the temperature anisotropy decreased.that the resonance properties of a complex nonlinear plasma
Then the system remains in a state with /7, equal to  system, with respect to the whistler generation, depengion
the value at which the marginal stability was reached, andand7., /T,. To date it is not clear whether other parts of the
wave packets of coherent emissions with the frequency closeistribution function, than that of the trapped electrons con-
to the frequency of whistlers with the maximum phase speedribute to the interaction. In this respect, PIC simulations of
are generated. With an increasegptthe amplitude of waves whistler emission are very desirable for a closer comparison
decreased and in the rangefpf0.2—1 the wave amplitudes  with the space observations.
became comparable. The main features of narrow-band whistler emissions can
be explained in terms of the nonlinear resonance of whistler
waves: (a) the resonant frequency is determined by the value
5 Conclusions at which the group and phase speeds are equal; (b) the ob-
served amplitude modulations, giving rise to the trains of

In conclusion, the observations by Cluster of magneto-wave packets is as effect of the nonlinear beating; (c) the
spheric lion roars: sporadic narrow-band whistler emissionsgmplitude of the waves is determined not only by an amount
at f~0.1-0.2f,, where f, is the electron gyrofrequency, of a free energy but also by the resonant properties of the sys-
found that their properties are very similar to the emissionstem (the number of the interacting populations and the num-
observed in the magnetosheath. The waves are usually ofier of particles which take part in the momentum exchange)
served in the magnetic field troughs associated with mirror(d) Gendrin’s oblique whistler modes, for which the group
structures. The remarkable feature is that “whistler turbu-speed is equal to the parallel component of the phase speed,
lence” consists of a train of periodic, almost coherent andcan be taken from a pool of linearly unstable whistler waves
monochromatic wave packets. The origin of coherency ancnd subsequently resonantly amplified; (e) nonlinear solitary
wave packet structuring is discussed in terms of the nonlin-Gendrin’s whistler waves can readily propagate along the
ear properties of whistlers. It is suggested that the observefhagnetic field to be observed far from the site of their gen-
wave packets are nonlinear, solitary like whistler structures eration; (f) a coherent oscillatory motion of particles which

It is shown that Gendrin’s wave modes, i.e. waves in a coldPlays a part in the momentum exchange with other popula-

fe _— tions is an inherent feature of the nonlinear resonance.
plasma at a frequency=-— cosf can be significantly non-
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