MAGNETOSONIC WAVES AND THEIR RELATIONSHIPS WITH ENERGETIC PROTONS
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ABSTRACT

Monochromatic waves with frequencies close to/or above
the proton gyroharmonics have frequently been observed
in the vicinity of the geomagnetic equator by the GEOS
spacecraft. These waves generally consist of
harmonically-related emissions and propagate In a direc-
tion perpendicular to the DC magnetic field. The fre-
quency spectrum 1is indicative of a strong nonlinear
coupling between the various components of the spectrum.

Two different energy sources have been identified for
destabilizing these waves : a ring-like distribution of
~10 keV protons and a sharp drift boundary of these
protons. Both kinds of proton distributions can excite a
non resonant instability (flute mode) near the proton
gyrofrequency and its harmonics. Experimental results
will be discussed and compared to growth rate calcula-
tions.

Keywords: Ring Current Proton Instability, Magnetosonic
Waves Generation

l. INTRODUCTION

In addition to Ion Cyclotron Waves (ICW's) that are
commonly observed at the geostationary orbit (Roux et
al., this issue), Magnetosonic Waves (MSW's hereafter)
have been detected only recently on board the European
GEOS 1 and 2 satellites, owing to the high sensitivity of
the search-coils which equipped these spacecraft (Refs. 1
and 2). The existence of these waves was reported earlier
in Ref. 3 with data from the OGO 3 spacecraft and in
Ref. 4 with data from IMP 6 and Hawkeye |.

From the continuous observations of ULF waves between
0.2 and 11.5 Hz, the principal characteristics of these
MSW's have been established: this is discussed in
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Section 2. In the third Section, it is shown that MSW's can
be destabilized by a ring like distribution of ions having
energies ~10 keV (Ref. 2). Section 4 will be devoted to
the relationship between MSW's and sharp pressure gra-
dients in the ion distribution, which are observed in the
noon sector (Ref. 5).

2. PRINCIPAL CHARACTERISTICS

2.1 Polarization

On Figure 1 (August 23, 1978) the three components of
MSW emission recorded between 0.2 and 10 Hz are
plotted. The Bz component which is almost aligned with
the DC magnetic field E"’D is more intense than the B, and
BR components which correspond to the left and rigb_jc—

hand polarized components in a plane perpendicular to Bo’
respectively.

2.2 Harmonic structure

The harmonic structure of MSW's is a general feature
which can also be clearly identified in Figure 1. The
emission starts at 15.37 UT exactly at the proton gyro-
irequency. From thereon it splits up into three indepen-
dent emissions. The first has a frequency which decreases
with time; let us call it the emission at f.. The two others
have frequencies that increase with time, f2 and 1. While
f, is below F +, f. and f. are above it: theregore the
l ) 7 3

harmonic strucl_tlure czioes nt::wt3 depend upon the frequency of
the fundamental. This harmonic structure is not due to
nonlinear effects occurring in the detecting system.

2.3 Freguencz range

MSW's generally have their fundamental around or above
FH+. Occasionally, theses emissions can be detected well

below FH+, with a fundamental between F.. + and 2F. . +

7
in a frequency range where ICW's are oft}éﬁ observe?.eln
particular, just after a strong compression of the
magnetosphere, emissions with a polarization parallel to
B have been observed around FHe+ (Figure 2); thus MSW's

should be characterized by their polarization rather than

by their frequency range. Moreover the frequency range
covered by these emissions can exceed the Nyquist
irequency (11.5 Hz) of the ULF experiment.

2.4 Nonlinear @ugling

For intense MSW's, the harmonic structure may be the
consequence of wave-wave coupling. Figure | is an illus-
tration of this; around 16.30 UT, a detailed spectrum
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Figure 1. Frequency-time spectrograms of ULF waves observed on August 23, 1978, on GEOS 2. The three panels refer t'ci
right handed (B), left-handed (B ) and parallel to the spin axis (E"('Z) components. The r:{ngle b_etween thf Spl.:}
axis and the é?c magnetic field” 6 is ~13° the distance_ ,6 B c:t_nd the magnetic latitude Jrg ==-39%
LT =UT + 2 hours, 18 mn. The cold plasma density Noz 45 cm . Three different fundamentals fl’ f2 an f3 can
be seen.
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Figure 3. Comparison between MSW's and energetic protons July 1, 1977 at L = 6.25. The energy, pitch angle distributions,

and distribution functions f(V) in the wvelocity space measure ov%r o3 n‘;ab'n__l
) are labelled in units of 10 (cm s sr keV') . A peak at 7 keV and on

Two-dimensional isocontours of f(

are drawn on the top.

V,,V

1
the 90° pitch angle is clearly seen /{’wo left panels). Two different maxima in the direction perpendicular to B .
are evidenced (right panel). of/dv, is >0 in the close vicinity of these peaks. The wave power spectrum

computed simultaneously is drawn below. A change of reference frame was performed to align B

toB . F

. H+’ and its harmonics are also plotted.

shows that (i) harmonics up to 71, 5%, and 4 f3 are

visible and (ii) almost all combinations nf. + fk, where
n=2, 3, 4 are observed. )

2.5 Local time distribution

On the average, there is a 12 % probability to detect a
MSW event within a given hour period. It has been shown
that there are only a few events detected between 0300
and 0900 LT. Maxima oif occurrence are observed around

noon and midnight. For these periods there is a 50 % f(v)mj___;__(ﬁ @) (cm_z s_l sr_l keV_z)
probability of observing magnetosonic waves. In the £

afternoon and evening sectors, the probability is of the
order of 30 %.

2.6 Dependence on radial distance and geomagnetic
latitude

GEOS 1 has explored regions between L~4 and L~ 8, in a
magnetic latitude range -15°< 1__ <+30°. Most emissions
occur In a restricted range of A s l.e. when the
spacecraft is close to the magnetic equator (A _ <10°).
There does not seem to be a specific range of L' values
(between 4,5 and 7 at least) where these emissions can be

observed. These {findings are consistent with those of
Ref. 3.

3. MSW'S AND PROTON RING DISTRIBUTION

3.1 Experimental results

The wave phenomena described above occurred near the
proton gyrofrequency and its harmonics; therefore protons
are likely candidates for destabilizing them. The two-

7 with respect

dimensional particle data analyzed in this section were
measured on board GEOS by two experiments: (i) S 310
(Kiruna Geophysical Institute), which covers ion energies
ranging from 0.3 to 20keV (Ref.é6) and (ii)S 321
(Max-Planck Institut fiir Aeronomie), which covers the ion
energies ranging from 20 to 3300 keV (Ref. 7). From the
differential energy spectra obtained over 45 s or 3 min for
S 310 and over 5 min for § 321, the phase space density,
f(v) can be determined through the relation:

where J(E,a) is the differential proton flux. The proton
data presented here consist of three complementary plots
(Figure 3). On the left-hand side, are represented the
energy spectra for some characteristic pitch-angles: 90°,
120° and 160°. In the middle panel the pitch angle
distributions for varlous typical energies are plotted. In
this study, the selected energies are those close to the
peak of the energy spectrum, which provides the iree
energy source. On the right-hand side isocontours of the
phase space density in the (v/(, v,) velocity space are

drawn; only a fraction of the v/{, v, ) space is explored

during a spin period of GEOS 1. This last plot 1s of
particular interest for studying wave-particle interactions
since it shows that 8f/dv, > 0, while waves are observed
corresponding to a peak around 7 keV, as evidenced by the
middle panel of this figure. This peak is not only energy-
dependent, but it also depends upon the pitch angle. The
largest maximum is obtained for pitch angles close to 90°
in a limited energy range. This Is confirmed by the right
panel where two distinct peaks are clearly visualized: one

for U, ~ 1250 km/s and the second one at U; ~ 1850 km/s.




; to their shape in the v, v{é plane, these peaks will

eferenced to as rings. For this event, the energetic
con densjty, computed by a standard method 13‘

= 1.6 cm 7, whereas the total density is N ot = 65 cm”
sading to p = nr/Ntot = 0.02. At the same time, harmonic

emissions are detected in the ULF range. The fundamental

&

£ I1s equal to 1.8 F,,+ and the first harmonic is clearly

seen. The second one is not well defined. The amplitude at
fl Is 10 my. Therefore, ring-like distributions of protons
provide the free energy for MSW's growth. However, it
should be mentioned that ring-like distribution functions
of protons were always found when magnetosonic waves
were detected.

3.2 MSW's growth rate calculations

Motivated by these observations, we have computed the
growth rate of magnetosonic waves by considering a
simple theoretical model that includes a cold plasma plus
a ringlike distribution characterized by

n N
r C

where n_and N _ are the ring and cold plasma densities,

F . : .. ¥, .
respectively, and U, is the ring velocity in the perpendi-
cular direction. It is important to emphasize that the
Instability that is investigated here is basically a hydro-
magnetic Instability, since it still operates when k/ = &
Accordingly, the growth rate depends upon the éeam
density rather than upon the slope df/dv, as it would have
had for a kinetic instability. Of course, for a small but
finite k, and a smoother distribution of protons, one has

to take care of both effects in order to determine the
exact numerical value of the growth rate. The results of
these computations performed with parameters fitted
with data presented in Figure 3 are presented in Figure 4.
For low density rings (p = 0.02) the computations show
that the growth rate p is only positive when the average
velocity of the ring is larger than the Alfven velocity
(U, /V, >1). It maximizes where the cold plasma disper-
. A : T :
sion curve (w = leA) Intersects the "ringlike" solutions
(w = n£2H+). The growth rate increases with n, which may
explain’ 'why sometimes only the higher harmonics are
observed.

The growth rate calculations carried out here as well as
those performed in Ref. 8 lead to the conclusion that
wave growth is limited to the near vicinity of the various
gyroharmonics (at least for a weak ring). Many observed
events do present such a structure. However, as emphasi-
zed In part 2, some events have a fundamental frequency
that iIs not close to FH+, but still exhibits a clear
harmonic structure. For iInstance, one can have
Fl = Ly FH+, F2 = 3FH+, etc. Such a frequency spectrum

cannot a priori be described by the present growth rate
calculations. One likely possibility is that magnetosonic
waves are, In their source region, generated at Fn = i vt
by the present mechanism and then, while propagating
inward or outward (Ref.9), penetrate in regions where
FH+ Is different: accordingly, their normalized frequen-
Cles vary, thus explaining why locally Fn;EnF +. The

Interesting aspect of this interpretation is that one

obtains harmonically-related waves everywhere because
they had an harmonic structure in their source region.

4. MSW'S AND DRIFT BOUNDARIES

Drift boundaries delimit regions around the Earth into
which particles arriving from outside (e.g. the tail) cannot
penetrate under quasi-steady conditions. During disturbed
periods these boundaries move inwards and strong outward
particle density gradients may build up locally. The
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Figure 4. Dispersion relation for MSW's propagating per-
pendicular to the magnetic field in a cold
plasma + a ringlike distribution of energetic
protons with a relative density p = 2 %. The
ring velocity U, 1is greater than the Alfven
velocity Vo (U, /VA = 1.9). (a) The cold plasma
dispersion “relation ‘w = k ,V, 1s drawn (dashed
line). (b) The normalized growth rate /0., is

plotted as a function of A =k, U, /Q,.+. Eg"he
growth rate y is only large in regions where the

dispersion relation has complex conjugate roots
(dashed-portions). It peaks for different values

of A corresponding to the intersection between

the different horizontal branches (w =n ..+ i.e.

X =n) and the dispersion curve w =k llﬁA for
the cold magnetosonic mode.

occurrence of such a pressure gradient is illustrated in
Figure 5. The top panel shows ion intensities at the pitch
angles 90° + 5° in various energy channels. Before
1229 UT, the ion spectra look fairly flat in the energy
range 27-75 keV. At 1229 UT, a sudden Intensity increase
occurs In each of the five lowest energy channels, and the
"normal" monotonically decreasing energy spectrum is
thereby restored. The temporal increase shows almost no
energy dispersion at pitch angles near 90°.

The middle panel shows ion intensities for the same
energy channels but for pitch angle 150° + 5°. In the two
lowest energy channels an intensity decrease is observed
at 1000 UT and an increase shortly before 1200 UT.
Several other intensity increases can be seen in the
seventh energy channel (1109 UT, 1126 UT, 1159 UT) that
are shifted in time relative to the lower energy channels.
The enhanced ion intensities appear first at high energies
and then successively at lower energies. The three distinct
increases form three profiles that represent the energy-
dependent arrivals of drifting ions. Such ions are Injected
on drift orbits near midnight during substorm activity.
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gure 5. Energetic particle data and ULF waves from GEOS 2 for the period 0900-1400 UT on August 17, 1978. From top
Lo bottom are shown differential ion intensities in the energy range 27-225 keV, for pitch angles 90° + 5° and
150° + 5° and a frequency~time spectrogram of the B% component, parallel to the satellite spin axis. The angle

between the spin axis and the dc magnetic field is abou
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ure 6. Spacecraft-spin modulation of ion intensity
(E >27 keV) at pitch angles 90° + 10° for the
period 12:29:00 to 12:30:20 UT on August 17,
1978. The direction of the gradient with respect
to the GEQS 2 orbit is given in the inset.

13°.

During the rapid intensity increase at 1229 UT, large
€astwest asymmetries are observed at 90° pitch angle.
Figure 6 illustrates this for ions having E >27 keV at pitch
angles 90° + 10°. During each satellite rotation the
Intensity has one minimum and one maximum. This
Iindicates a spatial gradient in the ion distribution. The
gradient points almost radially outward. The maximum of
the MSW's intensity is observed when the ion boundary
Moves across the satellite (fig. 5), thus leading to the
conclusion that such a strong gradient provides a
free-energy source for destabilizing the (drift) magneto-
sonic mode. According to Ref. 10, the drift magnetfsonic

mode is destabilized wher} Nh t/Ncol <B/2 (pi/L) . FaF
B =120 nT, Nh ~],3cm wzt% a peaﬂ energy of 20 keV,

cold = 45 cm -~ we find that this instability condition is

fulfilled as soon as L., the scale length of the gradient, is
less than two ion Larmor radii. This is what is observed, as
evidenced in Figure 6 where flux of energetic ions with
20° pitch angle as a function of the spin phase angle is
modulated by 100 %.
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5. CONCLUSION

tense magnetosonic waves have been observed to be

onfined in the equatorial magnetosphere, with SB//BO and
aence k1B . Two free energy SOUurces for these waves
have been identified: ring-like distribution of protons and
strong gradients in the proton pressure. In the latter case,
a coupled drift-magnetosonic mode is destabilized. These

waves are expected to transier energy

from ten's of keV

protons down to low energy protons (<1 keV), which
cyclotron damp them.
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