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Abstract

A strong correlation between intense, broad-band 10-105 Hz plasma
waves and 1-6 keV electrons and protons are observed on ISEE 1 and 2 at
the low latitude dayside magnetopause. Wave and particle features have
been characterized by taking averages over ten events. The 10-103 Hz
magnetic waves and the 10-105 Hz electric emissions can be represented
by the power-law spectra, Iy = 10 £-3-9 nT2/Hz and I = 3 x 105 f-2.8
V2/m? Hz, respectively. The electron and proton fluxes and spectral
shapes are nearly constant from event- to—event and are characterized by
=3 x 105 E-1.8 cm-2sec-Ister-1keV-1 and] =107 E2.5

cm-2sec- Ister 1keV-1. Using typical magnetopause plasma and field values
of 20 cm-3 and 50 nT, it is shown that the 1-10 keV electrons and protons
are scattered near the limit of strong pitch angle diffusion by the observed
waves. A precipitation flux of ~0.15 ergs/cm2 sec is calculated, indicat-
ing a significant contribution to the dayside aurora.

Introduction

It is well known that solar wind energy is transferred to the magneto-
sphere by processes such as magnetic reconnection (Dungey, 1961, Russell
and Elphic, 1979) and viscous interaction (Eastman et al., 1976; Crooker,
1977) at the Earth’s magnetopause, and is subsequently released in the
night-side magnetosphere as substorms. The purpose of this letter is to
demonstrate that wave-particle interactions are effective in transferring
energy to the magnetosphere. Plasma instabilities at the magnetopause
(Gurnett et al., 1978) can lead to rapid particle velocity space scattering
and cross field diffusion. If the flux of the particles is sufficiently high
and the rate of scattering is sufficiently rapid, the loss of particles to the
dayside ionosphere can make a significant contribution to the dayside
aurora.

The ISEE-1 and -2 wave and particle data obtained by the experiments
described in Gurnett et al., (1978) and Anderson et al. (1978) have been
used to perform a joint wave and particle study to determine the possible
consequences of wave-particle interactions at and near the Earth’s
magnetopause.

Results

Plasma Waves

Figure 1, taken from Gurnett et al. (1979), illustrates the properties of
the plasma waves in six crossings or near-crossings of the magnetopause,
indicated by the crosshatching. For each of the events, spacecraft proxi-
mity to the magnetopause has been confirmed (D. J. Williams, personal
communication) by energetic particle measurements using a technique
described in Williams et al. (1980).

Intense broadband electric (10 to 105 Hz) and magnetic (10 to 103 Hz)
signals are present at each magnetopause or near-magnetopause crossing.
These emissions have been interpreted as a superposition of an electrostatic
and an electromagnetic mode (Gurnett et al., 1979).

For a typical plasma density N ~ 20/cm3 and a magnetic field strength
Bo= 50 nT, the electron plasma frequency and gyrofrequency are f
4x10% Hz and fg ~14 x 103 Hz. Under the above conditions, when
f < fpe, the ordinary mode is evanescent. The only electromagnetic wave
which can propagate is the right-hand whistler mode, which can exist for
f<f,

g
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Clearly defined flux transfer events have been identified at three of the
six events at 1435, 1447, and 1454 UT (Russell and Elphic, 1979) by their
characteristic signature in the BN component. The other three events may
also be associated with flux transfer because the variation in B is similar
to the three previously identified events.

The peak and average spectra of the plasma wave emissions have been
calculated for 10 individual magnetopause events selected at random. The
magnetic spectra are shown in Figure 2 and the electric spectra in Figure
3. Both electric and magnetic spectra exhibit large intensity variations
from one magnetopause event to another. Several orders of magnitude
variation are shown in the figures. The spectral shapes, however, remain
relatively constant. In general, the wave intensities decrease with increas-
ing frequency, with a power law dependence. However, significant devi-
ations from this relationship are found. For example, in the left-hand
panel of Figure 3, intense emissions at ~104 Hz indicate the presence of
Langmuir waves. The turn-up of the spectra at f >10# Hz in Figure 3 is
due to electromagnetic Terrestrial Kilometric Radiation (TKR).

For purposes of this paper, we have constructed an average power law
spectra for both the electromagnetic and electrostatic waves. These are
indicated as straight lines in the right-hand panels of Figures 2 and 3.
These “typical” spectra, exclude the superposed (Langmuir and TKR)
emissions and also take account of the instrument sensitivity for the low
frequency electromagnetic waves. The “typical” spectral intensities are:
Im =10 3.9 nT2/Hz and I = 3 x 10-5 £-2.8 V2/m2 Hz for the magnetic
and electric components, respectively. The electric spectrum in the fre-
quency range 10-103 Hz, is thought to be a superposition of electromag-
netic and electrostatic waves. For f > 103 Hz, the waves are believed to
be purely electrostatic. The magnetic spectrum is due to the whistler
mode waves.

From over 150 magnetopause crossings in the dawn to noon local time
sector (identified by plasma and magnetic field characteristics from the
ISEE data pool), magnetopause waves were detected on 85% of the cross-
ings examined. It is possible that the emissions were present even more
frequently, but their intensities were below the detector threshold. An
investigation was carried out to determine if the magnetosheath magnetic
field influenced the plasma wave intensity. The results indicate that wave
intensities are not strongly dependent on either the magnetosheath mag-
netic field north-south direction or on field magnitude.

Low Energy Particles

Figure 4 illustrates the correlation typically found at the magnetopause
between plasma waves, 1 - 6 keV electrons and 5.4 - 6.6 keV protons. The
period when the intense broad-band plasma waves are detected is indicated
by the crosshatching. The event in Figure 4 is a partial magnetopause
crossing. At the left hand side of the figure, at 1400 UT, ISEE-1 is in the
magnetosheath. The spacecraft crosses the magnetopause at 1441:50 UT
and remains in the magnetopause until 1443:05 when the “magnetopause
bulge or wave” passes over the spacecraft, again leaving it in the magneto-
sheath. This event is a Flux Transfer Event (Elphic and Russell, 1979).

During this traversal into the magnetopause, intense fluxes of 1.4 - 1.6
and 4.5 - 6.0 keV electrons are detected. This steplike increase in electron
flux is called an “electron shoulder”, a feature common to the magneto-
pause (Parks et al. 1979). There is a slight proton enhancement in the
higher energy 5.4 - 6.6 keV channel during this event. The low energy
1.3- 1.7 keV proton flux in the magnetopause is approximately
unchanged from the magnetosheath values.

The onset and cutoff of both the waves and particles are found to be
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Fig. 1. Examples of the broadband plasma waves at six crossings or near
crossings of the magnetopause. The plasma wave electric and magnetic
spectra are illustrated in the top and middle panels, and the ambient mag-
netic field at the bottom. For each of the 18 electric and 13 magnetic
spectral channels shown, the wave intensities are plotted logarithmically
with five orders of magnitude displayed for each spectrum channel. The
magnetic field is in the orthogonal NLM coordinate system, with N per-
pendicular to the magnetopause, L along the projection of the magneto-
spheric Z axis onto the magnetopause, and M completing the right hand
system.

simultaneous. This correlation has been observed at many magnetopause
crossings and by simultaneous ISEE-1 and -2 measurements, with suitable
delays. This feature can only be explained by a very sharp outer boundary
for the wave-particle layer.

Figure 5 illustrates the relationship between the plasma waves, the
1.6 keV electrons and protons and the plasma and magnetic field param-
eters for the six magnetopause or near-magnetopause events which were
previously illustrated in Figure 1. The plasma and field data for this
event have been previously examined in great detail in Paschmann et al.,
(1979) and Russell and Elphic (1979). For simplicity, only the electro-
magnetic portion of the waves is displayed, as the whistler mode and elec-
trostatic emissions are time-coincident. Although the wave data are from
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Fig. 2. The magnetic spectra for 10 randomly selected magnetopause
events. The left-hahd panel contains the wave peak spectra and the
right-hand panel illustrates the spectral averages over the interval. A

“typical” average power law wave spectrum has been added to the figure.

ISEE-1 and the particle and plasma/field plots are from ISEE-2, the time
separation between the two spacecraft is only 30 seconds to 1 minute,
negligible on these scales.

For each of the six magnetopause events, the relationship between the
broad-band plasma waves and the 1 - 6 keV electrons and protons is simi-
lar to that in Figure 4. A correlation exists between plasma wave enhance-
ment and the 1 - 6 keV electron and 5.4 - 6.6 keV proton flux increases
for each of the six magnetopause crossings. All of the wave and particle
onsets and terminations are sharp and thus easy to identify. The 1.3-1.7
keV magnetopause proton fluxes are essentially unchanged from magneto-
sheath values.

The magnetopause particle flux values are approximately constant
(within an order of magnitude) during these 6 crossings and are essentially
the same as those for the event in Figure 4. This relationship is found to
hold true for widely varying solar wind conditions.

Because of this feature an accurate estimation of the particle spectra
is possible using flux measurements at three energies (also Parks et al.,
1979). From the analysis of 10 events, we obtained the following:

i=3x 10° E(keV)'l'slc:m2 sec str keV
it= 107 l:'.(keV)'z'S/cm2 sec str keV

The multiple magnetopause crossings during this day are caused by
motions of the boundary across the spacecraft. Depending on the extent
of the boundary displacement, the wave-particle region is either partially
crossed (1435 - 1436, 1454 - 1456 and 1501 - 1504 UT) or entirely tra-
versed. Examples of the latter are found at 1441 and 1500 UT. Drop-outs
of the 1.3 - 1.7 keV protons (and decreases of the other electron and pro-
ton fluxes) are coincident with plasma density decreases and temperature
increases (third and fourth panels), indicating entry into the magnetosphere
proper.

Although the correlated plasma wave and 1-6 keV particle events have
been described as magnetopause events, the region is considerably wider
than the nominal thickness (1-2 pp) of the magnetopause current layer.
ISEE makes three traversals through the entire wave-particle layer during
this period (1439 - 1441, 1446 - 1448, 1457 - 1500 UT). Of these times,
the low latitude plasma boundary layer is present only once, at 1449 - 1550
UT. The extent of the wave and particle region is greater than that of the
plasma boundary layer, as the former is present from 1457 to 1500. A
rough estimate of the wave-particle boundary layer thickness can be made
by assuming that ISEE is moving through a stationary structure. A value
of 5- 7 proton gyroradii thickness is found for these events.

The correlated plasma waves and 1 - 6 keV particles are related to Flux
Transfer events for the examples shown in this note. At present it is uncer-
tain whether this is fortuitous or is a general observation. We are presently
performing a statistical analysis of numerous magnetopause crossings to
determine this relationship.

Wave-Particle Interactions and Auroral Precipitation
Both electrons and protons can be scattered in velocity space by Doppler-

shifted cyclotron resonance with fluctuating electromagnetic or electrosta-
tic emissions satisfying the resonance condition w-kj{v | |=2mn fg* . The
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Fig. 3. Same format as Figure 2, except for the wave electric field
spectra.
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right-hand polarized electromagnetic emissions undergo first order (n = 1)
cyclotron resonance with electrons moving in the opposite direction to the
waves. Because of the broad-band nature of the observed wave spectrum,
a wide range of resonant electron energies are involved. 1- 10 keV protons
can also resonate with and be scattered by the low frequency portion of the
whistler mode spectrum. Resonance with the obliquely polarized electro-
static turbulence is more complex, often involving multiple harmonic
(n>>1) interactions.

The effective rate of pitch-angle scattering during cyclotron resonant
interaction with the fluctuating wave turbulence, D, a~(Aa)2/2At, can
be approximated by:

+ 2 +
Dye ~ (B'/B,) 2‘rrfg N
+ 2 2 ES
D,y ~ €Y (e'/B) 2mf®n

for electromagnetic or electrostatic waves with wide band amplitude B'
and ' respectively. In the above expressions, By is the ambient magnetic
field strength and v} represents the fraction of the bounce period that the
particle is in resonance with the waves. The theoretical limit of strong dif-
fusion occurs when particles are scattered across the dimension of the at-
mospheric loss cone within a particle bounce time (Kennel and Petschek,
1966). For i ~ 1/5 and field lines near the magnetopause (L ~ 10), this
requires minimum electromagnetic wave amplitudes of:

By (my) ~10 E /4 (keV)
Byp4(my) ~100 E, 14 (kev)
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Fig. 4. An example of the strong correlation that exists between the
broadband plasma waves and the 1 - 6 keV electron and the 5.4 - 6.6 keV
proton flux enhancements at the magnetopause. The wave event is indi-
cated by the cross-hatching. Areas outside the cross-hatching correspond
to the magnetosheath. The 1.3 - 1.7 keV proton flux inside the wave-
particle region is essentially unchanged from magnetosheath levels.
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Fig. 5. The relationship between the magnetopause plasma waves (top
panel), the 1 - 6 keV electrons and protons (middle) and the plasma and
magnetic field parameters (bottom). The correlated plasma waves and
low energy particle events are detected at each of the six crossings or
partial crossings. The wave-particle region is characterized by sharp inner
and outer spatial boundaries.

for ions and electrons of energy Ex (keV), respectively (Thorne and
Andreoli, 1980). For strong diffusion electrostatic scattering, the requir
amplitudes are:

€'gpmV/m) ~ E 3/ (keV)/6
€' gpamV/m) ~ E,3/4 (keV)30

The mean intensity of the broad-band electromagnetic waves observed
at the magnetopause are comparable to or exceed the above requirement
for strong diffusion scattering of 1 - 10 keV electrons and protons. Inter-
action with electrostatic waves will lead to near-strong diffusion. Particles
in the energy range 1 - 10 keV should thus maintain pitch angle isotropy
and the precipitated energy flux into the atmosphere, Eprecip, can be
estimated as:

10 keV N
Erecip ™ 211‘ y [5 (E)+j* (E)] EdE = 0.15 erg/em? sec

The dayside auroral precipitation is typically < 1 erg/cm2 sec (R. H.
Eather, personal communication). The estimate calculated above indicates
that wave-particle interactions at the magnetopause make a substantial
contribution to this energy deposition. Protons comprise the predominant
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portion of the precipitating energy flux in the range 1 to 10 keV. However,
one can expect a significant flux of electrons to be present at energies
below the detected range, i.e., <1 keV. In agreement with this, substan-
tial fluxes of <500 eV electrons are almost always found in this region of
space by the LEPEDEA experiments (T. E. Eastman, personal communica-
tion). These low energy electrons cannot be effectively scattered by the
observed electromagnetic waves, but resonance with the electrostatic emis-
sions could lead to strong diffusion. A joint study is currently being under-
taken to determine the relationship between these <1.0 keV electrons and
the electrostatic emissions to determine the magnitude of additional energy
contribution to the dayside aurora.

Relativistic Electron Precipitation

The low frequency (<20 Hz) portion of the electromagnetic wave
spectrum will cyclotron resonate with relativistic electrons. The wave
intensities well exceed the level required for strong pitch angle diffusion.
It is therefore possible the relativistic electron precipitation (REP) events
which typically occur near the outer boundary of particle trapping (Brown
and Stone, 1972; Thorne and Andreoli, 1980), could be caused by resonant
interaction with these waves. During geomagnetically active periods, when
there is sufficient inward motion of the magnetopause wave region to pro-
duce overlap with the particle outer trapping boundary, REP events would
be expected. However, during more quiet periods when the region of in-
tense waves is separate from the particle trapping region, the loss rate will
be dominated by the rate of injection of relativistic electrons into the mag-
netopause wave-particle layer. These particles should be rapidly removed
within the minimum scattering lifetime, 71 ~ 100 sec, and will prevent the
buildup of sufficient flux for REP events.

Conclusions

The presence of intense electromagnetic and electrostatic emissions is
correlated with enhanced fluxes of 1 - 6 keV electrons and protons at the
Earth’s magnetopause. Wave-particle resonant interactions are sufficiently
intense to lead to strong particle pitch angle diffusion, and the resultant
precipitation represents a significant portion of the dayside auroral
energy. The measured proton-to-electron ratio in the 1 - 10 keV energy
range indicates the presence of substantial fluxes of electrons at energies
outside this range, presumably below 1 keV. The interaction between
these low energy electrons and electrostatic waves may account for the
remaining dayside auroral precipitation energy.

Although the sources of these 1 - 10 keV magnetopause particles are
not well understood at this time, the wave and particle features determined
in this article give some important clues. The 1.3 - 1.7 keV proton flux
was essentially unchanged as the spacecraft moved from the magnetosheath
into the wave-particle layer at and inside the magnetopause. Thus, one
obvious possibility is that magnetosheath protons are able to penetrate
5 -7 pp across the magnetopause current layer. Cross-field diffusion by
interaction with the plasma waves, is currently being investigated as a po-
tential transport mechanism.

The 1 - 6 keV electrons and 5.4 - 6.6 keV protons have energies well
above magnetosheath plasma values. Local stochastic acceleration of
either magnetosheath or ionospheric plasma is one possible source for
these particles. Resonant interaction with the electrostatic emissions is
more effective (than with the electromagnetic emissions) in diffusing the
particles in energy space because such interactions directly alter the mag-
nitude of the particle velocity. Using the characteristic rate of energy dif-
fusion Difj = <Av;>2/At ~ 21 fg* c2 (£'/Bo)? (e.g., Ashour-Abdalla
and Thorne, 1978) for resonant interactions with electrostatic waves, one
obtains a time scale for stochastic acceleration Tg ~ (By/€' Y2(E+/mc2)/
2nf, . For the average electric field intensities given in Figure 3, ion
accgleration to a few keV will occur within minutes.

The consequences of the magnetopause wave-particle mnteractions which
have been reported here are consistent with the known features of the day-
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side aurora. The precipitation flux should be relatively constant and should
be independent of the interplanetary magnetic field direction (and sub-
storms). Recent optical observations (Akasofu and Kan, 1979), have
demonstrated that the daytime precipitation pattern is a separate system
from the nighttime precipitation, implying that two different mechanisms
are in operation.

The dayside precipitation due to the magnetopause wave-particle inter-
actions should occur at a slightly lower latitude than the contribution due
to magnetosheath plasma entering the cusp. Further optical observations
are needed to resolve the two regions and their properties.
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