Nonlinear Processes in Geophysics (2004) 11: 205-213 .
SRef-ID: 1607-7946/npg/2004-11-205 Nonlinear Processes

in Geophysics

© European Geosciences Union 2004

Association of Alfven waves and proton cyclotron waves with
electrostatic bipolar pulses: magnetic hole events observed by Polar

G. S. Lakhinal, B. T. Tsurutani?, and J. Pickett3

lindian Institute of Geomagnetism, Colaba, Mumbai, India
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
3Department of Physics and Astronomy, University of lowa, lowa City, IA, USA

Received: 29 July 2003 — Accepted: 20 October 2003 — Published: 14 April 2004

Part of Special Issue “International Workshops on Nonlinear Waves and Chaos in Space Plasmas”

Abstract. Two magnetic hole events observed by Polar onand found that the E/B ratios did not exactly fit the kinetic
20 May 1996 when it was in the polar cap/polar cusp bound-Alfv én wave (KAW) dispersion curve (contrary to Stasiewicz
ary layer are studied. Low-frequency waves, consisting ofet al., 2001). They concluded that the waves might be a
nonlinear Alfien waves and large amplitud&14 nT peak-  mixture of dispersive KAWs and perhaps lower hybrid tur-
to-peak) obliquely propagating proton cyclotron waves (with bulence.

frequencyf ~0.6 to Q7 fcp), accompanied by electric bipo- Angelopoulos et al. (2001) have found that the low fre-
lar pulses (electron holes) and electron heating have been oljjuency wave power is consistent with 2-D turbulence with
served located within magnetic holes. It is shown that low-phase velocities smaller than the spacecraft speed and fre-
frequency waves can provide free energy to drive some higlyuency as low as or lower than the oxygen gyrofrequency.
frequency instabilities which saturate by trapping electrons,They conclude that these waves cannot resonate with and
thus, leading to the generation of electron holes. heat the ions.

Recently, Tsurutani et al. (2003) have examined two mag-
netic hole events in detail using a full complement of Polar
field and plasma data on 20 May 1996 when Polar was in the
polar cap/polar cusp boundary layer. They found isotropic

Magnetic holes observed in the vicinity of the magnetopauseelectron heating, accompanied by nonlinear Affwvaves,

are characterized by steep local decreases in the magnetirge amplitude £14 nT peak-to-peak) obliquely propagat-
spheric magnetic field magnitudes (Cummings and Colemaning proton cyclotron waves (with frequency0.6 to 0.7 £p),
1968; Sugiura et al., 1969). These structures contain enand electric bipolar pulses (electron holes), located within
hanced plasma densities maintaining pressure balaride (L Magnetic holes/cavities/bubbles. The purpose of this paper
and Kibcher, 1987; Treumann et al., 1990; Stasiewicz et al. s to show that low-frequency waves can provide the free en-
2001). The magnetic hole-like structures have also been ob€rgy needed to drive some high frequency instabilities which
served on auroral zone magnetic fields, and these have alsturate by trapping electrons, thus, leading to the generation
been called magnetic cavities and magnetic bubbles. LowPf electron holes.

frequency electromagnetic turbulence often accompanies the

magnetic holes. Treumann et al. (1990) have reported that the )

magnetic holes contain electromagnetic waves with frequen2 Observations

cies up to several times the ion cyclotron frequency which .

may be either whistler waves or ion cyclotron waves. 2.1 Alfvén waves

Stasiewicz et al. (2001) have analyzed waves in the

0-30 Hz frequency range and have argued that these wavdd©™m the analysis of three component magnetic field and
are Doppler-shifted kinetic Alfen waves (KAWSs). They plasma data from Polar, Tsurutani et al. (2003) identified two

suggested that the magnetic holes are created by a tearif§29netic hole events which occurred on 20 May 1996 dur-
mode reconnection process. Pickett et al. (2002) have andn9 the interval 08:25:17.2 to 08:26:06.4 UT and 08:26:39.8

lyzed the wave turbulence in the outer cusp boundary laye 0 08:27:28.9 UT, respectively. The Polar satellite happens to
be in the polar cap/polar cusp boundary layer at these times.

Correspondence td3. S. Lakhina The high-time resolution data from the Magnetic Field Ex-
(lakhina@iig.iigm.res.in) periment (Russell et al., 1995) on Polar are shown in Fig. 1.

1 Introduction
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Fig. 1. High time resolution magnetic field data from the Magnetic Field Experiment (MFE) on Polar on 20 May 1996. The two panels
display the magnetic field components around two magnetic hole intervals in minimum variance coordinates. The interval 08:25:17.2 to
08:26:06.4 UT defines the first magnetic hole event. The second magnetic hole occurred in the interval from 08:26:39.8 to 08:27:28.9 UT.
In each panel the interval between the two vertical dashed lines were used to define the minimum variance coordinate system (taken from
Tsurutani et al., 2003).

The field components are given in a minimum variance co-hand coordinate system. The top three panels show the elec-
ordinate system, wherB1, Bz and B3 are the components tric field components and the lower three panels the mag-
along the maximum, intermediate, and minimum variancenetic field components for fluctuations above 1 Hz. From the
directions, respectively. Dashed vertical lines include inter-bottom 3 panels, it is clear that there is the presence of large
vals where the minimum variances were calculated. The leftamplitude electromagnetic waves. The transverse magnetic
and right-panels correspond respectively to the first and secfield components are as large @44 nT peak-to-peak, and
ond magnetic hole events. For the first hole event, assuminghere is a significant parallel component-e¥ nT peak-to-

that this whole interval is one cycle of a wave, the wave in thepeak. The average wave frequency is 2.3 Hz. The local pro-
first magnetic hole is found to be linearly/elliptically polar- ton cyclotron frequency is 3.05Hz, so the wave frequency
ized (.1/12=8.4) and is propagating at-a7% angle relative  is 0.75%,. Figure 2 also indicates the presence of intense
to the ambient magnetic field. There are higher frequencyelectrostatic waves within the interval. At 08:26:02.333 to
waves superposed on this low frequency wave. For the cas@8:26:02.493 UT, waves with peak-to-peak amplitudes of
of second magnetic hole event, the wave is elliptically polar-~6 mV/m are present. These waves have a frequency of

ized (L1/22=3.9) and is propagating at54° relative toBy. ~31Hz. Because the bandpass for this channel rolls off at
In the abovea; and i, are the maximum and intermediate 25 Hz (the 3 dB point), the true wave amplitudes may be sig-
eigenvalues of the covariance matrix. nificantly larger.

The power spectra of the magnetic field for these magnetic o _
holes showed more or less a steep power la%{f extend- 2.3 Electrostatic bipolar pulses (electron holes) and high-
ing from 5x10~2 Hz to 7x 101 Hz and a noticeable peak at frequency waves

~2Hz.
Analysis of the data from the PWI high frequency waveform

2.2 Electromagnetic ion cyclotron waves receiver (HFWR) show that the waveform and power spec-
tral density of the waves changes over very short time scales
Tsurutani et al. (2003) analyzed the output (abexieHz) of (~10ms or so) inside the magnetic holes. Tsurutani et al.
the low-frequency waveform receiver (LFWR) of the Plasma (2003) detected electric bipolar pulse (electron hole) onset
Wave Instrument (Gurnett et al., 1995) on Polar for the abovenside the magnetic holes during the electron heating events
two magnetic hole events. They found evidence of large am-associated with the magnetic holes. The growth rate of the
plitude obliquely propagating electromagnetic ion cyclotron bipolar pulses from onsets to attaining the peak amplitudes
waves with a mixture of left- hand and right-hand polar- were found to be~0.25f¢, where §¢ is the electron cy-
ization. Their results corresponding to the time interval of clotron frequency. The peak-to-peak amplitudes of Hje
08:25:57.853 to 08:26:02.493 UT on 20 May 1996 which signal were found to be-2 to 9mV/m. TheE signals
is inside the first magnetic hole event are shown in Fig. 2.were sometimes accompanied with a transversg) [elec-
The data are plotted in field-aligned coordinates, where tric component of~3-4 mV/m. In Figs. 3 and 4 we show the
is in the direction of the magnetic field, is in the dawn-  waveform plots obtained from high time resolution HFWR
dusk direction orthogonal t§, andx completes the right- data selected from the first and second magnetic hole events.
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Fig. 3. Shows the waveform plots from high time resolution HFWR

data for the interval of 08:25:45.145 to 08:25:45.202 UT. The data

Fig. 2. Low frequency waves during the first magnetic hole interval illustrate waves present during the first magnetic hole event in field-
- 'dqligned coordinates. The top three panels show the electric field

The bandpass is 1 Hz to 25 Hz. The coordinates are magnetic fiel o
. . . . components and the lower three panels the magnetic field compo-
aligned. Electromagnetic waves with peak-to-peak amplitudes as

large as~14nT are detected. The waves are a mixture of Ieft—handnents for fluctuations above 20 Hz. The parallel electric field com-
and right-hand polarization as detected in the spacecraft frame. Th onent show bipolar and off-set bipolar pulses (panel 3) with peak-

~2.3 Hz waves occur at0.75 f¢p and are thus believed to be pro- O-peak amplitudes-3—6 mv/m.
ton cyclotron waves (taken from Tsurutani et al., 2003).

In both Figures, the data are plotted in field-aligned coor- Figure 4 corresponds to the time interval of 08:27:17.145
dinates, as described above. The top three panels show the 08:27:17.202 UT on 20 May 1996 and is contained within
electric field components and the lower three panels the magthe time period of the second magnetic hole event. Here all
netic field components for fluctuations above 20 Hz. components of electric and magnetic field show slow modu-
Figure 3 corresponds to the time interval of 08:25:45.145lations on which high frequency pulses are superposed. The
to 08:25:45.202 UT on 20 May 1996 and is contained within Parallel electric field component shows some bipolar struc-
the time period of the first magnetic hole event. The paral-tures with peak-to-peak amplitudes ©f2-3 mV/m during
lel electric field component shows bipolar and off-set bipo- latter half of the interval.
lar pulses (panel 3) with peak-to-peak amplitudes~&- Figures 5 and 6 show the power spectrum of the electric
6 mV/m. The transverse electric components (panels 1 andnd magnetic components for the intervals of Figs. 3 and 4,
2) have smaller amplitudes and they show modulations withrespectively. Figure 5 indicates that the power spectral den-
different periods. All the three magnetic components showsity decreases with increasing frequency for all components
slow modulations. The slow modulations appears to be neaexceptE;. The E; component does not follow this trend.
the lower hybrid frequency~150-200 Hz), but we cannot It increases up to about 1 kHz and then decreases with in-
be absolutely certain as these are not resolved very well becreasing frequency. The spectrum does not show any well-
cause of their being close to the lower end of the band passesolved peaks which could identify the existence of certain
filter. The two perpendicular magnetic components have outplasma modes. There could, however, be a possible peak
of-phase modulations. near 150—200 Hz (i.e. close to the lower hybrid frequency) as
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Fig. 5. Shows the power spectrum of the electric and magnetic com-
ponents for the intervals of Figs. 3 and 4. Figure 5 indicates that
the power spectral density decreases with increasing frequency in

Fig. 4. same format as Fig. 3 but for the time interval of all but £ component and does not show any well resolved peaks

08:27:17.145 to 08:27:17.202 UT on 20 May 1996 during the S€Chich could be identified as being caused by some plasma modes.

ond magnetic hole event. Here all components of electric andThere could be a possible peak near 150-200 Hz (i.e. close to the

magnetic field show slow modulations on top of which high fre- . ; .
quency pulses are superposed. The parallel electric field compol-oWer hybrid frequency) as seen by the higher inten&ity panels

nent shows some bipolar structures with peak-to-peak amplitude%‘qS opposed o the panel, but one cannot be sure as it is close to
. N e lower end of the band pass filter.
of ~2—3 mV/m (see the latter half of the interval). P

2.4 Electron heating events

Tsurutani et al. (2003) looked into the plasma data, obtained
by the Hydra instrument (Scudder et al., 1995) onboard Po-

by the higher i . q lar, during the time of above two magnetic hole events. They
seen by the higher intensity, component as compared 10 ¢,,nq evidence of electron heating occurring simultaneously

;cheE” co?p?nﬁnt,bbutdone ca?_?ot be sure asit ;]S close t? th&yith electron and ion density increases. The electrons are
ower end of the band pass filter. Figure 6 shows a cleaf, o te t6.100-200 eV. The electron distributions during the

prominent peak near 5.1kHz which is below electron cy- 5 qqround interval and during the electron heating interval
clotron frequency de~5.91kHz in all electric and magnetic o6 found to be isotropic. They did not find any evidence

components. Itis possibly due to the electromagnetic elecbf electron bi-directional streaming in either case. However,

ftron cyclotron wave mode which is_ almost always observ_edthey notice a field-aligned ion beam during the background
in the turbulent boundary layer (Pickett et al., 2001). ItiS i ana The electron and ion density increases were ob-
probable that some of the high frequency modulations notecL

L , erved inside the magnetic holes.

in Fig. 4 are due to these electromagnetic electron cyclotron

waves. The peak near the lower hybrid frequency cannot be

resolved here again though. components are more intense 3  Generation of high-frequency waves and
than theE; component, similar to Fig. 5. We may point out electron holes

that electron plasma frequengy 28 kHz cannot be seen as
it falls outside the highest frequency:25 kHz) that can be
measured with HFWR.

The most popular mechanism for the generation of electron
holes is based on electron beam instabilities as suggested by
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Omura et al. (1994,1996), Kojima et al. (1997) and Miyaki Polar PWI HFWR Calibrated Field—Aligned
et al. (1998) for explaining Geotail observations of bipo- SCET:  1996-05-20T08:27:17.145 Fee 551 kriz

8

lar solitary pulses in the plasma sheet boundary layer (Mat< : 10-2 ]
sumoto et al., 1994). In this mechanism, the nonlinear satuwgfl%: WWWWWWWMW
ration of electron beam instabilities occurs by electron trap-2 |- e

ping in the large amplitude waves leading to the formation .

of isolated Bernstein-Green-Kriskal (BGK) potential struc- = 5 13,1?
tures which reproduce well the signature of electron holes.? ; 0
The electric bipolar structures observed by FAST (Ergun et to-1¢

al., 1998a, b) and Polar (Franz et al., 1998; Tsurutani etal., _ |
1998, 2001; see Lakhina et al., 2000, for a review) have beem*OlleWWWWMMWMMW
interpreted in terms of BGK (Bernstein et al., 1957) phaseE m’*i:

space electron holes (Muschietti et al., 1999a, b). Goldman " *
etal. (1999a, b) and Singh et al. (2001a, b) have explained the .- | -
bipolar structures in terms of nonlinear two-stream electrong B, F B
instabilities. For the case of magnetic hole events analyzed i

here, there is no indication of long-lasting bi-directional elec-

tron beams. This would preclude the possibility of electron "] r
hole generation by electron beams. In view of this, Tsuru-2 ’Bi MMWWWWWW By1
tani et al. (2003) suggested the possibility that the parallel i
electric field component of the obliquely propagating proton ;|
cyclotron waves can provide a mechanism for short duration, ;-] -
bi-directional electron beams which could provide free en-= -0 W%WWWMW K
ergy for the fast growing electron beam instabilities. Here 1"

we propose that nonlinear ABn waves and ion cyclotron ° : “rrequency (ki2) i "

waves can supply free energy to excite high frequency wave
modes that eventually lead to electron holes.
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Fig. 6. Shows the power spectrum of the electric and magnetic

3.1 Excitation of high-frequency instabilities by components for the interval of Fig. 4. There is a clear and promi-
low-frequency waves nent peak at a frequency below the electron cyclotron frequency

fee~5.91kHz. This is present in all electric and magnetic field

Khazanov et al. (1996, 2000) have demonstrated that Iargec-omponems'

amplitude low-frequency waves can generate lower hybrid
waves in the auroral zone and ring current region. The
free energy for driving the lower hybrid waves comes from
the perpendicular current arising from different polarization
drifts between electrons and ions. To understand this mecha-
nism let us discuss first the motion of charged particles in the ¢E

electrons and ions would have relative velodity-(U,—U;)
with components in both the parallel and perpendicular di-
rections toBg. For E o=Eox, these are given by,

20 _.
presence of low-frequency waves. ReU) = wom. o @)
Inthe presence of low-frequency waves (e.0. A_ﬁwv_ave) woExo .
propagating obliquely to the ambient magnetic fidkg ReUy = “Zm SiNwot (4)
(taken to be along—direction), the electrons and ions will e
acquire different velocitied/,, andU;. If the frequency of gy, = Ex0 osmpr — €% EXZO 003a2>ot ()
the low-frequency wavey is much lower than the electron Bo m; (g — wf)

cyclotron frequencyo.., the electron and ion velocities are
given by (Khaznov et al., 1996),

Case A: Low-frequency waves without a parallel electric
cE x By e(E-b)b

U, = — —i 1) field component
B§ woM.e
e . For the case of low-frequencynf<w.;) Alfvén waves
Ui=——[w.; (E xb E xb)xb . . al
m; (w2 — wd) [ci (B > b) + i wo (E xb) x b] with no parallel electric field £;=0), it is seen from
e(E-b)b Egs. (3)—_(5) _that the perper_ldicular currént, a_rising frqm
H— (2)  the polarization drift, can drive the lower hybrid wave insta-

worti bility (Khazanov et al., 1996; 2000) provided

where E=Egexp(—iwot) is the electric field of the low- 2 4
frequency wavegw,; is the ion cyclotron frequency, and EY > Dei (6)
is unit vector alongBg. It is clear from Egs. (1) and (2) that 87rnT a)oa)z.
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wheren andT are the ion density and temperature (the elec-4 Two-Stream instabilities in a magnetized plasma

tron temperature is assumed smaller that the ion temperature,

i.e.T,<T;) andw,; is the ion plasma frequency. Considering Let us consider an electron-proton plasma containing low-
the typical plasma and field parameters for magnetic holes affequency waves which are propagating obliquely with re-
n=10cnm3, By=200nT, T,=(100-200) eV, 7;=1000eV, Spect to the ambient uniform magnetic fieBd=Boz. We

and taking wo/w.;=0.1 (i.e. fo=wo/27~0.3Hz), the consider two counterstreaming electron beams propagating
minimum electric field required for instability is about alongthe magnetic field. For simplicity we assume that these

E.0~870 mV/m. counterstreaming electron beams arise from acceleration by
the parallel electric field components of the obliquely propa-
Case B: lon cyclotron waves with;=0 gating ion cyclotron waves, as suggested by Tsurutani et al.

(2003). For simplicity, we would consider here the excita-
For the case abp~w,; andE =0, itis seen from Egs. (3)- tion of electrostatic waves by the counterstreaming electron
(5), that the perpendicular current duelip (Hall current) beam only and leave the generation of electromagnetic waves
can drive several instabilities, such as lower hybrid, ionforafuture study. The dispersion relation for the electrostatic
acoustic wave, etc., depending upon the ratioligf V;;, ~ Waves can be written (Singh et al., 2001b) as,
whereV,; is the ion thermal speed. The minimum electric

2 2.
field required corresponds t,>V;;, and is given by the kiel +kjey =0, (10)
inequality, where ,
£ YiBo | @G _ 7) f=1- wplz

*0 c a)g ' (a) —kj Vbl) — 2,

2

Again considering the typical plasma and field parameters _ Dp2 (11)
for the magnetic hole events observed by Polar, and taking (w — K Vb2)2 — w2
wo/w.;~0.6, the threshold electric field for exciting instabil- 5 5 “
ity would be E,0~1.0 V/m. =1 @p1 _ @p2 (12)

o . (0= kiVir)®  (0—kiVi2)®
Case C: Low-frequency waves with finite parallel electric
field (E; # 0) component andk, andk; are the components of the wave vedtalong
perpendicular and parallel directions to the ambient magnetic
The obliquely propagating Alen waves or ion cyclotron field. Herew1(w,2) and V,1(Vj2) the electron plasma fre-
waves can have a substantial parallel electric field compoguency and the drift speed of the electron beams 1 and 2,
nent. The finite£; component could give rise to strong elec- respectively.
tric currents carried mainly by the electrons propagating par- We have solved the dispersion relation (10) numerically
allel to the ambient magnetic field. This current can drive by Mathematica for the parametric range relevant to the ob-
several high-frequency electron-beam type instabilities.  served low-frequency waves and plasma during the magnetic
The minimum electric field required for the bi-stream elec- hole events by Polar. The results are shown in Figs. 7-9. In
tron instability is given by the inequality (Omura et al., all of these figures, the real frequeney,, and the growth

1996), rate,y, are normalized with respect t9,0. Herew is the
eE.o electron plasma frequency assuming the total electron den-
pr Vie (8) sty ng=n1+na, whereni(ny) is the density of the electron

e

beam 1(2). The wave numbéris normalized with respect
to Ap1=V;1/wp0, the Debye length defined by assuming the
Ii'emperature of beam 1 and taking the total electron density.
Figure 7 shows the variation of normalized real frequency
(panel a) and growth rate (panel b) agaiksp, for frac-
tional densityR=n»/np=0.1, 0.3 and 0.5. It is seen that
real frequencies decrease Rsncreases (cf. curves 1, 2 and
Vi, < ¢Eq0 < V. 9) 3 of panel a). The growth rates increases with an increase of
woMe R from 0.1 to 0.5 (cf. curves 1, 2 and 3 of panel b). With
ConsideringT, =200 eV andwo/27~0.3Hz, the minimum  further increase irR, the growth rate starts decreasing and
parallel electric field satisfying the inequality is about instability vanishes forR=1.0 (not shown). The range of
E=0.06 mV/m. Since theE) electric components associ- unstable wave numbers increases wiRes increased.
ated with the obliquely propagating ion cyclotron waves (or Figure 8 shows the dispersion relation for different values
Alfv én waves) could be- 1 mV/m, they are expected to ex- of the wave angle of propagation, i.e. taak, /k;=0.0, 1.0
cite several electron-beam type instabilities. In the next secand 5.0 for the curves 1, 2 and 3 respectively. It is seen that
tion we consider a simplified model of high frequency insta- at tan=1 and 5, there are 3 unstable regions in wave num-
bilities excited by the counter-streaming electron beams.  ber space instead of just one unstable region for thé+tdh

whereV,, is the electron thermal speed. This instability gets
saturated by trapping electrons and could lead to electro
holes.

Similarly, the parallel current can give rise to lower-
hybrid, ion acoustic and electrostatic ion cyclotron type in-
stabilities provide the following inequalities are satisfied,
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Fig. 7. The variation of normalized real frequeney/w o Fig. 8. The variation of normalized real frequenay/w,o

(panel (a)) and growth ratey /w,o (panel (b)) plotted against  (panel(a)) and growth rater /w0 (panel(b)) plotted againska p1

kipy for fractional density value=ny/np=0.1, 0.3 and 0.5 for R=ny/np=0.1, and for different values of the wave angle of

for the curves 1, 2 and 3, respectively. Other parameters arepropagation, ta=k /k=0.0, 1.0 and 5.0 for the curves 1, 2 and

Vp1=0.0, V};,50=20.0, Tp1/Tp2=1.0, and the electron cyclotron to 3, respectively. Other parameters are the same as in Fig. 7. There

electron plasma frequency ratos. /w,0=0.2. are more than one unstable wave number regions for obliquely prop-
agating waves.

case. It appears that the unstable region corresponding to thﬁe:a)ce/Zn:S.G kHz, and Ap1=30m. Also, we get
highest values ot2p; is the Langmuir beam-plasma mode , ., /,0=0.197 which is quite close to the value 0.2
and that corresponding to the lowest values is the ion acousgken for Figs. 7-9. Further, our choice of normalized
tic/lower hybrid type. The middle unstable region covers therg|ative  drift speed, U=(Vp2—Vp1)/V:1=20 appears
intermediate frequency range @f, <wce<wpo. The unsta-  to pe reasonable in view of the fact that the observed
ble wave numbers shift towards higher value$op1 (i.e.t0  parallel electric fields associated with the obliquely prop-
shorter wavelengths) for large propagation angles. Howevepgating low-frequency waves are at least one order of
the growth rates tend to decrease asitarcreases. magnitude higher than the threshold value. Then, from
Figure 9 shows the dispersion relations for different val- Figs. 7-9, we observe that real frequencies of the ex-
ues of the ratiav /w0 (0.5, 1.0 and 5.0) for the curves 1, cited modes are f~(0.01-1.2) f,0=(0.28—34) kHz.
2 and 3, respectively. Here again there are more than onghe peak growth rater varies over a wide range, from
unstable wave number regimes for some parameters. How~(0.01-0.35) f,0=(0.28-9.9)kHz. The unstable wave
ever, itis interesting to note that the number of unstable win-numbers associated with the maximum growth rates oc-
dows decreases ag. /w0 increases. The growth rates cor- cur in the range ofcip1~(0.05-0.5). This would give
responding to the first unstable regime show increase with afhe corresponding unstable wavelengths:(27/kAp1).
increase of the../wpo ratio. Ap1=(375-3750 m. The e-folding time of the excited
Now, for the parameters of the magnetic hole events,modes is~(0.1-3) ms, so we expect that it would take a few
we can take np=10cni3, By=200nT, 7,=200eV tens of ms to saturate the instabilities. Simulations of Omura
and 7;=1000eV, this gives fyo=wpo/2r=28.4kHz, et al. (1994, 1996) show that the bistream instability starts
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1.4 » electromagnetic ion cyclotron waves) in conjunction with
2 7 electron heating and electric bipolar pulses. According to
1.2 e 1 them, the low-frequency waves are the free energy source
1 Pr - for the electron heating and electric bipolar pulses. We have

extended their argument and tried to provide a theoretical
model for this scenario based on the idea first proposed by
Khazanov et al. (1996, 2000) for the generation of lower hy-
brid waves by large amplitude low-frequency waves in the
auroral zone and ring current region. Our analysis shows
that the instabilities driven by the perpendicular current are
not possible for the case of magnetic hole events as they re-
quire very large low-frequency wave amplitufigeo~1 V/m.
On the other hand, the observég of the obliquely propa-
gating low-frequency wave (Al&n and electromagnetic ion
cyclotron waves) are strong enough to give rise to several
high-frequency electron beam instabilities. It is hypothesized
1 that some of these modes could saturate by trapping electrons
leading to electron hole generation. We have also shown the
\ presence of clear electromagnetic electron cyclotron mode
Vo from the analysis of HFWR data. The present model is elec-
VA trostatic and cannot explain this mode. This will be investi-
Lt gated and reported elsewhere.
‘: The electron heating events are most likely produced ei-
. ther by the Ponderomotive force of the low-frequency waves
\ or by the heating/acceleration by the parallel electric field
o component of the obliquely propagating ion cyclotron waves
0.020.040.060.080.10. 120. 14 as suggested by Tsurutani et al. (2003). Some of the high fre-
kl guency modes could also produce electron heating along the
D1 magnetic field direction. We have not addressed the issue re-
lated to the generation of low-frequency waves. One possible
source of the Alfen waves is creation by the pulsed magnetic
X reconnection in the cusp with consequential propagation into
(panel(a)) and growth rate: /w0 (panel(b)) plotted againstAp1 e magnetosphere to the spacecraft location. Furthermore,
for R=n3/no=01, tand=k /kj=10, andwee/wpo=05 10 | 0 pove a5 not addressed the issue of generation of elec-
and 5.0 for the curves 1, 2 and 3, respectively. Other parameters . S
are the same as in Fig. 7. tror_nagneﬂc electron cyclotron waves. These two fascinating
topics are left for the future studies.

Wi /Mbo

Fig. 9. The variation of normalized real frequeney;/wpo
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