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This paper reviews the principal types of electromagnetic plasma
wave emissic s produced in the high latitude auroral regions. Three
types of radiation are described: auroral kilometric radiation, auro-
ral hiss, and Z-mode radiation. Auroral kilometric radiation is a very
intense radio emission generated in the free space R—? mode by elec~
trons associated with the formation of discrete auroral arcs in the
local evening. Current theories suggest that this radiation is an
electron cyclotron resonance instability driven by an enhanced loss
cone in the auroral acceleration region at altitudes of about 1 to 2
Rg. Auroral hiss is a somewhat weaker whistler-mode emission
generated by low energy (100 eV to 10 keV) auroral electrons. The
auroral hiss usually has a V-shaped frequency-time spectrum caused by a
frequency dependent beaming of the whistler mode into a conical beam
directed upward or downward along the magnetic field. Ray path studies
indicate that the auroral hiss is generated in the same general region

as the auroral kilometric radiation, at altitudes of several Rg along

N

the auroral field lines. Z-mode radiation is a recently discovered
broadband emission similar in some respects to auroral hiss, except
that this radiation is propagating in the Z—modev\\The Z-mode radiation
is trapped in the magnetosphere at frequencies bétween the fi.p cutoff
and the upper hybrid resonance, and propagates over a large region of

the polar cap in regions where the plasma frequency is well below the
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gyrofrequency. Both the auroral hiss and Z-mode radiation are believed i
'
to be produced by Landau resonant interactions with low energy auroral i

electron beams.
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INTRODUCTION

It has been known for many years that several types of electromag-
netic plasma wave emissions are generated in the Earth's polar regions in
association with auroras. As long ago as 1933, Burton and Boardman
(1933) detected bursts of very-low-frequency (VLF) "static” at high lati-
tudes that occurred simultaneously with flashes of auroral light. Later
a variety of investigagions using ground VLF radio receivers at high
latitudes firmly established that broadband bursts of radio noise are
produced in the auroral regions during periods of enhanced auroral acti-
vity (Ellis, 1957; Martin et al., 1960; Jorgensen and Ungstrup, 1962;
Harang and Larsen, 1964). This type of VLF radio emission came to be

known as "auroral hiss,” following the classification scheme of Helliwell
(1965). Because of the low frequencies involved, it was realized rela-
tively early that the auroral hiss must be propagating in the whistler
mode. The first satellite investigation of auroral hiss was reported by
Gurnett (1966) who showed that auroral hiss is closely correlated with
intense fluxes of precipitating auroral electrons. This relationship was
subsequently confirmed and refined by a number of low-altitude satellite
studies.

The next major advance in the study of auroral plasma wave emissions

occurred when low frequency radio measurements became available from

satellites in orbits extending far out from the Earth. These spacecraft .

were able for the first time to detect radio emissions generated above
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the ionosphere, in frequency ranges which cannot propagate to the ground
or to low-altitude satellites. The first evidence of radio emissions
escaping from the Earth's magnetosphere was obtained from the Elektron 2
and 4 satellites by Benediktov et al., (1965), who showed that bursts of
noise were observed far from the Earth at frequencies of 725 kHz and 2.3
MHz in close association with geomagnetic storms. Shortly thereafter
Dunckel et al. (1970) reported similar bursts of noise at frequencies
below 100 kHz, also associated with magnetic disturbances. Further
reports of the spectrum of this noise were given by Stone (1973) and
Brown (1973). It was not until a more extensive study by Gurnett (1974)
that it was clearly established that this radio emission, which has come
to be called auroral kilometric radiation, was generated at high alti-
tudes over the auroral regions in association with bright auroral arcs.
Gurnett (1974) also shows that the total power emitted by the auroral
kilometric radiation is very large, up to 109 watts, which makes this
radio emission process by far the most powerful in the Earth's magneto-
sphere, and comparable in many respects to other intense planetary radio
sources such as Jupiter and Saturn.

In this paper we will review the principal types of electromagnetic
plasma wave emissions produced in the high latitude auroral regions, with
the main emphasis on recent developments and theoretical understanding.
Although satellite measurements of auroral plasma wave emissions have now
been available for nearly two decades, the past few years have been a
period during which very rapid advances have been made. These advances
iuvolve a number of factors. Only recently, for example, have measure-

ments been available in the critical altitude range from about 1 to 3 Rg

where the most intense auroral radio emissions are being generated.
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These in situ measurements now allow us to conduct detailed comparisons

with theory to an extent that was not previously possible. Furthermore,
in the past few years rapid advances have been made in the theoretical
understanding of the plasma instabilities involved, so that there is now
a framework of theoretical ideas to be compared with the experimental
data. We will attempt to review all of these recent developments, con-

centrating particularly on electromagnetic emissions at high frequencies,

where ilon effects are usually not important.

P Sy
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MODES OF PROPAGATION

To organize the discussion of the various types of auroral electro-
magnetic emissions it is useful to briefly review the types of plasma
wave modes that can occur in the polar ionosphere. As discussed by Stix
(1962) cold plasma theory leads to the identification of four distinct
electromagnetic modes of propagation at frequencies above the ion gyro-
frequency. These modes are the free space L-0 mode (left-hand polarized,

ordinary mode), the free space R-X mode (right~hand polarized, extra-

crdinary mode), the whistler mode and the Z-mode. The two free space
modes are the low frequency limits of the two free space electromagnetic
modes. The whistler-mode is named after the well-known lightning gener-
ated signals called whistlers (Storey, 1953), and the Z-mode is named
after a feature called the Z-trace in ground ionograms (Ratcliffe, 1959).

Although other modes can arise from hot plasma effects, for our purposes

it is sufficient to limit the discussion to the above four modes.
The frequency range of the four cold plasma modes i1s summarized in

Figure 1 for a typical electron density profile over the polar region.

The low-frequency cutoff of the free space L-O mode is at the electron
plasma frequency, fp, which 1s completely determined by the electron
density, fp = %/ng kHz, where ne is in cm™3. The low-frequency cutoff

i of the free space R~-X mode is at a frequency called the R = 0 cutoff, i3

fReg = fg/2 + /(fg/2)7 + fpz, where fg is the electron gyrofrequency.
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The whistler-mode is confined to frequencies below either fp or fg,

whichever is smaller. The Z-mode is bounded by the upper hybrid reso-

?:. nance, fygg = /fgz + fpz and the L=0 cutoff, fj-g = -fg/2 + /(fg/2)2 + fpz.

oo

Because f; and fg normally decrease with increasing radial distance,

the two free space modes can escape freely from the magnetosphere. How-

ever, these modes cannot reach the ground except for frequencies above
the maximum plasma frequency in the ionosphere, which is usually several
MHz. As can be seen from Figure 1, neither the whistler mode nor the Z-
mode can escape outward from the magnetosphere. The whistler-mode can
propagate to the ground, however, the Z-mode cannot reach the ground

N except for a very narrow band of frequencies near the base of the iono-

A T T W

sphere.
In the discussion that follows we will group the emission phe-
nomena according to the mode of propagation, starting with the two free

space modes, then the whistler mode, and finally the Z-mode.
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AURORAL KILOMETRIC RADIATION

A typical frequency-time spectrogram of auroral kilometric radiation
is shown in Figure 2., This example was obtained from a recent DE-1 pass
over the auroral zone at an altitude of about 2 to 3 Rg. As illustrated
by this example, the kilometric radiation usually consists of a very
intense band of emission in the frequency range from about 50 to 400 kHz.
The intensity of the kilometric radiation is highly variable, often
changing by as much as 60 to 80 db on time scales of ten minutes or less.
At maximum intensity the total power radiated from the Earth (based on a
~ 27 solid angle for the emission) can be as high as 10° watts, although
a more typical average value is about 107 to 108 watts (Gurnett, 1974;
Kaiser and Alexander, 1977). The periods of high intensity tend to occur
in “"storms"” lasting from a fraction of an hour to days. Occasionally,
periods occur when no radiation at all can be detected, even down to the
limit imposed by the cosmic noise background. As shown by Gurnett (1974)
the periods of high intensity are closely correlated with global auroral
displays, particularly with discrete auroral arcs in the evening sector.
An example of the type of correlation observed is illustrated in Figure
3, which shows the radio emission intensity monitored far from the Earth
by the IMP-6 spacecraft, and a corresponding series of DMSP photographs
of the aurora taken over the northern poclar region. As can be seen, the

bursts of intense kilometric radiation for DMSP orbits 1094 and 1096

occur during auroral substorms, when bright discrete auroral arcs are
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present in the evening sector. Because of the close association with
discrete auroral arcs, Gurnett (1974) suggested that the radiation was
associated with inverted-V electron precipitation bands detected by low
altitude satellites (Frank and Ackerson, 1971), which were known to cause
discrete auroral arcs. This relationship has now been confirmed by
direct in situ measurements in the auroral regions (Benson and Calvert,
1979; Green et al., 1979).

Both spatial intensity surveys (Gurnett, 1974; Gallagher and Gur-
4 nett, 1979) and direction~finding studies (Kurth et al., 1975; Alexander
and Kaiser, 1976), show that the kilometric radiation is generated along
the auroral field lines in the local evening at radial distances from
about 2 to 4 Rg. The radiation is emitted in a conical emission pattern,
the axis of which is tipped away from the sun toward about 22 to 24

hours, magnetic local time, approximately as shown in Figure 4. Because

Ve S g ey Wy w8

the radiation escapes freely from the Earth, it must be propagating in
one of the two free space modes. Several independent polarization stud-

ies provide strong evidence that the radiation is generated in the right-

hand polarized R-X mode (Gurnett and Green, 1978; Kaiser et al., 197§;
Benson and Calvert, 1979), including recent direct measurements of the
polarization with DE-1 (Shawhan and Gurnett, 1982). The polarization of

the auroral kilometric radiation is not, however, without controversy,

! since Oya and Morioka (1982) have recently presented evidence that the
radiation is propagating in the left-hand polarized L-0 mode. It is

f : possible that the kilometric radiation may consist of a mixture of both
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modes. However, the recent results of Shawhan and Gurnett (1982)
strongly indicate that the dominant component is right-hand polarized.
L-ﬁ Since the discovery of the kilometric radiation, numerous theories

have been proposed to explain this very intense emission. For a recent

review of the proposed theories, see Grabbe (1981). The recent polariza-
tion measurements and the apparent absence of very intense electrostatic
; waves in the source region, which were required by several theories, 9
i.ﬂ strongly restricts the possible mechanisms. In our opinion the most
promising mechanism is the Doppler-shifted cyclotron radiation mechanism
of Wu and Lee (1979). From very general considerations the growth rate
for the right-hand pnlarized extraordinary mode in a hot plasma can be

written

2 22 N
TCw v
] _ p_h aF . L JF .
YT L dv"vl[sv— + nCos 8 = 39 ] (1) . H
; g c C 1 g n

@

|

E,E

Q

where Ny and N, are the hot and cold electron densities, F is the distri-

bution function of the hot electrons, and vy and v, are the parallel and

perpendicular velocities relative to the magnetic field. The integral

must be evaluated along a contour in velocity space defined by the cyclo-

tron resonance condition,

]

f w(l - v2 Cos g) = wg/ 1 - vz/c2 (2)

fc

—
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where n 1is the index of refraction, 6 is the wave normal angle with
respect to the magnetic field and » is the wave frequency. As first
pointed out by Wu and Lee (1979), it is important to keep the relativistic
term in Equation 2 even for low velocities. For velocities v < ¢ and n =
1, it can be shown that the cyclotron resonance condition is a circle in
the Vis V) plane with a center at vy = cCos 6 and a radius vgp = c[Cos28 -
2Aw/wg]1’2, where Aw = w - wg.

The cyclotron resonance condition given by Equation 2, together with
the equation for the low frequency cutoff of the R-X mode, fp.g, accounts
in a relatively straightforward way for the bandwidth of kilometric radi-
ation, which almost always lies in the frequency range between about 50
and 500 kHz. Because fp.y is always well above the electron gyrofrequency
when fp > fg (see Figure 1), the.energies required to Doppler shift the
wave frequency above fp.) becomes very large, above mc2, whenever
fp 2 fg. Therefore, cyclotron resonance with low energy electrons is
is only possible for fp << fg, in the region where fp.g is near fg. A
typical plot of the minimum resonance energy, Wypeg(Min), as a function of
altitude is shown in Figure 5 for a representative high latitude electron
density profile. As indicated, the resonance energy is sufficiently low
to interact with typical auroral electron energies, Wa,rorals only between
points A and B, which correspond to upper and lower limits for cyclotron
resonance interactions of fp and f,, respectively. These upper and lower
frequency limits are in good quantitative agreement with the observed
upper and lower frequency limits of the kilometric radiation. The o

limits are mainly controlled by the points in the density profile where fp

= fg. If the electron density increases, or if the auroral energies

P
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* become too low, the frequency range for cyclotron resonance interactions
shrinks to zero, and emission cannot occur. Either of these two effects
could explain the occasional periods when no kilometric radiation is

"H detected. Also, the bandwidth of the kilometric radiation often appears

to "pinch off"” at the onset and termination of a burst. This behavior is
" readily explained if the frequency band for cyclotron resonance is being

modulated by variations in the electron density or the auroral electron

oy

energies.

Having considered the cyclotron resonance condition, we now discuss
k-« the free energy source for the cyclotron resonance instability. Two
free-energy sources can be identified in Equation 1, one corresponding
A 1 to a region of positive 3F/3vy, and the other corresponding to regions of
positive 3F/3v;. The condition 3F/3vy > 0 is characteristic of a beam- ,
type distribution, and was first proposed by Melrose (1976) as the free-
energy source of the kilometric radiation. The condition 3F/3v, > 0 is J
characteristic of a loss-cone distribution function, and is the basis of (

!

Wu and Lee's theory. Both types of free-~energy sources occur in the ;

auroral region. Figure 6, for example, shows an electron velocity dis- lJ

tribution obtained at high altitudes in the evening auroral zone from S3

3 (Mizera and Fennell, 1977) during a period of intense kilometric radi-

I
!
|
ation. Although both free-energy sources are available, the 3F/3v, term i
is most important. The reason is that the resonance condition (Equation 1
2) only gives low, ~ keV, resonance energies near § = w/2, which makes ’
the Cos 6 term in front of 3F/3v, small. Note also that the v,/c term is

small, because for the aurcoral electrons v << c.

PGl s

As discussed by Mizera and Fennell (1977), the loss-cone feature in

the distribution function is enhanced by a parallel electric field

T
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below the satellite which widens the angular size of the loss-cone at low
energies, giving the hyperbola-sﬁaped lines in Figure 6. Thus, the
existence of a parallel electric field plays an important role in enhanc-
ing the loss-cone free energy source. The maximum growth rate for the
cyclotron resonance instability is obtained by adjusting the wave normal
angle 6 and frequency w to locate the resonance circle in a position
which gives the largest possible positive contribution of 3F/3v, to the
integral in Equation 1. Usually this requires wave normal angles nearly
perpendicular to the magnetic field, & =~ 70° to 80°, and frequencies very
close to the gyrofrequency, w = 1.05 wge A specific resonance circle
which gives a high growth rate is shown in Figure 6. The growth rate for
this case has been calculated by Omidi and Gurnett (1982), yielding a
growth length for 10 e-foldings of 190 km. This growth length is compar-
able to the typical north-south thickness of an inverted-V region, which
indicates that the cyclotron resonance instability has a sufficiently
high growth rate to explain the kilometric radiation., Similar conclu-
sions have also been obtained by Dusenbery and Lyons [1982] and Melrose
et al. [1982].

Because the maximum growth rate occurs nearly perpendicular to the
magnetic field the cyclotron resonance instability has the proper emis-
sion direction required to explain the angular distribution of the radi-
ation. For waves generated near § = 7/2 the radiation tends to be
refracted into a conical emission pattern with a half angle of 50° to §0°
because of the gradient in the index of refraction near the R=0 cutoff
surface (Green et al., 1979). The superposition of many such conical

emission patterns along an extended east-west source qualitatively
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accounts for the observed emission pattern of the kilometric radiation.
The plasmapause also plays a significant role in blocking the radiation,
b producing a shadow zone near the equatorial plane, as indicated in Figure

4.

Al though spectrograms such as in Figure 2 show an almost continuous
band of emission, much higher resolution spectrograms, as in Figure 7,
i,“ show that the radiation actually consists of many extremely narrowband
emissions with rapidly varying center frequencies (Gurnett et al., 1979).
These discrete features have a marked similarity to discrete whistler-
mode emissions in the Earth's magnetosphere (Helliwell, 1965), including
many effects remarkably similar to the nonlinear interactions induced in
mAagnetospheric whistler-mode emissions by ground VLF transmitters. This
close similarity is probably more than coincidental, because if Wu and
Lee's mechanism is correct both types of emission involve a cyclotron
resonance interaction driven by a loss~cone distribution. The only dif-
ference is that the Doppler shift is downward, below fg, for the
whistler-mode emissions, and upward, above fp- = fg, for the kilometric

radiation.

Recently, Calvert (1982) has advanced an explanation which appears
to account for many of the characteristics of the fine structure. In his
model he suggests that many nearly field-aligned irregularities in the

source region produce partial reflections of the perpendicularly propa-

gating radiation, like the mirrors in a laser. The resulting feedback

makes the system operate like an oscillator, with a spectrum of normal

modes arising from the requirement for an integral number of wavelengths

around the feedback loop. This model can account for the occasional

occurrence of harmonically spaced spectral features, for example, at




RS B A e BT e e e i, oo B Wk b e R

R - auiiifiardetnuntavtdalon © . e A e bR

16

about 0549 UT in Figure 7, as well as many other detailed features., The
systematic variation in the emission frequency occurs because of changes
in the perpendicular distance between the irregularities, which force the
frequency to change, with a corresponding motion of the source region up
or down the field line to maintain the emission frequency near the gyro-

frequency. If this model is correct, the kilometric radiation may have

many features in common with a laser.
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AURORAL HISS AND SAUCERS

A typical example of an auroral hiss event observed by a low-
altitude satellite is shown in Figure 8. This spectrogram identifies two

types of emissions called "auroral hiss” and “"saucers.” Both types of

emission have a characteristic V-shaped signature on a frequency-time
spectrogram. Poynting flux measurements (Mosier and Gurnett, 1969) show
that the two types of emission are propagating in opposite directions
along the magnetic field line. The downward propagating emissions were
called auroral hiss (also, VLF hiss, and V-shaped hiss), consistent with
the prior use of this term for ground-based observations, and the upward
propagating emissions were called saucers, following the terminology
first introduced by Brice, Smith and Barrington (unpublished remarks).
Because it 1is usually difficult without Poynting flux measurements to
distinguish the upward and downward propagating emissions, the use of

these various terms has become somewhat confused in the literature.

Therefore, we refer to all of these emissions as auroral hiss, commenting
on the upgoing or downgoing nature of the propagation only when known.
Because the frequency of these emissions is well below either the elec-
tron gyrofrequency or plasma frequency, it is clear that these emissions

are propagating in the whistler mode.

i‘ The V-shaped appearance of the auroral hiss spectrum for both the
:ﬁ upgoing and downgoing waves has a simple interpretation based on the

o ; propagation of whistler-waves from a spatially localized source., Elec-

tric and magnetic field intensity comparisons show that the auroral hiss




is propagating at large wave normal angles near the resonance cone in a

regime where the whistler-mode is quasi-electrostatic. For wave normal
angles near the resonance cone it can be shown that the ray path is per-
pendicular to the resonance cone at an angle ypeg With respect to the

magnetic field, as shown in Figure 9. The angle ygog 18 given by

2

f°f

2
P
5 (3)

S
Tervres = =3 - (£2 - £%(£2 - ¢
p g

2

where S and P are defined by Stix (1962) and the approximation is
valid at high densities, fp 2 fg, and ignores ion effects. Equation
3 shows that at low frequencies the ray path is almost exactly along
the magnetic field, and that the angle of propagation increases with
increasing frequency, approaching n/2 at the upper frequency limit of
the whistler mode, either fp or fg, whichever is small. - (see Figure
1). When ion effects are included ypeg goes to zero at the lower
hybrid resonance fjyg.

If a satellite passes through the beam of radiation from a point
source, as illustrated in the right-hand panél of Figure 9, the high-
est frequencies are detected first, with progressively lower frequen-
cies as the spacecraft approaches the field line through the source.

The detailed shape of the radiation spectrum within the beam is

determined by the source geometry. For a point source the emission
will only be detected near the outer edges of the V-shaped feature,

as for the saucer in Figure 8, whereas for an extended line or sheet
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source the V-shaped feature will be filled in. Evidence for both types
ot source geometries can be found in the data (Gurnett and Frank, 1972;
James, 1976). The existence of a sharp cutoff at the edges of the V-
shaped features indicates that the source is either sharply localized
(point or horizontal line geometry) or has.a sharply defined altitude
limit (field-aligned sheet geometry). Rough estimates based on the shape
of the V-shaped cutoff place the source of the downgoing auroral hiss at
relatively high altitudes, from about 5,000 to 10,000 km (Gurnett and
Frank, 1972). The source of the upgoing auroral hiss (saucers) is much
lower in the ionosphere, from about 1,000 to 3,000 km (Mosier and
Gurnett, 1969; James, 1976). Recently, Gurnett et al. (1982) have
reported observations of upgoing auroral hiss with DE-]1 at altitudes of 2
to 3 Kg over the auroral zone. The source of these upgoing emissions
appears to be at altitudes of 0.7 ro 0.9 Rg (4500 to 5700 km). It seems
likely that DE-1 is detecting the same upgoing auroral hiss (saucer)
emissions detected by low altitude satellites, although this relationship
has not yet been established.

Comparisons with charged particle measurements have now firmly
established that the downgoing auroral hiss is closely correlated with
inverted-V electron precipitation events (Gurnett and Frank, 1972; Hoff-
man and Laaspere, 1972; Laaspere and Hoffman, 1976). The type of corre-
lation observed is illustrated in Figure 8, which shows a downgoing auro-
ral hiss event occurring almost exactly coincident with an intense
inverted-V event extending up to energies of several keV. The correla-
tion with these electron precipitation events remains good even if the

electron energies are quite low, down to 100 eV or less. The downgoing




auroral hiss emissions are observed around most of the auroral oval, from

the polar cusp on the dayside of the Earth, through local afternoon, and
into the local evening region, very similar to the region of occurrence
of inverted-V events (Frank and Ackerson, 1972). Although the Jowngoing
auroral hiss events are clearly associated with inverted-V electron
precipitation events, the upgoing auroral hiss (saucer) emissions have
never been associated with any clearly identifiable feature in the
charged particle data. Typically, the upgoing emissions occur near the

boundaries of an electron precipitation region, as is the case for the

saucer in Figure 8. This relationship has led to the idea that the up-
going emissions are associated with a return current of upgoing iono-
spheric electrons related to the nearby electron precipitation region.
The geometry of this current system and the corresponding emission
regions for the upgoing and downgoing auroral hiss are illustrated
schematically in Figure 10. Because the upgoing saucer emissions at low
altitude are of very short duration, sometimes lasting only seconds, the
spatial thickness of the return current of upgoing ionospheric electrons

must be very small, 10 km or less. Because the thickness of the return

LN e hmsy kmam e ae e e

current is small and because the electron energies involved are quite
low, ¢ 5 eV, it is believed that the electrons responsible for the up- ¢
golng saucer emissions simply could not be detected with the available y
instrumentation.

Two types of theories have been proposed to explain the auroral hiss
emissions: incoherent Cerenkov radiation (Ellis, 1957; Jorgensen, 1968;
Tayior and Shawhan, 1974) and coherent plasma instabilities (Maggs, 1976;

James, 1976; Maggs and Lotko, 19%1). Although Cerenkov radiation has
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many desirable features, it is generally concluded that this mechanism
cannot produce the high intensities typically observed in the auroral
hiss. Of the plasma instabilities which have been considered, it is
virtually certain, because of the quasi-electrostatic nature of the
whistler-mode near the resonance cone, that the emission is produced by a
Landau resonance at vy = w/k;, rather than by a cyclotron resonance. The
instability is then driven by a region of positive BF/av" in the distri-
bution function, characteristic of a beam. Because the Landau resonance
occurs for waves propagating in the same direction as the beam, this
mechanism produces downgoing emissions in the inverted-V region, in
agreement with observations.

As illustrated in Figure 6, beamlike features are a common charac-
teristic of the auroral electron distribution function and are respon-
sible for the peak in the energy spectrum of the inverted-V events. Pre-
cipitating electron beams of this type have been modelled by Maggs and
Lotko (1981). Their calculations show that whistler-mode growth occurs
over a broad range of altitudes. Computed equilibrium electric field
intensities appear to be in good agreement with observed auroral hiss
intensities when realistic beam densities are used. The observations are
therefore in reasonable agreement with theoretical predictions. The only
shortcoming of the present calculations is that they are based on elec-
tron distribution functions measured by low altitude satellites. Because
of the presence of parallel electric fields it is not clear how reliably

the low altitude measurements can be extrapolated up to the relatively

high altitude where the auroral hiss is generated.
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Z-MODE RADIATION

Because of the electrostatic character of the Z-mode near the upper
hybrid resonance, it has often.been suggested that Z-mode emissions {also
called upper hybrid emissions) should be produced by auroral electrou
beams. This mode has been considered for generating auroral kilometric
radiation via coupling with one of the free space modes (Benson, 1975;
Roux and Pellat, 1979; Oya and Morioka, 1982). Despite the theoretical
interest in Z-mode emissions very little is known about these emissions
in the auroral regions. Z-mode emissions have in at least two cases been
reported in the auroral region with low-altitude satellites (Gregory,
1969; Hartz, 1970). Gregory (1969) describes observations of Z-mode
emissions correlated with low energy auroral electrons and suggests that
the emissions are produced by Cerenkov radiation. As can be seen in
Figure 1, at low altitudes the Z-mode is confined to a relatively narrow
frequency band around fp.

Recently, the DE-]1 spacecraft has provided the first observations of
broadband Z-mode radiation in the low density region over the polar
region; in the regime where the frequency band of the Z-mode is very
broad (Gurnett et al., 1982). A typical example of the Z-mode radiation
detected by DE-1 is shown in Figure 11. The Z-mode radiation in this

case occurs in a frequency range slightly above an upgoing auroral hiss

event of the type described earlier,

The upper cutoff frequency of the

[ e )+ Lt
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auroral hiss is at the local plasma frequency, fp, as expected in the
very low density region over the polar cap where f, < fg (see Figure 1).
, ﬂ The Z-mode emission has approximately the same intensity as the auroral

hiss and has an upper frequency cutoff near the electron gyrofrequency.

In the frequency range below fg, the Z-mode is almost purely electromag-
netic with an index of refraction close to one (Ratcliffe, 1959). 1In the
altitude window between fj_.n and fg, the radiation propagates nearly iso-
tropically, with refraction away from the cutoff at fj.g, and refraction
toward a contour of constant f = fg as the wave approaches fg from below.
Because of the absence of strong directional characteristics the Z-mode
radiation can propagate considerable distances horizontally over the
polar cap in the frequency window between fj.; and fg. The long range of
propagation therefore makes it difficult to clearly establish that the
radiation originates from the auroral zone, although the auroral zone is
probably the only reasonable source.

Because of the recent identification of the polar Z-mode radiation

with DE-1 and the uncertainty about the exact source region, it is diffi

cult to be certain just how this radiation is generated. All current
theories for Z-mode emissions concentrate on the frequency range between
fg and fyyr, where the Z-mode becomes quasi-electrostatic and has very

’ low phase velocities near the resonance cone. As with the auroral hiss,

two types of emission processes have been considered: incoherent Ceren-

kov radiation (Gregory, 1969; Taylor and Shawhan, 1974), and coherent

plasma instabilities (Maggs and Lotko, 1981). In many respects the

iﬂ mechanisms proposed for explaining Z-mode emission are nearly identical




to those proposed for explaining auroral hiss. The only essential dif-

ference is the mode of propagation, and even here the similarities are
very close, because both modes of propagation are quasi~electrostatic
with wave normal angles very close to the resonance cone. Once produced
in the quasi-electrostatic region between fg; and fyyr, the radiation can
propagate into the frequency range below fg if suitable density gradients
exist in the source region. A sketch of the resulting ray paths is shown
in Figure 12, assuming an auroral source. At the present time, because
of the preliminary nature of the observations, it is too soon to know if

this mechanism will be able to account for all of the observed charac-

teristics of the Z-mode emissions.




ey

25

CONCLUSIONS

In this paper we have reviewed the principal types of electromag-

i netic plasma wave emissions observed in the Earth's polar magnetosphere.
Electromagnetic emissions have been detected from the auroral regions in
three of the four cold plasma modes: the free space R-X mode, the
whistler-mode and the Z-mode. Electromagnetic emissions are also known
3 to be produced in the free space L-0 mode by coupling with electrostatic
waves near the upper hybrid resonance (Kurth et al., 1981), however, at
the present time these emissions, called continuum radiation, have not
been identified with a high latitude source. Of these emissions the
kilometric radiation is particularly important because very similar
right-hand polarized radio emissions are known to be generated at high
latitudes in the magnetospheres of Jupiter (Warwick et al., 1979) and

Saturn (Kaiser et al., 1980), and possibly Uranus (Brown, 1976). Auroral

hiss emissions have also been detected near the Io plasma torus at Jupi-
ter (Gurnett et al., 1979). These diverse observations illustrate the
basic importance of understanding electromagnetic emission processes in
plasmas. When adequately understood it is likely that these radio emis-
sions will provide a valuable diagnostic tool for understanding plasma
processes in regions not immediately accessible to direct measurements,
such as the aurora at Jupiter and Saturn. It is only by continued study

orf these emissions in the Earth's auroral regions that we are likely to

achieve a complete understanding of the mechanisms involved.

"
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FIGURE CAPTIONS

Frequency range of the four cold plasma modes for
a representative electron density profile over the

polar region.

Frequency~time spectrogram of auroral kilometric
radiation for a high altitude DE-1 pass over the

evening auroral zone.

Intensity variations of auroral kilometric radi-
ation detected about 30 Rg from the Earth and a
sequence of photographs of the aurora taken over

the northern polar region.

Sketch of the ray paths and source region of

auroral kilometric radiation.

The minimum cyclotron resonance energy,
Wires(Min), as a function of altitude for a typi-
cal ionospheric model. Kesonance can occur only

if fp is well below fg.
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An inverted-V electron distribution function obtained

by S3-3 during a kilometric radiation event.

High resolution spectrograms of auroral kilometric
radiation from ISEE~]1 showing the very complex fine

structure of the kilometric radiation.

An example of auroral hiss and saucers obtained from a
low altitude satellite showing the correlation with an

inverted-V electron precipitation event.

Geometric constructions used to explain the V-shaped

frequency-time spectrum of auroral hiss,

The source region of the saucer and auroral hiss emis-
sions and their relationship to the inverted-V elec-
tron precipitation region and the associated return

current of upgoing ionospheric electrons.

A high altitude DE-1 pass showing an upgoing auroral
hiss event and Z-mode radiation over the evening auro-

ral zone.

Typical ray paths for the Z-mode radiation, assuming

an auroral zone source near the upper hybrid

resonance,
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