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Abstract. We present the results of a case study of quasi-e.g.Helliwell, 1965 Sato et al. 1974 Hovner et al. 1977,
periodic (QP) ELF/VLF hiss emissions detected on board theTixier and Cornilleau-Wehrlin1l986 Hayakawa and Sazhin
Freja and Magion 5 satellites. Detailed analysis of available1992 Sazhin and Hayakaw&994 Smith et al, 1998. They

QP events revealed certain specific features of their dynamiare characterized by a periodic modulation of the wave in-
spectra, which have not been reported earlier. In particulartensity with typical periods from several seconds up to a few
we found an event with an increase in the frequency driftminutes. Generation of QP emissions is usually accompa-
rate during the generation of a single element of QP emisnied by the precipitation of energetic particles, which are also
sion, and an event with alteration of QP elements having dif-modulated by the same period.

ferent frequency drift rates. Another event demonstrates the gato et al(1974 divided QP emissions into two classes:
possible relationship between QP hiss emissions and discretgp1 emissions which are closely associated with geomag-
VLF emissions. Properties of QP events are compared withetic pulsations of the same period and QP2 emissions which
parameters of energetic electrons and cold plasma, and othely not correlate with geomagnetic pulsation§ato and
available data. Fukunishi(1981) categorized QP emissions on the basis of
Possible scenarios for the formation of these emissions argheir spectral forms. They divided QP emissions into five
discussed on the basis of self-consistent simulations of thypes based on frequency-time (f-t) spectra and suggested a
cyclotron instability, employing the information obtained ex- phenomenological model for explanation of different types
perimentally. It is shown that the generation regime of self- of the f-t spectrum of QP emissions.
sustained pulsations can explain consistently our data set. We In this paper we restrict our consideration to the QP2 class

show that our numerical model is capable of explaining theemissions. A typical spectrum of QP2 emissions has the

mentioned specific features of the dynamic spectrum of QPshape of periodic bursts of the wave intensity with constant

emissions. Cqmparlson O_f the modeling results with expers ositive frequency drift during the generation of a single QP
imental data yields an estimate for the parameters not me Slement. A gradual increase or decrease in the frequency

sured directly. drift from one element to another may occur during an event.
Key words. Magnetospheric physics (plasma waves and in-It is also known that the generation of QP emissions can be
stabilities; energetic particles, precipitating; energetic parti-accompanied by the generation of discrete emissions.

cles, trapped) Bespalov and Trakhtengert$976 and Davidson(1979
proposed an idea to explain the QP modulation of the wave
intensity and electron precipitation in the absence of any ex-
ternal periodic disturbances by the periodic wave genera-
tion in the regime of relaxation oscillations. Such regimes

Quasi-periodic (QP) whistler emissions are wide-band emisMay take place in the presence of a constant source of ener-

sions that are observed inside or near the plasmapause (S&etic electrons with transverse anisotropic distribution func-
tion. Further studies showe®é¢spaloy 1981) that under

Correspondence tdD. L. Pasmanik certain conditions, the relaxation oscillations can turn into
(pdl@aurora.appl.sci-nnov.ru) self-sustaining oscillations. The results obtained on the basis

1 Introduction
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Fig. 1. Frequency-time spectra of the electric component of VLF emissions observed on board Freja satellite on 18 June 1993. Peculiarity
of the dynamic spectrum in this case is an increase in the frequency drift rate during generation of a single element of QP emission.

of this model allow one to explain the general properties andpay particular attention to the dynamic spectrum shapes of
characteristic time scales of QP2 emissions, but in this modethe observed emissions and try to interpret them below using
an approximation of constant shapes (not amplitudes) of theself-consistent modeling. In some respect, the data of Freja
wave spectrum and energetic particle distribution were usedand Magion 5 complement each other. Namely, Freja events
Similar results were obtained [yavidson(1986 on the ba-  are more numerous and show a larger variety of specific fea-
sis of a phenomenological model, which also neglects theures of the dynamic spectra; some of these features are new
wave spectrum dynamics. and, to our knowledge, have not been reported earlier. On the
Trakhtengerts et al(1986 and Demekhov and Trakht- other hand, the low-altitude location of the Freja orbit makes
engerts(19949 developed more rigorous kinetic model of itimpossible to localize the magnetospheric source of the ob-
flow cyclotron maser (FCM) to explain pulsating aurorae served QP emissions and, thus, to obtain plasma parameters
patches. This model describes different periodic regimes ofn the source. The high-apogee Magion 5 satellite detected
wave generation with different shapes of the dynamic specQP emissions fairly close to the geomagnetic equator and,
trum and can also be used for modeling the generation ofherefore, it was possible to assume that the measured plasma
QP emissions. Further study of this model was performedoarameters were close to those in the source.
by Pasmanik et al(2004), where the dependence of possi-
ble generation regimes on the parameters of the energeti@.1 QP events observed by Freja
electron source are analyzed. The resultPasmanik et al.
(2009 demonstrate that the FCM model can produce a vari-The Freja satellite operated between October 1992 and Octo-
ety of periodic regimes of ELF/VLF generation with differ- per 1996 on a low-altitude orbit with an apogee of 1756 km
ent types of dynamical spectra. These results enable one tgnd an inclination of 63 In this study, we use the measure-
relate numeric and functional parameters of the model withments of electric and magnetic fields in two frequency bands
features of the generation regimes. (up to 2 kHz and up to 16 kHz) from the wave experiment F4
In this paper, we analyze some particular events of QP(Holback et al. 1994.
emissions, detected on board the Freja and Magion 5 satel- e have selected 3 orbits when QP emissions were de-
lites, which demonstrate certain specific features. Using thected on board Freja satellite. Dynamic spectra of QP emis-
general results obtained Byasmanik et a(2004, we choose  sjons on all 3 orbits show rising tones, the magnetic activity
suitable parameters of the simulation model, such as sourcgas very low (Kp index did not exceed 1+, and was Kp=0—0+
characteristics and cold plasma density, for each experimenr these QP events). It must be said that Freja also observed
tal case. Good correspondence between the observations aggp emissjons at much higher magnetic activity. According to

simulations is demonstrated. the categorization suggested Bgto and Fukunishi1981),
QP emissions with rising-tone elements detected during low
2 Observations magnetic activity belong to the QP2 class emissions, which

are usually not correlated to geomagnetic pulsations on the
Several samples of experimental data for QP emissions deground. QP2 emissions occur in a wide local time interval
tected on board the low-apogee Freja satellite and highfrom morning to midnight $ato and FukunishiL981), as it
apogee Magion 5 satellite are analyzed in this section. Was true for these three Freja events. Particular attention in
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Fig. 2. Frequency-time spectra of the magnetic component of VLF emissions observed on board Freja satellite on 12 November 1993.
Peculiarity of the dynamic spectrum in this case is the alteration of QP elements with different frequency drift rates.

our studies for the Freja satellite is paid to the events withwide range of MLT from 09:00 to 13:00. The geomagnetic
some interesting peculiarities of the observed dynamic specdisturbance was low, Kp=1+. The frequency range of QP
tra. These events are discussed below. emissions is 1.3-2 kHz, and their period is about 100 s.
Event of 18 June 199Figure 1 shows the power spectro- ) . i i
gram of the electric component of VLF emissions detected N this case the specific feature of the dynamic spectrum is
by the Freja satellite on 18 June 1993, between 07:42 UT an€ alteration of QP elements with different frequency drift
08:06 UT. Freja passed the evening-night sector at an altitudEtes. Figure 2 clearly shows this feature, which can also be
of 1700 km, from subauroral to auroral latitudes, then it re-described as a superposition of a QP series with a smaller
turned to subauroral latitudes. An intense LHR hiss was dedrift rate exactly in the middle of the other series with the
tected by Freja from 07:52 UT to 08:02 UT in the frequency S2Me period but larger drift rate. Note that a variation in the
range 3-8kHz. A fast increase in the LHR-hiss frequencyreguency drift rate in QP emissions was observedshjo

was related to the spacecraft motion from the ionospheric@d Fukunishi1983, but that was a monotonic variation,
trough region to the plasmasphere. i.e. either an increase or a decrease of the drift rate for each

subsequent element for the entire QP event. Therefore, this
study presents the first observation of a new type of QP dy-

As is seen from Fig. 1, the frequency range of QP emis-
sions is 2-5kHz, and their period is about 200s. It is also )
seen that the QP emissions were observed in a wide range ggmic spectrum.

corrected geomagnetic latitudes (55-6BGLat) and mag- Event 3 April 1995 Figure 3 shows the power spectro-

netic local times .(19:00_24:00 MLT). The spectrum of thg ram of the magnetic component of VLF emissions ob-
detected QP emissions preserved the same features dur”g%rved by Freja satellite on 3 April 1995, between 17:48 and

the entire pass, which "T‘p"es that thg opservation Z0ne wagg.5g Y. QP emissions were detected in the morning sector
formed due to propagation of the emissions from a magne'(MLT:OS:OO—lo:OO) at CGlat=60—70during an extremely
tospheric source, similarly as it takes place for chorus emis-quiet period (Kp=0 during the event and Kp+ during the

sions Olr!cek et al, 1983. Note that the cen_ter of the QP entire day of 3 April 1995). QP emissions were detected in
pbservanon zone, yvhere they reach the. maximum amphtudet,he frequency range 1.3-1.6 kHz with a period of 70-80s.
is located near 60in the region of the ionospheric trough
(indicated by the minimum of the LHR frequency), i.e. near  The specific feature of this event is that the majority of
the plasmapause projection. the QP elements are accompanied by additional short bursts
A specific feature of the dynamic spectrum in this case is(of several seconds in duration) at higher frequencies. These
an increase in the frequency drift rate during the generatioradditional emission bursts are not noise; they have fine spec-
of a single element of QP emission. tral structure, and sometimes one observes discrete emissions
Event of 12 November 1993Figure 2 shows frequency- with rising tones. Figure 3b presents a more detailed view of
time spectra of the magnetic component of VLF emissionsthe spectrum of a QP element near 100s (Fig. 3a). First,
observed by Freja on 12 November 1993. The spacecrafthe emission spectrum is noise-like, and about 00:01:48, the
moved from low to auroral latitudes, reached the maximumpower at higher frequencies becomes increased, and discrete
CGlat of 62 about 07:54 UT, and moved back to equatorial elements appear. This observed relation of QP and discrete
latitudes. QP emissions were detected at 57-&Glat, ina  emissions will be discussed below.




4354 D. L. Pasmanik et al.: Quasi-periodic ELF/VLF wave emissions in the Earth’s magnetosphere

20

1.6

1.2

0.8

Frequency (kHz)

Log (nT2 Hz_1)

; -8.4
0.4

- ' ' chtilatindgy 9.2
UT: 1748 1754 1800
MLT (hours): 07.14 08.57 12.29
CGLat (deg): 50.40 66.88 74.25
Alt (km): 980 1189 1392

1.81

Frequency (kHz)

1.20 . : i
Ut 1752:10 1752:30 1752:50

Fig. 3. Frequency-time spectra of the magnetic component of VLF emissions with simultaneous observation of QP hiss emissions and
discrete VLF emissions on board Freja satellite on 3 April 1995. The whole event is shown on théapkme detailed view of the single
QP element is shown on plage).

2.2 QP event observed by Magion 5 Energetic particles were detected using the DOK-S instru-

We use VLF broad-band measurements carried out on boar'cpent' The DOK-S spectrometer measured energetic elec-

the Magion 5 satellite for analysis of QP emissions detectecg.?zgnwé?tsaig'e_?hzostanSﬂ\;ZV.gg Smaelﬁ)nSSOfSt\f{\goeps?ﬁa?;
not too far from the magnetic equator, i.e. from the gener- ” : P! gl ws U :

ation region. Magion 5 was launched as a part of the IN_the angular distribution of energetic electrons averaged over

L2 . - oo 2 min.
TERBALL mission into a highly eliptic orbit with an apogee o .
20000 km and aninclination of 8%Triska et al, 1996. Ma- QP emissions were observed on two orbits of the Ma-

gion 5 is constructed as a Sun-oriented and spin stabilize(?Ion 5 satelite, below we discuss one of these events,
satellite with a spin period of about 2 min. or which the cold plasma measurements are available, in

The spacecraft was equipped with detectors of wave emisz-iddltlon to the wave data.

sions, cold plasma density, and energetic particles. VLF )

broad-band measuremenys<22.5 kHz) included both elec- ~ Event of 18 November 1998 et us consider an example
tric and magnetic field components. The measurement®f QP emissions observed by Magion 5 in the orbit 3367 on
of basic parameters of cold plasma were carried out ust8 November 1998. During this event, Magion 5 moved in
ing the KM-14 detector designed to measure the ion denfhe morning sector frqm_lovl shells into the ayroral zone
sity and electron temperature with a time resolution of@nd detected QP emissions by both magnetic and electric
200ms. The ion density was measured within the rangetntennas.

N;=10"-5.102m=3,
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MAGION 5, orb. 3367, electric component 18 Nov 1998
56
48
] 5
_40 - =)
£, 2
X32 - £
[ ] @®©
B ()
24 ;
] L
16 - o
0.8 -
0 i . G
Frrrr0rrrrrrrrrrrrrrrrTrTr T T T T T T T T T T T T T T
21:36 UT 21:41 21:46 21:51 21:56
2.21 L 2.66 3.18 3.77 4.41
24.00 ILAT[®°] 29.89 34.73 38.72 42.03
5671 ALT [km] 6627 7558 8457 9320
3.05 MLT 3.40 3.74 4.07 4.39

Fig. 4. Frequency-time spectra of the electric component of VLF emissions observed on board Magion 5 satellite on 18 November 1998.

The spectrogram of VLF emissions obtained by Magion 5at ®;=25. Assuming such an angular distribution, we ob-
in the electric component is shown in Fig. 4. Clearly distin- tain the following estimate for the integral equatorial electron
guished QP emissions were detected from 21:44 to 21:51 UTlux in the energy range 90—200 ke\~2-10f cm—2s71.
at L shells from 3 to 4 in the early morning sector near This value can be used as a lower limit for the integral equa-
04:00 MLT. The spacecraft was located about 86m the  torial flux of electrons with energies above 90 keV, since the
equator. The geomagnetic disturbance was low (Kkpr2 particles with energies above 200 keV were not taken into
The spectrum of QP emissions detected by Magion 5 is sim-account.
ilar to those typically observed on the ground and having ris-  Another interesting feature of this event is that the DOK-
ing tones with diffuse structureéS@to and Fukunishll981). S data in the channel 90-200 keV indicate the existence of
QP emissions were detected at frequencies 1.9-3.6 kHz, they putterfly-like pitch-angle distribution of electrons, i.e. non-
repetition period was about 2min, and all QP elements hadnonotonic distribution when the number of particles at pitch-
practically the same constant slope of about 15 Hz/s. angles close to 90is less than at some lower pitch-angles.

This type of distribution was seen at time interval 21:36—

The cold plasma number density was almost the same1:43 UT at L-shells below 3 and at ILAT below 30Later
(about 80cm?®) in the entire region where QP emissions on, Magion 5 moved toward the higher L-shells and ILATS,
were observed. This allows us to estimate the energy of resand the butterfly-like pitch-angle distribution disappeared.
onant electrons generating these emission&gs150 keV
(see Eq. 8) below). The electron flux measured by the
DOK-S spectrometer in this energy range (in the channel 90— o
200 keV) wasS~4-10° cm~2s~L. To estimate the fluxinthe 3 Description of the model
equatorial plane, we should take into account that during the
event considered, Magion 5 was at the geomagnetic latitud&ince the emissions analyzed in this paper belong to the QP2
38, and the maximum equatorial pitch-angle correspondingtyPe, we assume that they are not related to the external mod-
to the Magion 5 location was 25 The model AE-8 Vette, ulation of the cyclotron instability (e.g. by a hydromagnetic
1991]) gives a similar value of the electron flux in this pitch Wwaves, se€oronity and Kenne{1970).
angle range. If we assume that the actual pitch-angle distri- We use the model based on the self-consistent set of equa-
bution corresponds roughly to the AE-8 model, then we cantions of the quasi-linear plasma theory for the distribution
estimate the flux at higher pitch angles. According to thefunction F (i, v, t) of energetic electrons and whistler wave
AE-8 model, the electron flux at the equatorial pitch angle spectral energy densitfw, r), averaged over oscillations of
®1 =9 increases by a factor of 4-5 as compared to the fluxwaves and particles between the mirror points and over the
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cross section of the interaction region (d@@smanik et al. where Wo:mvg/z is the characteristic energy of energetic

(2009 for more detail): electrons, and consider only waves propagating along the ge-
omagnetic field k|| B). As was discussed bgespalov and

oF = 1 9 Da_F 8- F+J (1) Trakhtengert$1976, Demekhov and Trakhtengert$994)

or  Trou  u and Pasmanik et al(2004), the monoenergetic approxima-
tion does not lead to significant changes in the wave spectrum

9e _ 2 (T —[InR] e, 2) dynamics for ducted whistler waves, since the inhomogene-

ar T, ity of the geomagnetic field provides a spread in resonant

energies, and the growth rate of ducted whistler waves is de-

where u=sir ©;, ©; is the equatorial pitch angle; is termined by the integral parameters of the energy distribu-
the electron velocity7), is the bounce-oscillation period?  tion, such as the characteristic energy and the total electron
is the coefficient of pitch angle diffusion, is the effective  flux. Numerical estimations show that the whistler wave am-
source of energetic electronkijs their loss rate due to pre- plification I" in the inhomogeneous geomagnetic field for a
cipitation, I" is the one-hop amplification of whistler waves monoenergetic distribution is almost equal to the case of the
on the pass between conjugate ionosphefgss the period  finite velocity spread\V/ Vo=0.1 (for the parameter values
of wave-packet oscillations, arl is the effective reflection  used below). Forn\V/V=0.2 the maximum amplification
coefficient describing wave energy losses. decreases by a factor 2, and the generation band is broadened

In a self-consistent model, the diffusion coefficidntis by 15%. In the case of an even wider spread, the qualitative
determined by the wave intensiyand, in turn, the wave am-  profile of amplification remains the same with the amplifi-
plificationT" is determined by the electron distribution func- cation band broadened (up to 50%) and the maximum am-

tion F: plification decreased. Thus, generation of somewhat broader
emission spectrum than in our model simulations should be
D(u,v,t) = / Gi1(w, i, v)e(w, dw 3) expected in the case of a smooth energy distribution.
MNw,t) = | Gow, n,v) | u— — —F | d°v, 4) 4 Numerical results
o wpL

h d K f . i | Detailed analysis of this model using various combinations
whereG, andG are known functions (seeasmanik et al. of parameters and possible generation regimes was per-

2009, wp, is the electron gyrofrequency in the equatorial ¢ g byPasmanik et al(2004. Here, we briefly sum-
plane. . L marize relevant results for convenience of the reader.

As the source of free energy, we consider the injection of In the case where losses due to precipitation are domi-
energetic electrons with anisotropic velocity distribution into nant, generation of a relatively wide intensity spikes with
the interaction regioh in th? process of th,e" mag'netic drift. rather small modulation of the wave intensity takes place.
Removal of energetic parpcles from thg !ntgractlon regIoN |, the case where the drift losses are dominant, narrower
can _be du_eto two mechanisms: (1) precipitation of energetlcSpikes are more common, and the generation regime de-
particles via the loss cone and (2) drift of particles away frompends strongly on the source pitch-angle distribution. In the

the |nteract|on1;%g|ons Cross Fhe magrerc field (ijTeal(ht;] . case of a monotonic pitch-angle distribution and rather low
engerts et a/.1989. Energetic particle losses due to their source intensity, a periodic generation occurs. For higher

precipitation via the loss cone are taken 'T“O aCCour?t by thE‘Source intensities the alteration of spikes with different fre-
term —§ - Fin Eq. (@). If th? backscattering effect is ne- quency drift rate can take place. A mild butterfly feature at
glected, the facto$ can be written as the pitch-angle distribution in the source (i.e. with not very
0 > e pronounceq maximum) give; a]mqst no.change in the.gen-
d= { (Ty/4)~1 0 <_,u < (5) eration regime. A butterfly distribution with extremely high
= maximum leads to a strong wave damping at higher frequen-
where.. is the loss cone boundary. Inclusion of the back- cies resonant with pitch-angles corresponding to the negative
scattering would lead to a correction (decrease)forhis  derivatived®/dn <0, so the generation is possible only in
correction is rather small in the regimes of weak and mod-the low-frequency band. In the case of a moderate “butterfly-
erate pitch-angle diffusion, which are actually realised in thelike” maximum, a persistent low frequency band with peri-
cases considered below. The second loss mechanism is tak&flic modulation of its intensity and periodic spikes at higher

into account in the tern¥ (), which is determined by the frequencies can take place. Since the negative derivative of
difference of the pitch ang]e distributions of energetic parti_ the distribution function can be accounted as an effective in-

cles drifting into and away from the interaction region. crease of the wave damping, the intensity of the wave spikes
To simplify the analysis of this model, we use the approx- decreases as compared with the case of a monotonic distri-
imation of a monoenergetic electron distribution: bution.

. Below we present some specific modeling results to
D, v, 1) = 2w vé)‘la(v — )P (i, 1), (6) demonstrate that the FCM model can be used for explanation
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of the specific features of QP emissions presented in Sect. 2. Other model parameters, such as the pitch angle distribu-
On the basis of this model, we can explain not only temporaltion and intensity of the source, wave loss rate, and the in-
characteristics of QP emissions (such as spike duration antéraction region size (in the case of the drift removal), are
repetition period), but also the spectral characteristics, suchather difficult to retrieve only from comparison of the model
as the frequency band and peculiarities of spectral shapes @ésults with experiment in the absence of the direct measure-
QP emission elements. ments for at least some of these parameters. Nevertheless, we
To model a particular event, one needs to know the sysshow that modeling a particular event can be used in compar-
tem parameters. Unfortunately, the data available from thdéson with available data to estimate the missing parameters or
observations are not complete, i.e. they do not allow us toat least to obtain the range of their values, in which the gen-
determine all model parameters unambiguously. Thus, it iseration properties remain almost the same.
necessary to make some assumptions based on the available
data and the general results of model analysis. 4.1 Modeling QP events observed by Freja

As it follows from the results oPasmanik et al(2004), ) )
variation in some model parameters lead only to minor quanEYent of 18 June 1993As it was mentioned above, the spe-

titative changes in the properties of the generation regiméific feature of the dynamic spectrum in this event (Fig. 1)
(such as the wave generation band, the period of generatiofS @0 increase in the frequency drift rate during the genera-
the spike duration, etc.). But there are several parameterdon of a single QP element. According Rasmanik et al.
which determine the generation regime qualitatively. Such(2004, sucha spectrumis typical when an interaction region
key parameters are the mechanism of removal of the ened rather small (duct), i.e. the energetic particles removal is
getic particles from the interaction region, the pitch-angleMainly due to their drift, and if a source with rather high
distribution in the source, and the source intensity. Due toPilCh angle anisotropy is present. _
the lack of experimental data, the following two-step method According to the procedure described above, the following
was used to obtain the model parameters. At first, the key0del parameters were chosen. The avelagbell value of
parameters for each event were estimated by qualitative comi!iS €vent wag.=3.8. The cold plasma densn)‘/l was evalu-
parison of the general characteristics and peculiarities of ob@t€d from the simplest expressidi~100(4.4/L)™", which
served wave spectrum with the results Réismanik et al. 9/ves not too large an error as compared with more complex
(2004). After that, adjustment of other model parameters wasModels, see, for exampl&allagher et al(2000. For tge
made to obtain the best coincidence of the observed and sinelectedL-shell this simple formula yieldsv.~170 cnt™.

ulated generation regimes. The corresponding characteristic energy of electrons, esti-
Some specific details of estimation of the model parame.Mateéd from Eq.7), is Wo=40keV (fmin~2 kHz, see Fig. 1).
ters are discussed below. To obtain the described spectrum peculiarity (see above and

Since we consider only ducted whistler waves, we can asPasmanik et ak2004), we took into account only the drift
sume that the QP emissions for all events were generated &moval mechanism (i.8=0) and chose a monotonic pitch
approximately the same magnetic shelks they were de- gr_lgle d_|str|but|on o_f er_lerg_etlc elegtr_ons in the source (i.e. the
tected. Since the satellite-shell was changing during an initial pitch angle distribution of drifting electrons):
event, an average value was chosen. -

The lowest frequency of the generation band, determinedfin = { gsm"(zaa/aa)) ' :i 2 ) 9)
by the cyclotron resonance condition in the equatorial plane, '
is approximately equal to where a=,/i, C is the normalizing constantP@smanik
) et al, 2004. To obtain the generation period of 200s

@min = @0 = @pL/Bs, and an upper frequency of5kHz, the following choice

where of other model parameters was made: the duct diameter
WpLYVO 2 8 elm in the equatorial plane 120km, the energetic electron flux

Bs = =NWo|—5—— ), (8)  $~6.10'cm 2571, wave losses arfin R=2(w/wo)?|, and
wWBLC ccwyy

the source parameters arg=80.1 anda=1. As it was
pr:47'rezNC/m is plasma frequency in the equatorial mentioned above, on the basis of the available experimen-
plane, andV, is the cold plasma density. Thus, one can es-tal data it is impossible to determine the parameters unam-
timate the value oV, Wy from the observed wave spectrum biguously. In particular, the model gives a similar output
if the L-shell is known. Note that the model output is much for N.~120cn12 (a value following fromGallagher et al.
more sensitive to the produst. Wy than toN,. or Wp alone.  (2000) and W55 keV. The period of pulsations is roughly
Therefore, it is impossible to resolve this ambiguity by mod- proportional to the ratio of the wave losse® R| to the
eling only. source intensity (characterized by the flux vali)}e Thus,

The frequency dependence of wave losdesR(w)| can  the same generation regime will occur if the wave losses
be estimated from the upper frequency of the generatiorand the source intensity are changed by the same factor. As
band, which is mainly determined by this parameter (i.e. in-well, the increase i or ag can be compensated by a cor-
crease of In R| with an increase i leads to a decrease in responding increase in the source intensity &t/ factor.
the upper frequency). The similar model output occurs if we use a hon-monotonic
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Fig. 5. Spectrogram of the wave intensity obtained from the FCM model for the experimental case presented in Fig. 1.
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Fig. 6. Spectrogram of the wave intensity obtained from the FCM model for the experimental case presented in Fig. 2.

F, arb. units

(butterfly-like) source pitch-angle distribution with weakly
pronounced maximum (small value of, see Eq. 10) be-
low), but the more simple shape of the source distribution
was used to model this event.

The result of numerical simulation for this event is
shown in Fig. 5. As one can see, the generation of a wave
intensity spike is accompanied by a shift of the maximum
of wave amplitude to higher frequencies, with the shift rate
increasing during generation. Such a regime occurs due to
formation of a rather sharp gradient at the energetic electron
pitch angle distribution at the boundary between resonant
and non-resonant particles, which moves toward higher

pitch angles during the cyclotron instability development
(Demekhov and Trakhtengerts994).
0.1 0.2 0.3 0.4

H Event of 12 November 1993 Peculiarity of the second
event from Freja satellite (Fig. 2) is the alteration of QP

Fig. 7. Formation of a sharp gradient on the pitch angle distribution elements with different frequency drift rates. According to

of energetic electrons during generation of an element of QP emispasmanik et al(2004, such a regime typically occurs if
sion in the case from Fig. 5. Time marks for snapshots are given ithere are the same characteristics of the removal mechanism
the corresponding color at the top of the spectrogram in Fig 5. P|tchand the pitch-angle distribution in the source as for the

angle distribution in the source is shown by the dashed line.

previous event, but the source intensity is higher.
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Fig. 8. Spectrogram of the wave intensity obtained from the FCM model for the experimental case presented in Fig. 4.

The results of the numerical simulation for this event is element are shown. The existence of this dynamical feature
shown in Fig. 6. The averagk-shell value for this event is very important for the explanation of the relation between
was L=4. Using the same approximate expression for theQP and discrete VLF emissions. According to recent theo-
equatorial cold plasma density distribution as above we ob+etical studies, such a step-like deformation can be a source
tain N.=130cnT3 and the corresponding energy of elec- of discrete ELF/VLF emissionsT(akhtengerts1995 1999
trons estimated from Eq7) is Wo=45keV (fmin~1.4 kHz, Demekhov et a).2003.
see Fig. 2). As in the previous case, only drift removal is
taken into account and the same pitch angle distribution is#-2 Modeling the QP event observed by Magion 5

used. Also, the same size of the interaction region and wave

losses were used. For these parameters the generation [fléf I W?sdmentlgjntlad in Sect. 2, the data frc')Am Mac?mn > sztel—
riod of 100s was obtained for the energetic-electron flux Ite include cold plasma measuremen?s. ceording to these
s~2.108cm-2s-L. measurements, the cold plasma density was almost constant

for the entire event presented in Fig. 4. Thus, we should as-
sume that the interaction region in this case is rather large,
and the dominating mechanism of energetic particle removal
is due to their precipitation.

The occurrence of such a generation regime is explained The simulation results for this event are presented in
as follows (see alsPasmanik et al(2004). When the in-  Fig. 8. The averagé-shell value of this event was=3.6.
tensity of the source is rather small, its contribution during The measured cold plasma density wés=80 cnT3, and
the generation of a single spike is negligible. Therefore, wethe corresponding characteristic energy of electrons esti-
may consider that the generation of each spike starts from thenated from Eq. 7) is Wo=150 keV (fmin~1.8 kHz, see
same conditions in the generation region (see, e.g. Fig. 5)Fig. 4).

With an increase in the source intensity, the modification of The observed upper limit of the generation band can be ob-
the energetic electron distribution during a spike under thetained in simulations for these parameter values in two cases:
action of the source becomes more significant. This leads t@a) a strong increase in whistler wave losse¥ a83.6 kHz

an increase in the distribution anisotropy at low pitch angles,(corresponding tav/wg; ~0.2 for L=3.6) and monotonic

but the pitch angle diffusion due to the waves generated bysource like Eq.9), or (b) a butterfly-like distribution in the

a sharp gradient at higher values does not allow the insta- source, since the negative derivativé /9. <0 leads to an
bility threshold to be reached. Thus, during the generation ofincrease in the wave damping in the corresponding frequency
the first spike, the source sustains the system near the threskhange (se®asmanik et al2004 for a more detailed discus-
old, so after the end of the spike the system quickly reachesion). The second hypothesis appears to be more consistent
this threshold, and the second spike with a higher frequencyvith the observations, which indicate the butterfly-like pitch-
drift rate is generated. After that, the system comes to theangle distribution of energetic electrons. Thus, to model this
initial state below the threshold. case we used a smooth frequency dependence of the wave

As it was mentioned above, the generation of a single el-damping| In R[=3(w/wo)~* and the butterfly-like pitch an-
ement of QP emission is related to the formation of a sharpdle distribution in the source:

As is seen from Fig. 6, the alteration of QP elements with
different frequency drift rates was obtained, which is similar
to that observed on board Freja satellite.

gradient in the pitch angle distribution of energetic electrons C-[1+ A]-si(Zag/am) | ®e<®m
and its motion towards higher pitch angles. This is illustrated . C- [1 + A — A -sirf (% (ee— agb)/ael))] ,
in Fig. 7, where the snapshots of the pitch angle distributionin = B<k<E|;tam (10)

of energetic electrons at different generation stages of a QP C, ®> . +a&
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