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Abstract: Interactions between Pc5 pulsations and particles are investigated
with the magnetic field data obtained by the DE-1 polar orbiting satellite and the
precipitating electron data from the DMSP satellites. We found geomagnetic
conjunction events of DE-1 and DMSP in which these satellites respectively
observed Pc5 pulsations and particle precipitation approximately on the same
geomagnetic field lines. The invariant latitude ranges for the observations of Pc5
and precipitation of 3 keV electrons were almost the same. A statistical study
also showed that the region of the central plasma sheet obtained by P.T. NEWELL
and C.-I. MenG (J. Geophys. Res., 99, 273, 1994) falls in the region of the
occurrence of transverse Pc5 pulsations. The precipitation of electrons having
energies greater than 3 keV was investigated. It is shown that there are difterences
in the characteristics of 30 keV electron precipitation between the cases in which
pulsations were observed and those in which pulsations were not observed.
These results suggest that electrons are modulated by transverse Pc5 pulsations.

1. Introduction

Interactions between ULF waves and particles have been reported by many observa-
tional studies. There are some theories to explain mechanisms of ULF wave-particle
interactions.

Modulations of particle flux, which suggest the effect of drift-bounce resonance, have
been investigated by some authors. Flux modulations of energetic electrons and protons
associated with the occurrence of transverse Pc5 pulsations were found by KokuBuN et al.
(1977) from Ogo-5 observations. They showed that the modulations in protons are larger
on the morning side, while the electron modulations are larger on the afternoon side.
They concluded that these modulations stem from the drift resonance. CLADIS and
LENNARTSSON (1986) explained that the rapid loss of the westward drifting ions observed by
ISEE-1 was through a bounce resonance interaction of the ions with the standing Alfvén
waves. TAKAHASHI et al. (1990) analyzed an ion flux pulsation event associated with a
radially polarized transverse Pc5 pulsation. They concluded that the observations can be
interpreted as the result of drift-bounce resonance of the ions with the waves.

The events with flux modulations of particles which are consistent with the theoretical
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predictions by CoroniTi and KENNEL (1970) were shown by PAQUETTE et al. (1994). They
found elevated levels of VLF activity and VLF modulation at pulsation frequency in some
events, in which variations of particle precipitation begin several hundred seconds in
advance of ULF pulsations. This observation indicates an interaction between particles
and equatorial VLF waves whose activity levels are modulated by ULF waves.

A prominent feature of kinetic Alfvén wave, an Alfvén wave with a perpendicular
wavelength comparable to the ion gyroradius, is that it has a parallel electric field.
HaseGawaA and CHEN (1976) concluded that electrons are heated in the parallel direction
because of the parallel component of the wave electric field. HASEGAwA (1976) suggested
that electrons that cause the discrete aurora are accelerated by kinetic Alfvén waves to a few
keV. Recently, WEI et al. (1994) showed from simulation studies that the kinetic Alfvén
wave causes field-aligned potential drops of several kiloelectron volts.

In this study we investigate characteristics of electron precipitation associated with
transverse PcS pulsations, using the magnetic field data from DE-I and the precipitating
electron data from DMSP. We present observational evidence suggesting interactions
between ULF waves and electrons.

2. Data Set

The magnetic field data used here were obtained by the triaxial fluxgate magnetometer
(MAGA) on board the DE-1 polar orbiting satellite, which was launched on August 3,
1981 (See FARTHING et al. (1981) for the specifics of the magnetometer). The orbit of
DE-1 had initial apogee at 4.6 R, geocentric distance, period of about 7 hours, and
inclination of 90" (HoFFMAN and SCHMERLING, 1981).  Only the data obtained near apogee
(where the magnitude of the main field is less than 1000 nT) were used in this study. Data
used are spin-period averages of | sample per 6 s.

For precipitating electron data we used those obtained by the SSJ/4 electrostatic
analyzer on the Defense Meteorological Satellite Program (DMSP) F6 and F7 satellites
(HARDY et al., 1984). The particle precipitation was measured in the energy range from
32eV to 30 keV in 20 energy channels. One complete 20-point electron spectrum is
obtained each second. The DMSP F6 and F7 satellites were launched in December 1982
and November 1983, respectively. Both satellites are sun-synchronous satellites in circular
polar orbits with altitudes of about 835 km, periods of about 100 min, and inclinations of
98.7°. The spatial coverages in magnetic local time and magnetic latitude for these
satellites are different, that is, DMSP F6 was in the dawn-dusk meridian plane and F7 was
in the 1030-2230 local time meridian plane.

3. Analysis and Results

In the period from 1984 to 1986 we found 17 cases of geomagnetic conjunctions of
DE-1 and DMSP in which these satellites respectively observed transverse Pc5 pulsations
and particle precipitation approximately on the same geomagnetic field lines. The
conjunction events were picked up during geomagnetically quiet times (4E <200 nT).
The following criteria were adopted in the selection of transverse Pc5 pulsations. (1) The
perpendicular magnetic field components are dominant in the wave. (2) The maximum
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The passes of the DE-1 and DMSP satellites in
MLT-ILAT plane for geomagnetic conjunction
event on 22 April 1984. Thick lines represent
the passes in which PcS pulsation and particle
precipitation were observed by DE-1 and DMSP,
respectively.

Transverse Pc5 pulsation observed by DE-I.
The magnetic field data are plotted in the local
magnetic coordinate system. The B, component
is tangential to the model magnetic field. The B
.\ component is directed radially outward and
the B,, component, eastward.

The upper panel shows Energy-Time diagram for
electron precipitation observed by DMSP. The
lower four panels show the number of counts
detected by 4 channels with different energies.
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amplitude of oscillation is greater than SnT. (3) The wave lasts for more than 30 min.
We defined the events which satisfy the following criteria as geomagnetic conjunction
events. (1) The invariant latitude (ILAT) ranges for observations by DE-1 and DMSP
are almost the same. (2) The difference between the magnetic local time (MLT) at the
location of DE-I and that of DMSP is less than one hour. (3) The time interval during
which DMSP observed particle precipitation is contained in the time interval during which
DE-1 observed pulsation. Most of the geomagnetic conjunction events were found in the
region around 72° [ILAT between 0600 and 1200 MLT.

Figure 1 shows an example of geomagnetic conjunction event observed on 22 April
1984. The passes of the DE-1 and DMSP satellites on which pulsation and particle
precipitation were observed, respectively, are indicated by thick lines in Fig. la. Figure Ib
shows transverse PcS pulsation with period of about 5 min observed by DE-1.  The data
are plotted in the local magnetic coordinate system. Particle precipitation observed by
DMSP is shown in Fig. lc. The period of observation of particle precipitation which is
shaded in the bottom of Fig. Ic corresponds to the period shaded in the bottom of Fig. Ib.

The region of fairly smooth, relatively unstructured precipitation of electrons having
energies of several keV at low altitudes is assumed to be a projection of the central plasma
sheet (CPS) in the magnetosphere (NEWELL et al., 1991). In Fig. Ic the ILAT range for
the observation of precipitation of 3 keV electrons is from 70.8" to 76.9°. Judging from the
characteristics of precipitation, we interpret these precipitating electrons to be CPS elec-
trons. The broken lines in Fig. Ib correspond to 70.8" and 76.9° ILAT. We assume that
DE-1 passed slowly the region in which pulsation existed. Thus we can see that a

Probability (%)

Fig. 2 MLT-ILAT distribution of occurrence probability of transverse Pc5 pulastion. The
same result as Fig. Ib of NOSE et al (1995) except for the format of presentation.
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Fig. 3.

(a)-(c) Same as Fig. la-c, except for nonexis-
tence of transverse Pc5 pulsation. Observed
on 16 September 1984.

(b) DE-1 MAG

DAY 84260

LMG ldata/6sec.

S0

dBpara
(nT)

-50

"’zs.o

50

dBperpl
(nT)

-50

]—25.0

50

dBperp2

(nT) “\x,\-\-/— LM M P

'P&e

-50 k»l

R
UT (H:M) 02:30 02:40 02:50 03:00 03:10 03:20 03:30 03:40 03:50 04:00 04:10 04:20 04:30

ALT  (km) 18426 19418 20286 21039 22209 22634 22955 23173 23287 23300
MLT (deg) 10.9 11.0 11.0 11.0 11.1 11.2 11.3 11.4 11.6 11.7
ILAT(deg) 68.6 70.4 72.0 73.5 76.2 77.5 8.7 79.9 B81.1 82.2
GLAT (deg) 54.2 57.8 61.1 64.2 70.0 72.8 75.5 78.1 80.7 83.)
GLON (deg) 122.9 120.5 118.1 115.6 110.9 108.6 106.3 104.1 102.1 100.5
(C) 1984 SEP. 16 TD260 DMSP SAT-CODE F7
) H_PTART-TIHE 031157 FOR _ELECTROANS
N g - . B o
x
= .
=
w
w
a 3.
v
1
u
3.61 Lo J
1000 |- 0.03
100 |- KEV
wE v
1000 - 0.3
100 |- KEV
[ 10+
z -
S 1000 .0
[ =] 100 KEY
G o PN
1000 30.0
100 |- KEY
10 |- .
r T T T T T W77z 2ZZ M T 1

ut  11s7 1407 1622 1832 2042 2282
CLAT -66.7 -73.4 -79.4 -81.2 -77.6 -71.5
GLON -95.9 -106.6 -130.1 -174.7 146.8 129.4
HLAT -S6.1 -63.1 -70.7 -77.6 -B4.6 -85.5

HLT 2152 2148 2139 2121 2012 1315

2507 27117 2927 3142
-64.2 -56.8 -49.6 -41.7
120.0 114.5 110.8 107.7

-79.6 -72.2 -64.
HLON -§0.3 ~-11.9 -14.6 -19.7 -37.5 -142.3 -176.4 177.2 174.

9 -57.0
s 172.9

1101 1038 1029 1025

8¢

NIAVIS 'V [ PUR VINIONS ‘A ‘RIOWIA| "] ‘3SON ‘Al



Particle Precipitation Associated with Pulsations 39

transverse PcS pulsation appeared in the ILAT range between the two broken lines which
corresponds to the ILAT range for CPS. In a number of other conjunction events, the
ILAT range for the observation of the 3 keV electron precipitation, that is, the ILAT range
for CPS and that for the observation of PcS pulsation were almost the same.

In addition to the case study shown above, a statistical investigation was carried out.
NEWELL and MENG (1994) gave projection maps of magnetospheric regions onto the
dayside ionosphere, using the particle precipitation data from DMSP. The probability
distribution of observing the CPS precipitation was shown in Plate 6a of NEWELL and
MEeNG (1994). Figure 2 shows MLT-ILAT distribution of occurrence probability of
transverse PcS pulsation investigated by NosE et al. (1995). This figure represents the
same result as that of Fig. Ib of NosE et al. (1995) except for the presentation format.
From these two figures we can see that: (1) the distribution of the CPS precipitation and
the occurrence distribution of pulsations are very similar; (2) the region of the occurrence
of transverse Pc5 pulsations falls in the region of the CPS precipitation except that
pulsations were not observed on the dusk side.

Relations between transverse PcS pulsations and the precipitation of electrons having
energies greater than 3 keV were also studied. In particular, electron precipitation of 30
keV energy was investigated. In Fig. lc, for example, 30 keV electron precipitation was
observed in a region around 72° ILAT. This region is contained in the range of appear-
ance of pulsation (Fig. Ib). Precipitation of 30 keV electrons was observed in 88.2% of all
events (15 of the 17 events). The percentage of the events with more than 10 counts of 30
keV electron precipitation was 29.4% (5 of the 17 events).

We also found 15 cases of geomagnetic conjunctions in which PcS pulsations were not
observed by DE-I. An example of geomagnetic conjunction events in which pulsations
were not observed is shown in Fig. 3. Figures 3a-c are presented in the same format as
Figs. la-c, respectively, except for nonexistence of transverse PcS pulsation. Of these 15
cases, precipitation of 30 keV electrons was not observed in more than half the cases. Only
2 events with more than 10 counts of 30 keV electron precipitation were found (the rate
being 13.3%). Results are summarized in Table I. It is shown that there are differences
in the characteristics of 30 keV electron precipitation between the cases in which pulsations
were observed and those in which pulsations were not observed.

Table 1. The rates of events associated with precipitation of 30 kel electrons.
The second and third columns represent the cases in which transverse
Pc5 pulsations were observed and those in which pulsations were not
observed, respectively. The geomagnetic conjunction events were
selected with AE <200 nT.

PcS (17 events) No Pc5 (15 events)
30 keV 88.2% 40.0%
30 keV (10 counts) 29.4% 13.3%

4. Summary and Discussion

We investigated geomagnetic conjunction events of DE-1 and DMSP. The following
results were obtained.
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(1) The ILAT interval of CPS precipitation deduced from DMSP observation and that
of the occurrence of Pc5 pulsations observed by DE-1 are almost the same.
(2) The MLT-ILAT distribution of the CPS precipitation obtained by NEweLL and

MENG (1994) and that of Pc5 occurrence are very similar.

(3) The characteristics of 30 keV electron precipitation are different between the cases in

which pulsations were observed and those in which pulsations were not observed.
These results strongly suggest the presence of ULF wave-particle interactions. The energy
of transverse PcS pulsations is supplied by the Kelvin-Helmholtz instability on the
magnetopause, and the occurrence distribution of Pc5 pulsations could be controlled by the
IMF directions (Nost et al., 1995). If electrons are modulated by pulsations, the
distribution of CPS electron precipitation would become similar to that of Pc5 occurrence.
When Pc5 pulsations were detected by DE-I1, the precipitation of 30 keV electrons was
observed by DMSP at high rates. This fact suggests that electrons are accelerated to more
than a few keV by the wave-particle interactions.

CNA pulsations have been studied by many researchers. SATO et al. (1985) indicat-
ed diurnal variations of occurrence of CNA pulsations. They showed that CNA pulsa-
tions with the period 150-600 s had an occurrence peak in the morning (0900- 1100 MLT).
CNA pulsations accompanying Pc3-5 pulsations investigated by Hicuchi et al. (1988)
have frequent occurrence in the interval of 0500- 1300 MLT. PAQUETTE et al. (1994) also
showed an MLT distribution of correlated riometer and magnetometer pulsation events.
The distribution strongly concentrated in the local morning, peaking in the vicinity of 1000
MLT. The riometer is thought to be sensitive to energetic electron precipitation with
energy in the range of 15-50 keV (HARGREAVES, 1969). These previous results are consis-
tent with our results.

SAKA et al. (1992) investigated characteristics of toroidal Pc5 pulsations in the
morning sector, using ground-based magnetometer and riometer data, electron flux data
from geosynchronous satellites, and magnetometer data of Magsat. They gave an interpre-
tation different from ours regarding the causal relationship between particle precipitation
and PcS5 waves, namely that PcS pulsations were excited by injection of electrons into the
morning sector from the nightside of the magnetosphere.

Although it is confirmed in this study that electrons are modulated by transverse PcS
pulsations, there remains the problem of identifying the interaction mechanism(s). Using
DE-1 and -2 data, we are now investigating possible wave-particle interaction mechanisms.
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