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Abstract. Two electron heating events have been identifiedthe holes contain electromagnetic waves with frequencies up
on 20 May 1996 when Polar was in the polar cap/polar cuspo several times the ion cyclotron frequency which may be
boundary layer. The electron heating events were locateeither whistler waves or ion cyclotron waves. Stasiewicz
within magnetic holes/cavities/bubbles and were accompaet al. (2001) have analyzed waves in the 0-30 Hz frequency
nied by nonlineart14nT peak-to-peak {f0.6 to 0.7 §p) range and have argued that these waves are Doppler-shifted
obliquely propagating proton cyclotron waves. The elec-kinetic Alfvén waves (KAWS).

trons appear to be heated isotropically. ~Electric bipolar stasiewicz et al. (2001) have suggested that the magnetic
pulse (electron hole) onset events were also detected withiRoles are created by a tearing mode reconnection process and
the heating events. We propose a scenario which can linkhat the related 0.1-30 Hz broadband waves are most likely
the above phenomena. Nonlinear Aifvwaves, generated Alfv én waves generated by the Hall instability. The plasma
through cusp magnetic reconnection, propagate down macheating is believed to be related to particle interactions with
netic field lines and locally heat electrons through the pon-kinetic Alfvén waves.

deromotive force. The magnetic cavity is created through  pijcyett et al. (2002) have analyzed the wave turbulence in
the diamagnetic effect of the heated electrons. lon heatingne gyter cusp boundary layer to attempt to identify the nature
also occurs through ponderomotive acceleration (but muchyg ihe turbulence. They have found that the turbulence E/B
less tha_n the electrons) and the protons generate the ele(_:trpétios did not exactly fit the kinetic Alfen wave (KAW) dis-
magnetic proton cyclotron waves through the 10Ss cone inpersion curve (contrary to Stasiewicz et al., 2001) and Pickett
stability. The obliquely propagating electromagnetic proton gt 5 concluded that the waves might be a mixture of disper-

cyclotron waves accelerate bi-streaming electrons, which argj,e kaws and perhaps lower hybrid turbulence.

the source of free energy for the electron holes. Angelopoulos et al. (2001) have found that the low fre-

quency wave power is consistent with 2-D turbulence with
_ phase velocities smaller than the spacecraft speed and fre-
1 Introduction quency as low as or lower than the oxygen gyrofrequency.

: ) . They conclude that these waves cannot resonate with and
Magnetic holes (Cummings and Coleman, 1968; Sugiura e},a4t the ions.

al., 1969) are regions of local decrease in magnetospheric : : . .
N . . The purpose of this paper is to examine two magnetic hole
magnetic field magnitudes that contain enhanced plasma

densities maintaining pressure balancéht and Kbcher, events in detail using a full complement of Polar field and

1987: Treumann et al., 1990; Stasiewicz et al., 2001) Thisolasma data. At the time of the events, the Polar spacecraft
' ¥ ' V' : was at an altitude close to apoge€s(R ) and within the po-

auroral zone magnetic field phenomena have also been calleI . .
. " . ar cap/cusp boundary layer. Wideband plasma wave, high-
magnetic cavities and magnetic bubbles. Low frequency

(f<25 Hz) electromagnetic turbulence often accompany th resolution electron and ion data and high resolution magnetic

magnetic holes. Treumann et al. (1990) have indicated tha'e'd data are L.Jsed n the_ analysgs. In conclusion, we wil
present a possible scenario that links &lfvwaves, electron

Correspondence td3. T. Tsurutani heating, magnetic holes, proton cyclotron waves and onsets
(bruce.t.tsurutani@jpl.nasa.gov) of electric bipolar pulse (electron hole) events.
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Fig. 1. An electron heating event. The vertical solid white line Fig. 2. A second electron heating event in the same format as in
in the top two panels marks the time of the electron heating eventFig. 1. The electrons are again heated isotropically.

The vertical dashed line is a time of a “background” interval. The
third and fourth rows show the electron and ion 2-D distributions,
respectively. The distributions on the left are at the time of the elec-,
tron heating event. Those on the right are during the “background”
interval. The electrons are heated isotropically.

line. A vertical dashed line gives a “background” time to be
used for comparative purposes.

It can be noted that the electron heating occurs simulta-
neously with electron and ion density increases. This is ap-
2 Data analyses parent by the broadening of the energy ranges of both types
of particles (both higher and lower energies are apparent at
We use the Polar satellite plasma wave, plasma and maghese times) and the brightening in color. The electrons are
netometer high-time resolution data for the study. The in-heated to~100-200eV (note the “background” is already
strument descriptions can be found in Gurnett et al. (1995)elatively high. This will be discussed later).
Scudder et al. (1995) and Russell et al. (1995), respec- The electron distribution functions during the “back-
tively. The Polar spacecraft was located near local noon ayround interval” and at the time of the first electron heat-

~08:26 UT, 20 May 1996, for the events of concern. ing event are shown in the next to bottom right and next to
the bottom left distribution plots, respectively. The distribu-

3 Results tion functions are determined by using data from two space-
craft spins, or~13s. The proton distribution functions dur-

3.1 Electron heating ing the “background interval” and the electron heating event

are given in the bottom right and left panels, respectively.
Figure 1 shows the plasma environment during the time ofThe magnetic field direction is given by the horizontal dot-
one of the magnetic hole events. The top panel gives thélashed lines and black arrows (on the far right of each panel).
electrons and the second panel the ions. The Hydra instruThe solid triangles at the very bottom give the times for the
ment does not distinguish mass (however, since the predom#istribution functions.
nant ions present in the boundary layers are protons, we will Several important features can be noted in the distribu-
hereafter make the assumption that these are protons). Then plots. The electron distributions (third panels from top)
vertical scale is particle energy, the horizontal scale is time during the background interval and during the electron heat-
and the particle flux is given by the color. The onset time ofing interval are isotropic. The electron temperatures are en-
the first electron heating event is indicated by a vertical solidhanced during the ion event (note the larger radius of the yel-
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low and aqua regions). This can also be seen in the top panel 08:25:54 08:27:08
where electrons at200 eV are noted. There is no evidence _
of electron bi-directional streaming in either case. __ 130 Polar MFE (SIC coordinates) and "'YNDRA'ZO May 1996
There is a field-aligned ion beam during the background 'z ; L W
< A LA
interval. For the electron heating interval, the particle fluxes & EMMW o
are enhanced and distendedin relative to the background 299 —
(right side) case. Fluxes are enhanced at pitch angles £ | :Mh y
+45°. Thus the “change” in the ion distribution during the ;; MMWW’W: ! N‘;M“/‘M MJ‘WWWWW
event is that the field-aligned beam widens to form a “broad 135 ‘ L I el
beam” with pitch angles throughout £45° pitch. - : : A
. S . X | i, ‘
Figure 2 is in the same format as Fig. 1, but for the second i: —— W%WWWWM‘;V o WMMW\AM

electron heating event. The vertical dashed line is the back-

10
ground and the vertical solid line is the time of the electron 240

The distributions on the left are the background electrons o ; 5 W N
and ions, and the distributions on the right are the electrons _ 11702 ‘ N ,‘ ‘
and ions for the electron heating event. The background dis- & 1o} : , e
tribution for this second event are similar to those of the first < 1¢° M ]
event. For the background case, the electrons are isotropic.Z 10" ‘ ; ; ‘
When the electrons are heated, they are again heated isotrop- %822 0824 0826 0828 0830 0832
ically. During background, the ions have a pitch angle dis- ut
tribution including particles of pitch within- +30° of By.
During electron intensification, ion fluxes are increased an

ig. 3. The magnetic field in spacecraft coordinates (top four pan-
Is) and the electron density (bottom panel). The times of the two

the edge of the cone of pitch angles increaseti45°. electron heating events are indicated by vertical dashed lines. The
» electron heating events occur in regions of magnetic field depres-
3.2 Holes/cavities/bubbles sions and of ions and electron density enhancements.

The three components of the magnetic field and field mag-

nitude are shown in spacecraft coordinates in Fig. 3. In thisond wave event occurs between 08:26:39.8 to 08:27:28.9 UT.
system, is along the projection to the sun in the spin plane, This wave is elliptically polarized1 /1, = 3.9) and is prop-
Z is the rotation axis of the Polar spacecraft, gnfibrms a agating at~ 54° relative toBg. In the abovej; and i, are
right-hand system. The two electron heating events are indithe maximum and intermediate eigenvalues of the covariance
cated by vertical dashed lines. The electron events are assoGhatrix. The polarization is similar in both wave cases, and
ated with intervals where there are magnetic field magnitudqhe Oblique propagation Characteristics are aiso simiiar.
decreases (next to bottom panel) as well as corresponding The power spectra for the second electron heating event
electron density enhancements (bottom panel). These are thg shown in Fig. 6 (the results for the first event are simi-
magnetic holes (cavities/bubbles) that have been previouslyyr pyt is not shown for brevity). The time interval shown is
reported in other studies {ihr and Kbcher, 1987, Treumann  from 08:26:20 to 08:27:50 UT, 20 May 1996. The coordinate
etal., 1990; Stasiewicz et al., 2001). system used is the minimum variance system. The spectrum
The magnetic field structures are shown in high-time res-on the left is the power in the direction of maximum vari-
olution in Fig. 4. The field components are given in a min- gnce for the interval. The spectrum is more or less a steep
imum variance coordinate system, whétg Bz andBz are  power law (f23) extending from 510~2Hz to 7- 10~ 1 Hz.
the components along the maximum, intermediate, and minparticularly noticeable is a peak a2 Hz. The right panel
imum variance directions, respectively. Dashed vertical linesshows the power spectra in the field magnitude. The spectral
include intervals where the minimum variances were CalCU—features are Similar to the |eft_hand panei. There is a Steep
lated. power law spectrum from 5102 to 7- 101 Hz. The slope
The minimum variance method has been described b){s S||ght|y steeper (fz<6)_ There is again a distinct peak at
Sonnerup and Cahill (1967) and first applied to electro-~2Hz. It is noted that the spectral shape of interplanetary
magnetic wave analyses by Smith and Tsurutani (1976)magnetic fluctuations at 1 AU is also a power law, but less
The results of the analyses are shown in the hodograms ofteep. Typical spectra are® to {18 (see Table 2 in Tsu-
Fig. 5. The analyses of the first interval from 08:25:17.2 to rytani et al., 2002a). The significance of this comparison will
08:26:06.4 UT is given on the left. Assuming that this whole pe discussed later.
interval is one cycle of a wave, the wave is found to be lin-
early/elliptically polarized11/A2 = 8.4) and is propagating 3.3 Electromagnetie-2 Hz waves
ata~ 79 angle relative to the ambient magnetic field. There
are higher frequency waves superposed on this low frequencyo get more information concerning the nature of the spec-
wave. The former waves will be discussed later. The seciral peaks near2 Hz, we analyze the output of the PWI low-
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Polar MFE - 20 May 1996 (minimum variance coordinates)
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Fig. 4. The two panels correspond to the magnetic fields during and around two electron heating intervals. In each panel the interval between
the two vertical dashed lines were used to define the minimum variance coordinate system, the system used to display the field components
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Fig. 5. The hodogram for the two intervals of Fig. 4. The authors suggest that these intervals are single cyclesnofvAlfes. The waves
are linearly/elliptically polarized and are propagating &t @8d 54 relative to the ambient magnetic field, respectively.
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Fig. 6. Power spectra of the magnetic field for the interval 08:26:20 to 08:27:50 UT. The left panel is for the component along the maximum
variance direction. The right panel is for the field magnitude. Both spectra display power law forms with a superposed pétk at
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Fig. 7. Low frequency (£1Hz) waves during the first electron Fig. 8. Same as Fig. 6, but for the second electron heating event.
heating onset. The bandpass is 1Hz to 25Hz. The coordinateghe magnetic wave amplitudes are as large-8sT peak-to-peak
are magnetic field-aligned. Electromagnetic waves with peak-to-with a parallel component of 3nT. The wave frequency k9 Hz
peak amplitudes as large asl4 nT are detected. The waves are or 0.63¢p. The waves are left-hand elliptically polarized in the
mixed left-hand and right-hand polarized in the spacecraft frame.spacecraft frame, propagating at an angle-@f° relative to By,.

The ~2.3Hz waves occur at0.75%p and are thus believed to be The waves are electromagnetic proton cyclotron waves.

proton cyclotron waves.

frequency wave form receiver (LFWR) abovel Hz for the ~ quency is 3.05Hz. Thus the wave frequency is OcgSWin-
above two events. The results are shown in Figs. 7 and gmum variance analyses have been applied to the waves (not
Figure 7 corresponds to the time interval of 08:25:57.8538hown). The waves appear to be a mixture of left-and right-
to 08:26:02.493 UT on 20 May 1996 and contains the timePolarized waves propagating obliquelyBp. Detailed anal-
around the first electron heating event. Figure 8 shows the¢/Ses Of this event is beyond the scope of the present paper
time interval of 08:27:11.452 to 08:27:16.092 UT on 20 May &nd will be postponed for subsequent analyses.
1996 at approximately the time of the second electron heat- There are significant wave electric fields present as well.
ing event. In both figures, the data are plotted in field-alignedThe most interesting are the large components parallel to
coordinates, whergis in the direction of the magnetic field, Bg. There is a~4mVm~1 component that is part of
y is in the dawn-dusk direction orthogonal3pandx com-  the obliquely propagating electromagnetic waves. However
pletes the right-hand coordinate system. The top three panelbis is not the only wave component that is present. At
show the electric field components and the lower three panels-08:26:02.333 UT to 08:26:02.493 UT, there are high fre-
the magnetic field components for fluctuations above 1 Hz. quency~6 mV m~! peak-to-peak waves present. These elec-
Figure 7 shows the clear presence of large ampli-trostatic waves have a frequency ®81Hz. We note that
tude electromagnetic waves. The transverse magnetithe electrostatic waves at31 Hz are occurring at frequen-
field component is as large as1l4nT peak-to-peak (at cies above the bandpass roll off frequency of 25 Hz (the 3dB
~08:25:58.903 UT) with a significant parallel component of level). It is estimated that the attenuation at 31 Hz is 20dB.
~7nT peak-to-peak. The average wave period is 0.44 s offhus, the true amplitude of the electric waves may be ex-
a frequency of~2.3Hz. The local proton cyclotron fre- tremely large. The existence of wave components at frequen-
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Polar PWI HFWR (B-field aligned) Polar PWI HFWR (B-field aligned)
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Fig. 9. A bipolar pulse (electron hole) event onsetd18:25:55 UT, Fig. 10. Same format as Fig. 8, for a bipolar pulse event onset at
during the time of the first electron heating event. The bandpass is-08:27:08 UT. Peak parallel wave amplitudes rea&mVv m—1.
25Hz to 25 kHz. The electric signals are purely paralleBtp The
wave growth rate is-0.25 fee.

nential growth rate, Tsurutani et al. (2001a) had determined

a wave growth rate of 0.25 fee.
cies above 31 Hz cannot be addressed by this data set. In A bipolar pulse onset event occurred a08:27:08 UT,
comparison, the lower hybrid frequengfeefep is ~240Hz.  during the second electron heating event. This is shown

Figure 8 shows the presence of electromagnetic protonn Fig. 10. Again, the signals rise out of noise (at

cyclotron waves during the second electron heating event~08:27:08.120 UT) and the signals are (initially) present
The wave amplitudes are as large @9nT peak-to-peak only in E;. The waves reach an amplitude of
with a parallel component of3nT peak-to-peak. The av- +2mvm~1 by 08:27:08.137 UT. After a slight lull, the
erage wave period is 0.53s orfL.9Hz. This corresponds wave amplitude grew again and reachedt9mV m-1 by
to f = 0.63fp. The waves are left-hand elliptically polar- ~08:27:08.169 UT. By this time, the transverga | electric
ized and propagate at an angte 70° relative toBo. The  components reached amplitudes-of3 — 4mVm~L. This
maximum-to-intermediate eigenvalue ratig/A; is 19, in-  wave growth rate was approximately five times slower than
dicating the waves are highly elliptically polarized. There that of the Fig. 9 event.
are also significant parallel electric field components with
E; ~ 2—4mvmL Again, much of the electric oscilla-
tions are associated with the obliquely propagating protord Summary

cyclotron waves, but there is also a high frequency wave )
component present as well, similar to the case in Fig. 7. We have shown the simultaneous presence of many
plasma/plasma wave phenomena in a region of the po-

3.4 Electrostatic bipolar pulses lar cap/cusp boundary layer. Electron heating events
and ion density enhancements are detected in magnetic
An electric bipolar pulse onset event that occurred duringholes/cavities/bubbles. The ion events have many features
the first electron heating event is shown in Fig. 9. Thesimilar to cusp injection events (Savin et al., 1998; Pick-
event onset occurs at08:25:55 UT. At~08:25:54.581UT ett et al.,, 2002). Large amplitude, obliquely propagating
the E| signal (third panel from the top) appears out of back- electromagnetic waves with frequencies slightly below the
ground. It reaches a peak-to-peak amplitude-@fmV m-1 local proton cyclotron frequency were also detected during
by 08:25:54.584 UT. The rise time duration4s3- 10~3s. the electron heating events. From the frequency and polar-
There is little or noE | (topmost two panels) component in ization characteristics, these can be identified as electromag-
these signals. The local electron cyclotron frequency wasetic proton cyclotron waves (other modes are clearly present
~ 5.7 10°Hz at the time of the event. Assuming an expo- as well, but have yet to be identified). Electric bipolar pulse
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(electric hole) onsets are detected with the electron heating K K
events. There were no long-lasting electron beams present,

a mechanism previously suggested as a possible source of /

the electron holes. All of these phenomena are detected on E E

\

closed magnetic field lines, well inside the magnetopause.
This was determined by “ion soundings” (Scudder, 2002).

E
5 Discussion / 7

Note that we have not previously addressed the source of the

elevated ion and electron backgrounds shown in Figs. 1 and

2. One likely source is pulsed cusp magnetic reconnection >

(Lee and Fu, 1985; Scholer, 1988) with concomitant ion in-

jections (Lockwood et al., 1998; Boudouridis et al., 2001; Fig. 11. Two obliquely propagating electromagnetic proton cy-

Lockwood et al., 2001). In this paper we focus on further clotron waves and their parallel () component electric fields.
heating of electré)ns of these events On the top field line, the electric field components are pointing away

from each other leading to acceleration of electron beams directed
towards each other.

\
o
o

5.1 The Alfven wave ponderomotive force and electron
heating

. . Th he electrons shoul h mainl he gradien

The wave ponderomotive force on charged particles has been us, the electrons should be heated mainly by the gradient

derived by Landau and Lifschitz (1960), Lee and ParksOf't:k;er f;;aéle;ﬂ?st? fli':' ith the relevant plasma parame-
(1983) and Li and Temerin (1993) and is given below: ventin mg. 2awl vant p P

ters mentioned in the text, the energy gain can be estimated
2 1 1 from Eq. (2). It is seen that the electron can be heated up to

Fpy = —Sv(ﬁ E? - —zEf) (1) ~2keVin~6s, the time period of the steepened edge of the
dms Q- @ Alfvén wave. This is more than sufficient for the observed

energy (-200eV). These heated electrons are believed to

whereg, is the particle charge, (the subscript'is used create the magnetic holes through a diamagnetic effect.

for species the particle mas the particle gyrofre-
quenF():y an)CiL)ﬂSiS thepwave frequﬁsc y.VEFZj and V%y‘z are We have also calculated the ponderomotive energy gain
the gradients of the wave perpendicular and parallel electri(,Of lons. For the sgme W‘?VZ cyg(lje tlmg(i S?]’ the ec;\erg)f/
fields. Equation (1) can easily be obtained from the ponderogaIn Is~1eV. We do not find evidence in the lon data for

motive potentiakb p, (Bhattacharya et al., 1990; Bellan and hear;ung smultan;aoasly _W'th the elect_:%ns. Thls may fbe due
Stasiewicz, 1998) for a charged particle in a wave field: to the more gent_e eat!ng process. -1he eX|ster_1ce 0 pro_ton
cyclotron waves is certainly evidence of the possible creation

2 1 1 of anisotropic proton heating.
(= -SE) @
Qs — w? w?

wherer is the position vector of the particle, and the bracket
denotes a time average over the wave period. Equation (2) i
more suitable to calculate the energy gains for electrons an

T 4m

r~E>

q”’M:< 2

5.2 Possible sources of AlBn waves

One possible source of the Aim waves is creation by
gulsed magnetic reconnection in the cusp with consequential
propagation into the magnetosphere to the spacecraft loca-

ions. X e X
In Fig. 4a bottom panel, near the trailing edge of the_t'on' Another possibility is magnetosheath wave penetration

Alfv én wave, the steepened part is found from 08:25:58 yTinto the magnetosphere (however, it should be noted that the
to 08:26:04 UT, or a duration 6f6 s. This corresponds to a frequency spectrum o_f the boundary layer Alfvwaves was
frequency of~0.17 Hz. This is much smaller than the local St€€Per than that for interplanetary Afv waves). A third
electron cyclotron frequency 6.7 - 103Hz. For obliquely possibility is wave generation via _solar wind ram pressure
propagating Alfén waves, we have, ~ E kj/k.. Thus, pulses (Haerendel, 1994; Tsurutani et al., 2001b).

the ratio of perpendicular to parallel electric field term in

Eq. (1) can be written as: 5.3 Bipolar pulse onsets

szi/QgEﬁ ~ kai/ngﬁ (3) The isotropic electron distributions, both in the background
and simultaneously with the ion heated events, preclude
so one gets for the ratio of the two terms as: (assuming thathe possibility of the existence of long-lasting bi-directional
mZ2k% /m?kE < 1andw/Q; < 1): electron beams, thought to be a possible free energy source of
the bipolar pulse events (Omura, 1996; Kojima et al., 1997;
(m2k3 /m?kD) (%) Q) < 1 (4)  Goldman et al., 1999a, b; Singh et al., 2001; Singh, 2002).
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We would like to point out that there is a possibility to events to determine if a general, uniform picture of this pro-
generate bipolar pulses by ion beams. Ashour-Abdallah anadess emerges.
Okada (1986) have suggested a mechanism for the genera-
tion of broadband electrostatic noise (BEN) in the plasmaacknowledgementswe wish to thank J. D. Scudder and C. T. Rus-
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