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Abstract. After reviewing briefly the present state of knowl- mum activity in the morning hours. The reason why chorus
edge about chorus-like emissions, we present an overviews mainly observed in the dawn sector of the inner magneto-
of Magion 5 satellite observations of these emissions in thesphere is that the energetic electrons from more distant parts
inner magnetosphere of the Earth. From the extensive VLFof the nightside magnetosphere are injected in this region
data recorded on board the Magion 5 satellite, we show ex{Bespalov and Trakhtengerts, 1986). Storey (1953) and Hel-
amples of different types of discrete elements, representindiwell (1965, 1967, 1969) gave the first detailed description
rising and falling tones, and discuss their spectral proper-of chorus based on both ground observations and measure-
ties, such as the bandwidth and the characteristic frequencgnents from the first satellites. A review of chorus emission
as compared to the equatorial electron gyrofrequency. Weéias been presented by Sazhin and Hayakawa (1992) where
analyse the possibility of satellite observation of discretethey discussed the region of generation, propagation char-
elements, assuming nonducted wave propagation from thacteristics, and the shape of elements of this emission. It is
source. As for the characteristic dimension of the generatiorusually assumed that chorus is generated in the process of cy-
region, we apply the figures obtained from the recently pub-clotron resonant interaction with magnetospherically trapped
lished correlation analysis of chorus emission recorded byelectrons in the energy range 5-100keV. These emissions
four satellites in the Cluster experiment. We conclude thatinfluence the dynamics of electron radiation belts, ring cur-
different frequencies in the chorus element should be emitrent and particle precipitations in the auroral region. Condi-
ted in a certain span of wave normal angles, so that the wholé&on for resonant interaction between a particle and a wave is
element could be observed far from the generation region. given by the following relation:

Key words. l\_/lagne_tt_)_spheric physics (plasmasphe_re; plasmg,, — kjvy = noc/y; y=@1- v2/c?)12 (1)
waves and instabilities) — Space plasma physics (wave- _ _
particle interactions) — lonosphere (wave propagation) Here,w is the wave frequency is the wave vector compo-

nent along the ambient magnetic fielg, is the correspond-
ing component of particle velocity. = eB/m, is the elec-
tron cyclotron frequencyy is the relativistic factor (it is close
to 1 for the particle energies mentioned above),arsan in-
{eger. In the case of fundamental cyclotron resonanee 1,

Chorus is an electromagnetic whistler mode emission thathe whistler mode wave and resonant electrons move in o
consists of narrow-band tones usually rising (sometimes b

falling) in frequency on the time scale of several tenths Ofposite directions with respect to the ambient magnetic field.

a second (Sazhin and Hayakawa, 1992). These discrete e'l__-or" = 0, which corresponds to the so-callepl Cerenkov, or
ndau, resonance; andk have the same sign. Whether

ements repeat periodically or quasi-periodically, sometimeé‘a

merging into noise. Observations show that chorus is mainl>}he an((aj IS amtf]hﬂed (galntlr_lgt ene;gy) (;)r dargped ilr(])osm%
registered at/wee, ~ 0.2 — 0.5, Wherewe, is the equa- energy) during the resonant interaction depends on the parti-

torial electron cyclotron frequency on the field line of obser- cle distribution function. In the case of unstable plasma, the

vation. Chorus emission is believed to be generated in thézaral!terll \f[\;]avi. pr[opagljattlon is usually th;\t'of gtrheateslt mstapll-
equatorial region in the inner magnetosphere. It is usuall)} Y, Wi € first cyclotron resonance being the on'y one in

observed outside the plasmasphere, sometimes close to (S8 T T ISR B2 T2 TR OO S0 O S
plasmapause, from local midnight to local noon, with maxi- Y . ' A -
onance, all come into play. Contributions of different reso-

Correspondence tal. Chum (jch@ufa.cas.cz) nances to the wave amplification may have different signs,

1 Introduction




2294 J. Chum et al.: Magion 5 observations of chorus-like emissions

MAGION 5, orb. 3240 19 Oct 1998
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Fig. 1. Example of chorus observation on board Magion 5.

for example, the fundamental cyclotron resonance may con- Recent measurements of Poynting flux in chorus emis-
tribute to the wave growth, while the Landau resonance maysion performed on the Polar satellite (LeDocq et al., 1998)
contribute to the wave damping. The net contribution of all provided an experimental proof that chorus is generated in
resonances determines whether a plasma is unstable with réde region close to the magnetic equator, as had been sup-
spect to the given frequency and wave normal angle. Itis imposed by early works (Helliwell, 1969). These measure-
portant to bear in mind that for non-relativistic electrons, the ments showed that the transition from northward to south-
first cyclotron and Landau resonances play the most imporward propagation at the magnetic equator is very abrupt,
tant role, as they correspond to the lowest particle energiesvhich implies a small size of the generation region, proba-
that dominate in a majority of particle distributions. bly not more than a few thousand kilometres in the north-
Linear theory gives an idea of the unstable frequency bandsouth extent. The observatlc_)ns also_dld not show evidences
that may be excited in a plasma. However, it has a IimitedOf the chorus magnetospheric reflections that often occur for

domain of applicability, as it does not take into account theI|ghtn|ng-generated whistlers inside the plasmasphere. These

back influence of the excited waves upon the particle disfindings were confirmed by the first results from Cluster

tribution function. Quasi-linear theory, which includes the wideband plasma wave measurements presented by Gurnett

latter effect, is the next approach in describing the dynam-et al. (2001). In addition, fthe cross-correlation between spec-
ics of waves and particles in the case of a wide enough wavdograms recorded by different Cluster spacecraft showed

spectrum. Wave-particle interactions in the Earth’s magne-that the transverse (with respect to geomagnetic field) dimen-

tosphere in the framework of quasi-linear theory have bee ion of the excited wave packets hear the generation region
P a v rJl?s rather small (about 100 km, Santolik and Gurnet, 2003).

extensively investigated by a number of authors (see, e.gTh that ch | : tod i
Andronov and Trakhtengerts, 1964; Kennel and Petschek, us, one can suppose that chorus elements are generated in

1966; Lyons and Williams, 1975; Bespalov and Trakht- region(s) having transverse dimensions of the order of sev-
engerts, 1980, and references therein). Recently, Tsuratar%ral wa_tvelengths._ . .

and Lahkina (1997) presented a brief tutorial review of this Maglon. > a_cquwgd a IOt_Of chorus and chorus-like emis-
subject. Although quasi-linear evolution of the particle dis- sions during its active period of measurements, from May

tribution function may play an important part in the process 1998 0 July 2001. We use the term “chorus-like” for emis-

of further wave excitation, as suggested by Trakhtengert$oNS the detailed spectrograms of which contain discrete
(1995, 1999), it is generally agreed that the mechanism ofquasrp.erlodlc elemgnt.s resembling chorus, but whose mor-
chorus generation, in particular, the explanation of the quasiPhological characteristics and frequency band may be differ-

periodic structure of chorus elements is beyond the scope o?nt from that typical o'f the classical F:horus_. "? the ne>ft Sec-
linear and quasi-linear theories tion, we present a variety of chorus-like emissions registered

_ . _on board the Magion 5 satellite.
Several authors attempted to explain the main properties

of chorus emission, such as the recurrence rate and the slope

of chorus elements. Trakhtengerts (1995, 1999) introduce@® Observation of chorus-like emission on board the Ma-

a theory of the backward wave oscillator in ELF/VLF fre- gion 5 satellite

quency band. According to this theory, a step-like electron

distribution function, which is formed as a result of the devel- Because the VLF data acquisition from Magion 5 was pos-
opment of cyclotron instability, leads to an absolute instabil- sible only in the cases of direct radio visibility, the registra-
ity and the wave generation in the form of discrete elementdion region was determined by the Magion 5 orbit (apogee
with rising frequency. Nunn et al. (1997) considered a strongl9 200 km, perigee 1200 km, inclination 93and the lo-
nonlinear phase trapping of cyclotron resonant electrons asation of Panska Ves telemetry station (latitude530N,

the underlying mechanism behind VLF chorus. longitude 1457° E). There were basically two parts of the
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MAGION 5, orb. 4740 16 Oct1999
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Fig. 2. Typical review spectrogram recorded on the descending part of the orbit of Magion 5, showing continuous evolution of the emission
band along the satellite path. Here and further, the orbital data indicate the universal time (UT), Mcllwain parameter (L), invariant latitude
(ILAT), satellite altitude (ALT), and magnetic local time (MLT).
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Fig. 3. Review spectrogram recorded on the descending part of the orbit number 5852. Patches of emissigigglfoard belowfceq/2
are clearly seen.

orbit from which we had the VLF recordings: (a) the as- represents relative values of the square root of the power
cending part, which includes altitudes3000— —8000km  spectral density, the absolute amplitudes shown by the same
and invariant latitudes- 10°-50C°, and (b) the descending colour possibly being different on different spectrograms. A
part, covering altitudes 15 000-10 000 km and invariant lat- typical example of chorus-like emission observed on board
itudes~ 30°-0°. Regular VLF recordings were made from Magion 5 is shown in Fig. 1. This detailed spectrogram rep-
the end of May 1998 to the end of June 2001. Due to technitesents the dynamics of chorus emission on the time scale of
cal problems, only electric component of the wave field was~ 18s.

recorded, with the exception of a few orbits at the beginning Overview Spectrograms represent another wDe of wave
of the mission. The data have been processed with a samata presentation, showing the evolution of the VLF spec-
pling frequency 44 100 Hz, thus allowing the analysis up totrym in the frequency band 0-22 kHz on the time scale of
22kHz. ~ 20 min. Figure 2 displays a typical overview spectrogram
In what follows, the data are presented in the form of spececorded on the descending part of the orbit number 4740.
trograms (frequency-time diagrams). The spectral amplitude The orbital data below the spectrogram indicate that the
is discerned by different colours. We use a rainbow coloursatellite approaches the equator, moving frim= 3.8 to
map. The red colour indicates higher amplitudes, while theL = 3.2. The yellow dashed lines mark one-hattdq/2)
blue one stands for lower amplitudes. We should stress thaand one-fourth fceq/4) of equatorial electron cyclotron fre-
only relative amplitudes are reproduced on the spectrogramguency (fceq = wceq/2m 0On the L-shell of satellite, and the
below, the absolute values have not been determined due tower hybrid resonance frequency for electron-proton plasma
technical reasons. The common colour bar shown in Fig. Zalculated under assumptiar > wZ, wherew,, is electron
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Fig. 4. lon density along the orbit 5852 of Magion 5. Fig. 5. lon density along the orbit 5773 of Magion 5.

plasma frequency. Apparently, as the satellite moves towardbased and satellite measurements can be found in the paper
the equator, the observed characteristic frequencizanges by Jificek et al. (1981).
in such a way thato/wceq transforms from~ 7 to ~ 3. Figure 6, which corresponds to orbit number 6540, gives
Thus, the characteristic frequency of the emission increasean example of how the records look from the ascending part
with the decrease in L-shell and the corresponding increasef orbits. In the main, the spectrum of the emission fits again
in the equatorial electron cyclotron frequency. In the casepetweenoceq/4 andweeq/2. It should be noted that emissions
shown in Fig. 2, the characteristic frequency changes frormay be found in different frequency bands simultaneously.
SkHz atL = 3.8 and ILAT = 179°to 10kHz atL = 3.25  Another point which is worth mentioning is that the charac-
and ILAT = 1¢°. This is quite a typical spectrogram; simi- teristic frequency of the emission does not change much at
lar ones are observed in most cases on the descending pasrge L-shells, for instance, &t > 3.5 in the case under dis-
of orbits. The example above corresponds to the observatiogussion. Yet another interesting feature of the spectrogram
outside the plasmapause, as will be discussed in Sect. 3. observed on this orbit is that the emission is registered at un-
In some cases the spectrogram may have a particular chausually high frequencies, up te 20 kHz.
acter, namely instead of forming a continuous band on the We now turn to the discussion of detailed spectrograms
spectrogram, the emission may form several “clusters”. Anand the characteristics of discrete elements that form the
example of such a spectrogram obtained on the orbit numemission, proceeding with the orbit number 6540. Figure 7
ber 5852 is shown in Fig. 3. These emissions were observedhows the relatively rare observation 20 kHz emission
near the plasmapause, as can be seen from the simultaneoistwo different time intervals. Despite the fact that the el-
density measurements presented in Fig. 4. One should beaments are not very distinct and are partly mixed with the
in mind that the plasmapause does not necessarily represefbise, we easily recognize the transition from falling tones
one distinct density drop, but may have a more complicatequpper panel) to more common rising tones (bottom panel).
wavy structure, as shown in Fig. 5. This phenomenon has also been observed on several other or-
The high frequency emission on the spectrogram showrbits. For example, on orbit number 4724 (Fig. 8), the change
in Fig. 6 has most probably been recorded just inside then the spectrum from falling tones to rising tones is accom-
plasmapause. This is evidenced by simultaneous registrgganied by the variation of emission central frequency (see
tion of the noise band with a lower cutoff at the LHR fre- Fig. 8), which was not the case on orbit number 6540. (The
quency, which is usually observed inside the plasmaspheregap in the middle of this spectrogram is due to technical rea-
Similar to Fig. 2, the yellow line marked v indicates the  sons.) We should mention that falling tones, which we ob-
LHR frequency calculated for electron-proton plasma underserved when the satellite moved over low invariant latitudes
the assumptiow, > w.. Since this gives the maximum have never been found at higher latitudes. It is necessary
possible value of LHR frequency, the observed LHR cutoff to bear in mind that L-values always decrease with decreas-
is below this line. Also, in the vicinity of a distinct, or a ing latitude along Magion 5 orbits. The slope and the rep-
“wavy” plasmapause, one can expect quasi-ducted propagaetition rate of chorus-like emission elements are important
tion of the emission, at least in the equatorial region. Thecharacteristics of the phenomena under discussion. Both the
question about how far the plasmapause, and the correspondeneration mechanism and propagation effects should play
ing duct(s) spread towards the Earth is not easy to answer. A part in the formation and evolution of the slope of chorus
discussion of this problem based on simultaneous groundelements. However, this question, as well as the problem of
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Fig. 6. Review spectrogram recorded on the ascending part of Magion 5 orbit number 6540. The emissions at frequencies as high as
~ 20kHz seen in this figure have been rarely observed.
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Fig. 7. Detailed spectrograms reproducing two 18-s intervals from the spectrogram shown in Fig. 6. High frequ2@ayz) falling tones
change to rising tones as the satellite moves towards higher L-shells.

element recurrence, is out of the frame of the present study3 Propagation of chorus-like emission and conditions
Interested readers are referred to recent papers by Trakht- for its observation
engerts (1995, 1999) and Nunn et al. (1997), which represent

the current state of the investigation into this problem. Let us discuss what can be inferred from the ray tracing

Figure 9, which presents the recording from orbit num- regarding chorus-like emission. In the case of nonducted,
ber 6954, illustrates that a detailed spectrogram may coneblique propagation, the waves with different frequencies
tain spot-like elements. Other records show that discrete elepropagate along different trajectories, even if they have the
ments may appear above (Fig. 10) or below (Fig. 11) a noisesame initial wave normal angles (see Fig. 15). So, for the
band. whole chorus element to be observed on a satellite located



2298 J. Chum et al.: Magion 5 observations of chorus-like emissions

MAGION 5, orb. 4724 12 Oct 1999
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Figs. 8, 9, 10, 11(from top to bottom). Various detailed spectrograms showing different types of chorus-like elements against a background
of various VLF emissions (see the text for details).

far enough from the source, either the source region shoulécross the field line. These figures are close to the theoretical
be wide enough, or each frequency should be emitted withestimations by Trakhtengerts (1999). Although the results
various initial wave normal vectors, or both. In order to de- mentioned above were obtained when the Cluster satellites
cide between these variants, we turn to the first results frontrossed the equator at higher altitudes than Magion 5, we
the Cluster wide-band plasma wave investigations (Gurnettvill take the figures given above as a rough estimate of the
et al.,, 2001; Santolik and Gurnett, 2003). The correlationdimension of emission source in the equatorial region.
analysis of chorus spectrograms recorded on four Cluster Let us analyse in more detail a typical case of emission
satellites in the equatorial region &t-3.8 has shown that observed by Magion 5 on the orbit number 4740 (see Fig. 2).
a typical dimension of the chorus source region, over whichFor this orbit, we also have the measurement of ion density
the chorus elements are significantly correlated; 1500 km (number of ions per cubic meter) shown as a common loga-
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Fig. 12. The common logarithm of ion
density as a function of L-shell on Ma-
gion 5 orbit number 4740. The red dots
present the ion density on this orbit.
The black ones show how the ion den-
sity profile looks under quiet geomag-
netic conditions.

Fig. 13. Top and bottom left panels
show the wave trajectories in Carte-
sian and in the (latitude, L-shell)-
coordinates, respectively. The dotted
line on the bottom left panel indicates
the altitude of 300 km above the Earth’s
surface. Top right panel shows the evo-
lution of the wave normal anglé as

a function of latitude, while the bot-
tom right panel gives the parameter
k?c?/w? as a function of time along
the wave trajectory. The value of this

L-shell
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to quasi-longitudinal mode of propaga-
tion, while k2c2/w% > 1indicates the
quasi-resonance mode.
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rithm in Fig. 12. Comparing the L-shell on which the spec- ulation at the equator oh = 3.79, which corresponds to the
trogram in Fig. 2 has been taken, with the ion density profileequatorial electron cyclotron frequeney,, = 16kHz, i.e.

as a function of. on this orbit, we observe that the recording twice the upper frequency in the considered band. If we take
has been taken outside a very distinct plasmapause situatetle initial wave normal anglé = 0° for 8 kHz wave, and
atL ~ 2.8. As there is no evidence of a duct in that region 6 = 18 for 7 kHz wave, we find that on the first half-hop the
(in the sense of a density enhancement around a field line)}rajectories are very close. This case is illustrated in Fig. 13.
the consideration in the framework of nonducted propagationThe trajectory for the 7 kHz wave is shown in cyan, while
seems quite plausible. Note that the L-shell decreases witthe 8 kHz trajectory in shown in magenta. Being guided by
time along the displayed part of satellite orbit number 4740,this example, we can suppose that if the frequency band 7—
while the plasma density is plotted as a function of “increas-8 kHz is generated in a small region at the equator, then the
ing” L-shell, and that the interval of plasma density measure-whole band can be observed at high latitudes, provided that
ment covers the time interval displayed on the spectrogram.the initial wave normal angle span|i&6| ~ 18°.

As was mentioned above, in order to observe the whole The example shown in Fig. 13 correspondaf@ceq~ %
frequency band of chorus-like emission on a satellite out-This case is, in a sense, special for whistler mode waves, as
side the source region of a small size, the wave should behe contour plotw = constant onk, , kj)-plane, the normal
generated in a finite band of wave normal angles. To estito which gives the direction of the group velocity, changes its
mate the necessary wave normal angle span, we perform theharacter at this frequency (see, e.g. Sazhin, 1982). In par-
ray-tracing simulations, assuming the frequency band of thdicular, the wave normal angke = 0° for the 8 kHz wave
emission to cover the interval from 7 to 8 kHz, which cor- is simultaneously equal to the Gendrin angle (see below). To
responds to the case shown in Fig. 2. We take two utmostinderstand the general case, we recall some well-known facts
frequencies in the band, and for both waves, we start the simeoncerning the direction of the group velocity for whistler
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Fig. 14. Ray-tracing calculations for

3 and 4kHz waves. All waves start at
the equator orl. = 3.79, which corre-
sponds tofceq/4 for 4 kHz waves. For
both frequencies, the initial wave nor-
mal angles are taken in the span from
—20° to 2C° (see the top right panel).
The parameters shown on the panels are
the same as in Fig. 13.

Fig. 15. Ray tracing calculations for 3
and 4kHz waves with different initial
conditions as compared to Fig. 14. All
waves start at the equator with the initial
wave normal vector along the magnetic
field (¢ = 0°), in the span of altitudes
+300 km centred o, = 3.79.
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mode waves (see, for instance, Stix, 1962). The longitudi-cal frequency in the generated band. The spread of the wave
nal group velocityy,, i.e. the projection of the group ve- normal angles of the order of 2@s necessary if the chorus
locity on the magnetic field line, has always the same signis emitted at frequencies belaw./2. Such a spread is con-

as the parallel wave normal vectby. As for the sign of  sistent with Geotail observations (Nagano et al., 1996). In a
the transversal group velocity, | , it depends on the sign of sense, the distribution of the wave normal angles controls the
k1, as well as on the wave frequency and wave normal anbandwidth of the emission observed at higher latitudes on a
gle. In fact, far from the LHR frequency, the sign of, satellite.

is determined by the sign of the quantityw(2- w. c0sh).

For the so-called Gendrin angle (Gendrin, 1961), i.e. for

cosf = 2w/w., which exists only ifo < w./2, of course, 4 Conclusions

the transversal group velocity, | is equal to zero, and the )

wave propagates along the ambient magnetic field, as iYVe have presented a variety of spectrograms recorded on the
the cas®® = 0. For (2w — w.cos9) < O, the transver- Magion 5 satellite, illustrating different features of chorus-

sal group velocityv,; has the same sign &s , while for Iike_emissions, and disgussgd them in the light of recent
(2w — w,c0s0) > 0,ve, andk, have opposite signs, i.e. findings from other satellites like Polar, Cluster and Geotail.
the wave moves towards lower L-shells if the wave vector isA typical frequency band of the discussed emission spans
directed towards larger L-shells, and vice versa. In particu-fOM wceq/4 t0weeq/2. At the equator, the characteristic fre-
lar, the last situation takes place for quasi-resonance wave@uency of the emission is closer ., /2, while at higher
whene ~ w, cos. The wave generation and propagation in latitudes it is closer ta., /4. We have focused on the non-
a quasi-resonance regime has been studied, for example, fjHicted propagation of chorus-like emission, and the possibil-
Alekhin and Shklyar (1980) and Bko\a et al. (1988, 1990). ity of observing the whole excited band at higher latitudes,
The properties of the wave group velocity mentioned aboveaSsuming a small transverse dimension of a generation re-
help to understand the results of computer simulations disgion located near the equator outside the plasmapause, and
cussed further. In the case of wave generation withose to ~ Wave propagation in quasi-longitudinal regime.
we/2, the trajectories 7 kHz and 8 kHz will merge far enough ~ Our main conclusion is that, in the case of nonducted prop-
from the equator not only when the initial wave normal an- agation of the emission from the source, different frequencies
g|es equa| 18and (T' respective'y' as in the examp|e above, in the chorus element should be emitted in a certain Span of
but also for other pairs of wave normal angles, including neg-wave normal angles, so that the whole element could be ob-
ative ones, for which the wave normal vector is directed to-Served far from the generation region. This conclusion con-
wards lower L-shells. For instanag, may be equal te-18° cerns the small-size generation region located in the equa-
and—30°, respectively, for 7 and 8 kHz waves. torial plane that is consistent with Cluster observations. A
For waves generated well belaw./2, it is more difficult ~ typical spread of the wave normal angles around longitudi-
to merge the ray trajectories for different frequencies by annal direction found by Geotail is about 20For a smaller
appropriate choice of initial wave normal angles, when allspread of the wave normal angles in the generation region,
waves start from one point at the equator. However, if weonly part of the frequency band of chorus emission can be
launch all frequencies from one point, but in a certain span ofobserved on the records taken far enough from the source.
wave normal angles, then the whole frequency band may be . . .
observed far enough from the source when a satellite move§cknowledgementsive wish to thank O. Santdfor valuable dis-
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waves in a larger L-shells span than the transverse dimension

of chorus source observed by Cluster, there will be no region
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