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Abstract. We present the results of a case study of quasi-
periodic (QP) ELF/VLF hiss emissions detected on board the
Freja and Magion 5 satellites. Detailed analysis of available
QP events revealed certain specific features of their dynamic
spectra, which have not been reported earlier. In particular,
we found an event with an increase in the frequency drift
rate during the generation of a single element of QP emis-
sion, and an event with alteration of QP elements having dif-
ferent frequency drift rates. Another event demonstrates the
possible relationship between QP hiss emissions and discrete
VLF emissions. Properties of QP events are compared with
parameters of energetic electrons and cold plasma, and other
available data.

Possible scenarios for the formation of these emissions are
discussed on the basis of self-consistent simulations of the
cyclotron instability, employing the information obtained ex-
perimentally. It is shown that the generation regime of self-
sustained pulsations can explain consistently our data set. We
show that our numerical model is capable of explaining the
mentioned specific features of the dynamic spectrum of QP
emissions. Comparison of the modeling results with exper-
imental data yields an estimate for the parameters not mea-
sured directly.

Key words. Magnetospheric physics (plasma waves and in-
stabilities; energetic particles, precipitating; energetic parti-
cles, trapped)

1 Introduction

Quasi-periodic (QP) whistler emissions are wide-band emis-
sions that are observed inside or near the plasmapause (see,
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e.g.Helliwell, 1965; Sato et al., 1974; Hovner et al., 1977;
Tixier and Cornilleau-Wehrlin, 1986; Hayakawa and Sazhin,
1992; Sazhin and Hayakawa, 1994; Smith et al., 1998). They
are characterized by a periodic modulation of the wave in-
tensity with typical periods from several seconds up to a few
minutes. Generation of QP emissions is usually accompa-
nied by the precipitation of energetic particles, which are also
modulated by the same period.

Sato et al.(1974) divided QP emissions into two classes:
QP1 emissions which are closely associated with geomag-
netic pulsations of the same period and QP2 emissions which
do not correlate with geomagnetic pulsations.Sato and
Fukunishi(1981) categorized QP emissions on the basis of
their spectral forms. They divided QP emissions into five
types based on frequency-time (f-t) spectra and suggested a
phenomenological model for explanation of different types
of the f-t spectrum of QP emissions.

In this paper we restrict our consideration to the QP2 class
emissions. A typical spectrum of QP2 emissions has the
shape of periodic bursts of the wave intensity with constant
positive frequency drift during the generation of a single QP
element. A gradual increase or decrease in the frequency
drift from one element to another may occur during an event.
It is also known that the generation of QP emissions can be
accompanied by the generation of discrete emissions.

Bespalov and Trakhtengerts(1976) andDavidson(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
may take place in the presence of a constant source of ener-
getic electrons with transverse anisotropic distribution func-
tion. Further studies showed (Bespalov, 1981) that under
certain conditions, the relaxation oscillations can turn into
self-sustaining oscillations. The results obtained on the basis
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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 and
characteristic time scales of QP2 emissions, but in this model
an approximation of constant shapes (not amplitudes) of the
wave spectrum and energetic particle distribution were used.
Similar results were obtained byDavidson(1986) on the ba-
sis of a phenomenological model, which also neglects the
wave spectrum dynamics.

Trakhtengerts et al.(1986) and Demekhov and Trakht-
engerts(1994) developed more rigorous kinetic model of
flow cyclotron maser (FCM) to explain pulsating aurorae
patches. This model describes different periodic regimes of
wave generation with different shapes of the dynamic spec-
trum and can also be used for modeling the generation of
QP emissions. Further study of this model was performed
by Pasmanik et al.(2004), where the dependence of possi-
ble generation regimes on the parameters of the energetic-
electron source are analyzed. The results ofPasmanik et al.
(2004) demonstrate that the FCM model can produce a vari-
ety of periodic regimes of ELF/VLF generation with differ-
ent types of dynamical spectra. These results enable one to
relate numeric and functional parameters of the model with
features of the generation regimes.

In this paper, we analyze some particular events of QP
emissions, detected on board the Freja and Magion 5 satel-
lites, which demonstrate certain specific features. Using the
general results obtained byPasmanik et al.(2004), we choose
suitable parameters of the simulation model, such as source
characteristics and cold plasma density, for each experimen-
tal case. Good correspondence between the observations and
simulations is demonstrated.

2 Observations

Several samples of experimental data for QP emissions de-
tected on board the low-apogee Freja satellite and high-
apogee Magion 5 satellite are analyzed in this section. We

pay particular attention to the dynamic spectrum shapes of
the observed emissions and try to interpret them below using
self-consistent modeling. In some respect, the data of Freja
and Magion 5 complement each other. Namely, Freja events
are more numerous and show a larger variety of specific fea-
tures of the dynamic spectra; some of these features are new
and, to our knowledge, have not been reported earlier. On the
other hand, the low-altitude location of the Freja orbit makes
it impossible to localize the magnetospheric source of the ob-
served QP emissions and, thus, to obtain plasma parameters
in the source. The high-apogee Magion 5 satellite detected
QP emissions fairly close to the geomagnetic equator and,
therefore, it was possible to assume that the measured plasma
parameters were close to those in the source.

2.1 QP events observed by Freja

The Freja satellite operated between October 1992 and Octo-
ber 1996 on a low-altitude orbit with an apogee of 1756 km
and an inclination of 63◦. In this study, we use the measure-
ments of electric and magnetic fields in two frequency bands
(up to 2 kHz and up to 16 kHz) from the wave experiment F4
(Holback et al., 1994).

We have selected 3 orbits when QP emissions were de-
tected on board Freja satellite. Dynamic spectra of QP emis-
sions on all 3 orbits show rising tones, the magnetic activity
was very low (Kp index did not exceed 1+, and was Kp=0–0+
for these QP events). It must be said that Freja also observed
QP emissions at much higher magnetic activity. According to
the categorization suggested bySato and Fukunishi(1981),
QP emissions with rising-tone elements detected during low
magnetic activity belong to the QP2 class emissions, which
are usually not correlated to geomagnetic pulsations on the
ground. QP2 emissions occur in a wide local time interval
from morning to midnight (Sato and Fukunishi, 1981), as it
is 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 with
some interesting peculiarities of the observed dynamic spec-
tra. These events are discussed below.

Event of 18 June 1993: Figure 1 shows the power spectro-
gram of the electric component of VLF emissions detected
by the Freja satellite on 18 June 1993, between 07:42 UT and
08:06 UT. Freja passed the evening-night sector at an altitude
of 1700 km, from subauroral to auroral latitudes, then it re-
turned to subauroral latitudes. An intense LHR hiss was de-
tected by Freja from 07:52 UT to 08:02 UT in the frequency
range 3–8 kHz. A fast increase in the LHR-hiss frequency
was related to the spacecraft motion from the ionospheric
trough region to the plasmasphere.

As is seen from Fig. 1, the frequency range of QP emis-
sions is 2–5 kHz, and their period is about 200 s. It is also
seen that the QP emissions were observed in a wide range of
corrected geomagnetic latitudes (55–66◦ CGLat) and mag-
netic local times (19:00–24:00 MLT). The spectrum of the
detected QP emissions preserved the same features during
the entire pass, which implies that the observation zone was
formed due to propagation of the emissions from a magne-
tospheric source, similarly as it takes place for chorus emis-
sions (Jiricek et al., 1981). Note that the center of the QP
observation zone, where they reach the maximum amplitude,
is located near 60◦ in the region of the ionospheric trough
(indicated by the minimum of the LHR frequency), i.e. near
the plasmapause projection.

A specific feature of the dynamic spectrum in this case is
an increase in the frequency drift rate during the generation
of a single element of QP emission.

Event of 12 November 1993: Figure 2 shows frequency-
time spectra of the magnetic component of VLF emissions
observed by Freja on 12 November 1993. The spacecraft
moved from low to auroral latitudes, reached the maximum
CGlat of 61◦ about 07:54 UT, and moved back to equatorial
latitudes. QP emissions were detected at 57–61◦ CGlat, in a

wide range of MLT from 09:00 to 13:00. The geomagnetic
disturbance was low, Kp=1+. The frequency range of QP
emissions is 1.3–2 kHz, and their period is about 100 s.

In this case the specific feature of the dynamic spectrum is
the alteration of QP elements with different frequency drift
rates. Figure 2 clearly shows this feature, which can also be
described as a superposition of a QP series with a smaller
drift rate exactly in the middle of the other series with the
same period but larger drift rate. Note that a variation in the
frequency drift rate in QP emissions was observed bySato
and Fukunishi(1981), but that was a monotonic variation,
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-
namic spectrum.

Event 3 April 1995: Figure 3 shows the power spectro-
gram of the magnetic component of VLF emissions ob-
served by Freja satellite on 3 April 1995, between 17:48 and
18:58 UT. QP emissions were detected in the morning sector
(MLT=08:00–10:00) at CGlat=60–70◦, during an extremely
quiet period (Kp=0 during the event and Kp<0+ during the
entire day of 3 April 1995). QP emissions were detected in
the frequency range 1.3–1.6 kHz with a period of 70–80 s.

The specific feature of this event is that the majority of
the QP elements are accompanied by additional short bursts
(of several seconds in duration) at higher frequencies. These
additional emission bursts are not noise; they have fine spec-
tral structure, and sometimes one observes discrete emissions
with rising tones. Figure 3b presents a more detailed view of
the spectrum of a QP element near 100 s (Fig. 3a). First,
the emission spectrum is noise-like, and about 00:01:48, the
power at higher frequencies becomes increased, and discrete
elements appear. This observed relation of QP and discrete
emissions will be discussed below.
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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 the plane(a) and detailed view of the single
QP element is shown on plane(b).

2.2 QP event observed by Magion 5

We use VLF broad-band measurements carried out on board
the Magion 5 satellite for analysis of QP emissions detected
not too far from the magnetic equator, i.e. from the gener-
ation region. Magion 5 was launched as a part of the IN-
TERBALL mission into a highly eliptic orbit with an apogee
20 000 km and an inclination of 65◦ (Triska et al., 1996). Ma-
gion 5 is constructed as a Sun-oriented and spin stabilized
satellite with a spin period of about 2 min.

The spacecraft was equipped with detectors of wave emis-
sions, cold plasma density, and energetic particles. VLF
broad-band measurements (f <22.5 kHz) included both elec-
tric and magnetic field components. The measurements
of basic parameters of cold plasma were carried out us-
ing the KM-14 detector designed to measure the ion den-
sity and electron temperature with a time resolution of
200 ms. The ion density was measured within the range
Ni=107

−5·1012 m−3.

Energetic particles were detected using the DOK-S instru-
ment. The DOK-S spectrometer measured energetic elec-
trons with energies 60 to 800 keV by means of two pairs of
silicon detectors. The spin of Magion 5 allows us to estimate
the angular distribution of energetic electrons averaged over
2 min.

QP emissions were observed on two orbits of the Ma-
gion 5 satellite, below we discuss one of these events,
for which the cold plasma measurements are available, in
addition to the wave data.

Event of 18 November 1998: Let us consider an example
of QP emissions observed by Magion 5 in the orbit 3367 on
18 November 1998. During this event, Magion 5 moved in
the morning sector from lowL shells into the auroral zone
and detected QP emissions by both magnetic and electric
antennas.
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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 5
in the electric component is shown in Fig. 4. Clearly distin-
guished QP emissions were detected from 21:44 to 21:51 UT
at L shells from 3 to 4 in the early morning sector near
04:00 MLT. The spacecraft was located about 35◦ from the
equator. The geomagnetic disturbance was low (Kp=2−).
The spectrum of QP emissions detected by Magion 5 is sim-
ilar to those typically observed on the ground and having ris-
ing tones with diffuse structure (Sato and Fukunishi, 1981).
QP emissions were detected at frequencies 1.9–3.6 kHz, their
repetition period was about 2 min, and all QP elements had
practically the same constant slope of about 15 Hz/s.

The cold plasma number density was almost the same
(about 80 cm−3) in the entire region where QP emissions
were observed. This allows us to estimate the energy of res-
onant electrons generating these emissions asW0=150 keV
(see Eq. (8) below). The electron flux measured by the
DOK-S spectrometer in this energy range (in the channel 90–
200 keV) wasS≈4·105 cm−2 s−1. To estimate the flux in the
equatorial plane, we should take into account that during the
event considered, Magion 5 was at the geomagnetic latitude
38◦, and the maximum equatorial pitch-angle corresponding
to the Magion 5 location was 25◦. The model AE-8 (Vette,
1991) gives a similar value of the electron flux in this pitch
angle range. If we assume that the actual pitch-angle distri-
bution corresponds roughly to the AE-8 model, then we can
estimate the flux at higher pitch angles. According to the
AE-8 model, the electron flux at the equatorial pitch angle
2L=90◦ increases by a factor of 4–5 as compared to the flux

at 2L=25◦. Assuming such an angular distribution, we ob-
tain the following estimate for the integral equatorial electron
flux in the energy range 90–200 keV:S≈2·106 cm−2 s−1.
This value can be used as a lower limit for the integral equa-
torial flux of electrons with energies above 90 keV, since the
particles with energies above 200 keV were not taken into
account.

Another interesting feature of this event is that the DOK-
S data in the channel 90–200 keV indicate the existence of
a butterfly-like pitch-angle distribution of electrons, i.e. non-
monotonic distribution when the number of particles at pitch-
angles close to 90◦ is less than at some lower pitch-angles.
This type of distribution was seen at time interval 21:36–
21:43 UT at L-shells below 3 and at ILAT below 30◦. Later
on, Magion 5 moved toward the higher L-shells and ILATs,
and the butterfly-like pitch-angle distribution disappeared.

3 Description of the model

Since the emissions analyzed in this paper belong to the QP2
type, we assume that they are not related to the external mod-
ulation of the cyclotron instability (e.g. by a hydromagnetic
waves, seeCoronity and Kennel(1970)).

We use the model based on the self-consistent set of equa-
tions of the quasi-linear plasma theory for the distribution
functionF(µ, v, t) of energetic electrons and whistler wave
spectral energy densityε(ω, t), averaged over oscillations of
waves and particles between the mirror points and over the
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cross section of the interaction region (seePasmanik et al.
(2004) for more detail):

∂F

∂t
=

1

T b

∂

∂µ
µD

∂F

∂µ
− δ · F + J (1)

∂ε

∂t
=

2

Tg

(0 − | ln R|) ε, (2)

whereµ= sin2 2L, 2L is the equatorial pitch angle,v is
the electron velocity,Tb is the bounce-oscillation period,D

is the coefficient of pitch angle diffusion,J is the effective
source of energetic electrons,δ is their loss rate due to pre-
cipitation,0 is the one-hop amplification of whistler waves
on the pass between conjugate ionospheres,Tg is the period
of wave-packet oscillations, andR is the effective reflection
coefficient describing wave energy losses.

In a self-consistent model, the diffusion coefficientD is
determined by the wave intensityε and, in turn, the wave am-
plification 0 is determined by the electron distribution func-
tion F :

D(µ, v, t) =

∫
G1(ω, µ, v)ε(ω, t)dω (3)

0(ω, t) =

∫
G2(ω, µ, v)

(
µ

∂F

∂µ
−

ω

ωBL

F

)
d3v, (4)

whereG1 andG2 are known functions (seePasmanik et al.,
2004), ωBL is the electron gyrofrequency in the equatorial
plane.

As the source of free energy, we consider the injection of
energetic electrons with anisotropic velocity distribution into
the interaction region in the process of their magnetic drift.
Removal of energetic particles from the interaction region
can be due to two mechanisms: (1) precipitation of energetic
particles via the loss cone and (2) drift of particles away from
the interaction region across the magnetic field lines (Trakht-
engerts et al., 1986). Energetic particle losses due to their
precipitation via the loss cone are taken into account by the
term −δ · F in Eq. (1). If the backscattering effect is ne-
glected, the factorδ can be written as

δ =

{
0 µ ≥ µc

(Tb/4)−1 0 ≤ µ ≤ µc
, (5)

whereµc is the loss cone boundary. Inclusion of the back-
scattering would lead to a correction (decrease) forδ. This
correction is rather small in the regimes of weak and mod-
erate pitch-angle diffusion, which are actually realised in the
cases considered below. The second loss mechanism is taken
into account in the termJ (µ), which is determined by the
difference of the pitch angle distributions of energetic parti-
cles drifting into and away from the interaction region.

To simplify the analysis of this model, we use the approx-
imation of a monoenergetic electron distribution:

8(µ, v, t) = (2πv2
0)−1δ(v − v0)8̃(µ, t), (6)

whereW0=mv2
0/2 is the characteristic energy of energetic

electrons, and consider only waves propagating along the ge-
omagnetic field (k‖B). As was discussed byBespalov and
Trakhtengerts(1976), Demekhov and Trakhtengerts(1994)
andPasmanik et al.(2004), the monoenergetic approxima-
tion does not lead to significant changes in the wave spectrum
dynamics for ducted whistler waves, since the inhomogene-
ity of the geomagnetic field provides a spread in resonant
energies, and the growth rate of ducted whistler waves is de-
termined by the integral parameters of the energy distribu-
tion, such as the characteristic energy and the total electron
flux. Numerical estimations show that the whistler wave am-
plification 0 in the inhomogeneous geomagnetic field for a
monoenergetic distribution is almost equal to the case of the
finite velocity spread1V/V0=0.1 (for the parameter values
used below). For1V/V0=0.2 the maximum amplification
decreases by a factor 2, and the generation band is broadened
by 15%. In the case of an even wider spread, the qualitative
profile of amplification remains the same with the amplifi-
cation band broadened (up to 50%) and the maximum am-
plification decreased. Thus, generation of somewhat broader
emission spectrum than in our model simulations should be
expected in the case of a smooth energy distribution.

4 Numerical results

Detailed analysis of this model using various combinations
of parameters and possible generation regimes was per-
formed byPasmanik et al.(2004). Here, we briefly sum-
marize relevant results for convenience of the reader.

In the case where losses due to precipitation are domi-
nant, generation of a relatively wide intensity spikes with
rather small modulation of the wave intensity takes place.
In the case where the drift losses are dominant, narrower
spikes are more common, and the generation regime de-
pends strongly on the source pitch-angle distribution. In the
case of a monotonic pitch-angle distribution and rather low
source intensity, a periodic generation occurs. For higher
source intensities the alteration of spikes with different fre-
quency drift rate can take place. A mild butterfly feature at
the pitch-angle distribution in the source (i.e. with not very
pronounced maximum) gives almost no change in the gen-
eration regime. A butterfly distribution with extremely high
maximum leads to a strong wave damping at higher frequen-
cies resonant with pitch-angles corresponding to the negative
derivative∂8/∂µ<0, so the generation is possible only in
the low-frequency band. In the case of a moderate “butterfly-
like” maximum, a persistent low frequency band with peri-
odic modulation of its intensity and periodic spikes at higher
frequencies can take place. Since the negative derivative of
the distribution function can be accounted as an effective in-
crease of the wave damping, the intensity of the wave spikes
decreases as compared with the case of a monotonic distri-
bution.

Below we present some specific modeling results to
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.
On the basis of this model, we can explain not only temporal
characteristics of QP emissions (such as spike duration and
repetition period), but also the spectral characteristics, such
as the frequency band and peculiarities of spectral shapes of
QP emission elements.

To model a particular event, one needs to know the sys-
tem parameters. Unfortunately, the data available from the
observations are not complete, i.e. they do not allow us to
determine all model parameters unambiguously. Thus, it is
necessary to make some assumptions based on the available
data and the general results of model analysis.

As it follows from the results ofPasmanik et al.(2004),
variation in some model parameters lead only to minor quan-
titative changes in the properties of the generation regime
(such as the wave generation band, the period of generation,
the spike duration, etc.). But there are several parameters
which determine the generation regime qualitatively. Such
key parameters are the mechanism of removal of the ener-
getic particles from the interaction region, the pitch-angle
distribution in the source, and the source intensity. Due to
the lack of experimental data, the following two-step method
was used to obtain the model parameters. At first, the key
parameters for each event were estimated by qualitative com-
parison of the general characteristics and peculiarities of ob-
served wave spectrum with the results ofPasmanik et al.
(2004). After that, adjustment of other model parameters was
made to obtain the best coincidence of the observed and sim-
ulated generation regimes.

Some specific details of estimation of the model parame-
ters are discussed below.

Since we consider only ducted whistler waves, we can as-
sume that the QP emissions for all events were generated at
approximately the same magnetic shellL as they were de-
tected. Since the satelliteL-shell was changing during an
event, an average value was chosen.

The lowest frequency of the generation band, determined
by the cyclotron resonance condition in the equatorial plane,
is approximately equal to

ωmin ' ω0 = ωBL/β∗, (7)

where

β∗ =

(
ωpLv0

ωBLc

)2

= NcW0

(
8πe2m

c2ω2
BL

)
, (8)

ωpL=4πe2Nc/m is plasma frequency in the equatorial
plane, andNc is the cold plasma density. Thus, one can es-
timate the value ofNcW0 from the observed wave spectrum
if the L-shell is known. Note that the model output is much
more sensitive to the productNcW0 than toNc or W0 alone.
Therefore, it is impossible to resolve this ambiguity by mod-
eling only.

The frequency dependence of wave losses| ln R(ω)| can
be estimated from the upper frequency of the generation
band, which is mainly determined by this parameter (i.e. in-
crease of| ln R| with an increase inω leads to a decrease in
the upper frequency).

Other model parameters, such as the pitch angle distribu-
tion and intensity of the source, wave loss rate, and the in-
teraction region size (in the case of the drift removal), are
rather difficult to retrieve only from comparison of the model
results with experiment in the absence of the direct measure-
ments for at least some of these parameters. Nevertheless, we
show that modeling a particular event can be used in compar-
ison with available data to estimate the missing parameters or
at least to obtain the range of their values, in which the gen-
eration properties remain almost the same.

4.1 Modeling QP events observed by Freja

Event of 18 June 1993: As it was mentioned above, the spe-
cific feature of the dynamic spectrum in this event (Fig. 1)
is an increase in the frequency drift rate during the genera-
tion of a single QP element. According toPasmanik et al.
(2004), such a spectrum is typical when an interaction region
is rather small (duct), i.e. the energetic particles removal is
mainly due to their drift, and if a source with rather high
pitch angle anisotropy is present.

According to the procedure described above, the following
model parameters were chosen. The averageL-shell value of
this event wasL=3.8. The cold plasma density was evalu-
ated from the simplest expressionNc≈100(4.4/L)4.4, which
gives not too large an error as compared with more complex
models, see, for example,Gallagher et al.(2000). For the
selectedL-shell this simple formula yieldsNc≈170 cm−3.
The corresponding characteristic energy of electrons, esti-
mated from Eq. (7), isW0=40 keV (fmin∼2 kHz, see Fig. 1).
To obtain the described spectrum peculiarity (see above and
Pasmanik et al.(2004)), we took into account only the drift
removal mechanism (i.e.δ≡0) and chose a monotonic pitch
angle distribution of energetic electrons in the source (i.e. the
initial pitch angle distribution of drifting electrons):

Fin =

{
C sinα(π

2 æ/æ0) , æ≤ æ0
C , æ> æ0

, (9)

where æ≡
√

µ, C is the normalizing constant (Pasmanik
et al., 2004). To obtain the generation period of 200 s
and an upper frequency of∼5 kHz, the following choice
of other model parameters was made: the duct diameter
in the equatorial plane 120 km, the energetic electron flux
S≈6·107 cm−2 s−1, wave losses are| ln R=2(ω/ω0)

2
|, and

the source parameters are æ0=0.1 and α=1. As it was
mentioned above, on the basis of the available experimen-
tal data it is impossible to determine the parameters unam-
biguously. In particular, the model gives a similar output
for Nc≈120 cm−3 (a value following fromGallagher et al.
(2000)) andW0≈55 keV. The period of pulsations is roughly
proportional to the ratio of the wave losses| ln R| to the
source intensity (characterized by the flux valueS). Thus,
the same generation regime will occur if the wave losses
and the source intensity are changed by the same factor. As
well, the increase inα or æ0 can be compensated by a cor-
responding increase in the source intensity andNcW0 factor.
The similar model output occurs if we use a non-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.
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Fig. 7. Formation of a sharp gradient on the pitch angle distribution
of energetic electrons during generation of an element of QP emis-
sion in the case from Fig. 5. Time marks for snapshots are given in
the corresponding color at the top of the spectrogram in Fig 5. Pitch
angle distribution in the source is shown by the dashed line.

(butterfly-like) source pitch-angle distribution with weakly
pronounced maximum (small value of1, 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 Trakhtengerts, 1994).

Event of 12 November 1993: Peculiarity of the second
event from Freja satellite (Fig. 2) is the alteration of QP
elements with different frequency drift rates. According to
Pasmanik et al.(2004), such a regime typically occurs if
there are the same characteristics of the removal mechanism
and the pitch-angle distribution in the source as for the
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
shown in Fig. 6. The averageL-shell value for this event
wasL=4. Using the same approximate expression for the
equatorial cold plasma density distribution as above we ob-
tain Nc=130 cm−3 and the corresponding energy of elec-
trons estimated from Eq. (7) is W0=45 keV (fmin∼1.4 kHz,
see Fig. 2). As in the previous case, only drift removal is
taken into account and the same pitch angle distribution is
used. Also, the same size of the interaction region and wave
losses were used. For these parameters the generation pe-
riod of 100 s was obtained for the energetic-electron flux
S≈2·108 cm−2 s−1.

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.

The occurrence of such a generation regime is explained
as follows (see alsoPasmanik et al.(2004)). When the in-
tensity of the source is rather small, its contribution during
the generation of a single spike is negligible. Therefore, we
may consider that the generation of each spike starts from the
same conditions in the generation region (see, e.g. Fig. 5).
With an increase in the source intensity, the modification of
the energetic electron distribution during a spike under the
action of the source becomes more significant. This leads to
an increase in the distribution anisotropy at low pitch angles,
but the pitch angle diffusion due to the waves generated by
a sharp gradient at higherµ values does not allow the insta-
bility threshold to be reached. Thus, during the generation of
the first spike, the source sustains the system near the thresh-
old, so after the end of the spike the system quickly reaches
this threshold, and the second spike with a higher frequency
drift rate is generated. After that, the system comes to the
initial state below the threshold.

As it was mentioned above, the generation of a single el-
ement of QP emission is related to the formation of a sharp
gradient in the pitch angle distribution of energetic electrons
and its motion towards higher pitch angles. This is illustrated
in Fig. 7, where the snapshots of the pitch angle distribution
of energetic electrons at different generation stages of a QP

element are shown. The existence of this dynamical feature
is very important for the explanation of the relation between
QP and discrete VLF emissions. According to recent theo-
retical studies, such a step-like deformation can be a source
of discrete ELF/VLF emissions (Trakhtengerts, 1995, 1999;
Demekhov et al., 2003).

4.2 Modeling the QP event observed by Magion 5

As it was mentioned in Sect. 2, the data from Magion 5 satel-
lite include cold plasma measurements. According to these
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 simulation results for this event are presented in
Fig. 8. The averageL-shell value of this event wasL=3.6.
The measured cold plasma density wasNc=80 cm−3, and
the corresponding characteristic energy of electrons esti-
mated from Eq. (7) is W0=150 keV (fmin∼1.8 kHz, see
Fig. 4).

The observed upper limit of the generation band can be ob-
tained in simulations for these parameter values in two cases:
(a) a strong increase in whistler wave losses atf ≥3.6 kHz
(corresponding toω/ωHL∼0.2 for L=3.6) and monotonic
source like Eq. (9), or (b) a butterfly-like distribution in the
source, since the negative derivative∂8/∂µ<0 leads to an
increase in the wave damping in the corresponding frequency
range (seePasmanik et al., 2004, for a more detailed discus-
sion). The second hypothesis appears to be more consistent
with the observations, which indicate the butterfly-like pitch-
angle distribution of energetic electrons. Thus, to model this
case we used a smooth frequency dependence of the wave
damping| ln R|=3(ω/ω0)

−1 and the butterfly-like pitch an-
gle distribution in the source:

Fin =


C · [1 + 1] · sinα(π

2 æ/æ0) , æ≤ æ0
C ·

[
1 + 1 − 1 · sinα1(π

2 (æ− æ0)/æ1))
]

,

æ0 < æ≤ æ1 + æ0
C , æ> æ1 + æ0

. (10)
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Here, the parameter1 characterizes the height of the maxi-
mum, while the parameters æ1 andα1 characterize the width
and steepness of its negative slope at æ>æ0 (Pasmanik et al.,
2004).

The observed generation band and the generation pe-
riod about 120 s were obtained for the following source
parameters: æ0=0.5, α=3, æ1=0.4, α1=1, 1=0.5, and
S≈4·106 cm−2 s−1. The choice ofα1, æ1 and1 parameters
is made to match the observed upper generation frequency.
As it was mentioned above, small1 values do not give sig-
nificant changes to the generation regime. An increase in1

leads to a decrease in the upper frequency, and for extremely
high values of1 the generation occurs only at frequencies
ω<ωBL/β∗/(1−æ0). Similarly to that, an increase inα1 or
decrease in æ1 leads to a decrease in the upper frequency.

5 Conclusions

In this paper we present the results of both experimental and
theoretical analysis of QP2 events detected by the Freja and
Magion 5 satellites. Detailed analysis of available QP events
revealed certain specific features of their dynamic spectra,
which have not been reported earlier. These are (1) an in-
crease in the frequency drift rate during the generation of a
single element of QP emission, (2) the alteration of QP ele-
ments with different frequency drift rates, (3) the relationship
between QP hiss emissions and discrete VLF emissions ob-
served simultaneously.

A numerical model based of the self-consistent equations
of quasi-linear plasma theory was employed to explain the
formation of these emissions. We show that this model is
able to explain these new and interesting features of the dy-
namic spectra of the selected QP emissions. Moreover, de-
tailed knowledge of the relation between the model parame-
ters and output enables us to obtain significant restrictions on
the possible values of the source parameters for the discussed
QP events.

It would be very interesting to apply this model for simu-
lating other events with QP emissions observed by satellites,
for which the simultaneous measurements of the wave field
and plasma parameters are available.

It would be especially interesting to compare the cases of
QP2 and QP1 events (see, e.g.Morrison and Freeman, 1995;
Sazhin and Hayakawa, 1994; Smith et al., 1998, for detailed
experimental analysis of the latter phenomena). The pre-
sented model can be easily supplied by the term describing
the flux-tube modulation by the Pc 3-4 hydromagnetic pul-
sations (Bespalov and Trakhtengerts, 1978; Bösinger et al.,
1996) and such a study is planned for the future.
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