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A model based on the nonlinear coupling of electrostatic plasma waves is proposed to explain the
emission of the narrow-band Jovian kilometric radiation (nKOM) observed by the Voyager spacecraft. it
is shown that upper-hybrid branch electrostatic waves propagating through the inhomogeneities in the
outer periphery of the Io plasma torus can attain the proper geometry for localized upconversion
interactions leading to pump depletion. Plasma waves propagating into a weak density gradient (increas-
ing w,/Q,) and reflected at the critical layer (w, = w,), interact with the incident waves leading to the
electromagnetic emission at 2wy, which is beamed at large angles with respect to the background
magnetic field. In general, both L-O and R-X mode waves can be generated. The observed power and net
polarization (L-0) are consistent with pump depletion of electrostatic waves at a level of ~10 mV/m. A
possible excitation mechanism for the electrostatic waves is also discussed.

1. INTRODUCTION

It is well known from ground based observations that Jupi-
ter radiates in the decimeter and decameter wavelengths
[Burke and Franklin, 1955; Sloanaker, 1959; McClain and
Sloanaker, 1959; Carr et al., 1964; Ellis, 1965; Zabriske, 1970].
Recent satellite observations by the Pioneer spacecraft and
later by the two celebrated Voyager encounters extended the
known radio spectrum of Jupiter to hectometric and kilo-
metric wavelengths [Carr and Desch, 1976; Desch and Kaiser,
1980; Kaiser and Desch, 1980]. The wealth of phenomenology
of the Jovian magnetospheric radio emission has been com-
prehensively reviewed by Carr et al. [1983]. Unlike the well-
studied decametric radiation (DAM), Jovian kilometric radi-
ation (KOM) has received very little attention since its dis-
covery [Warwick et al., 1979a, b] till recently [ Fung, 19854, b;
Daigne and Leblanc, 1986]. KOM is further complicated by
the fact that it has two distinct components, the narrow-band
(nKOM) and the broad-band (bKOM) emission. These two
components are believed to originate from different parts of
the Jovian magnetosphere [Desch and Kaiser, 1980; Kaiser
and Desch, 1980; Green and Gurnett, 1980]; yet their simi-
larities in frequences, powers, occurrence rate, and polariza-
tion suggest that their emission mechanisms may still be relat-
ed.

In this paper, we consider the generation of the Jovan
nKOM by upconversion interactions of electrostatic plasma
waves. Such radiation mechanism has been proposed pre-
viously for the terrestrial auroral kilometric radiation [Roux
and Pellat, 1979] and the Jovian DAM [Goldstein et al., 1983].
In those cases, the interactions were assumed to be dipolelike
(e, k., , » k., and k;; ~ —k, ), and the explicit satisfaction
of the local electromagnetic dispersion relation in a magnet-
ized plasma was not emphasized. This latter condition is cru-
cial for determining the angles of propagation of the resulting
radiation. Therefore, our results presented in the following are
based on the detail satisfactions of the full dispersion relations
of the interacting waves and the wave resonance conditions
(equations (39) and (40)). Furthermore, a successful upconver-
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sion interaction requires that the group velocities of the inter-
acting waves be ordered so that the pump wave packets would
be propagating in opposite directions (colliding) when viewed
in the frame of the high frequency product wave [Kaup et al.,
1979; Fung, 1985b]. This condition, generally ignored in the
previous applications, is a stringent criterion controlling the
possible coupling configurations and the upconversion ef-
ficiency of electrostatic to electromagnetic waves [Fung,
1985b]. The final distinction between the present and the pre-
vious models is that we consider the coupling of two elec-
trostatic waves with mostly parallel instead of perpendicular
wave vectors, in accordance to the optimal coupling configu-
rations (see section 5.2).

We review first the pertinent observations of nKOM in the
next section. We then identify, in section 3, the candidate
pump waves amongst the electrostatic plasma waves observed
in the Io plasma torus; a possible excitation mechanism for
these waves will then be considered. In section 4, we develop
the formalism and the equations that describe the coherent
interaction between two electrostatic pump waves and an elec-
tromagnetic daughter wave. In section 5, we describe the cou-
pling conditions and the source moael tor nKOM. The re-
sulting polarization and power are compared to the observa-
tions in section 6.

2. NARROW-BAND JoviaN KILOMETRIC RaD1aTION (NKOM)

2.1

The radiation characteristics of the nKOM are described in
detail by Kaiser and Desch [1980] and Carr et al. [1983]. We
summarize below the relevant nKOM observations.

The detection of nKOM was first noted by Warwick et al.
[1979b], in their initial report on results from the Voyager 2
Jupiter encounter. Subsequent examinations of the Voyager 1
data also showed a distinct narrow-band component of the
Jovian kilometric radiation. The nKOM events were detected
between 60 and 150 kHz with bandwidth of 40-80 kHz. A
typical frequency of maximum flux was around 100 kHz (see
Figure 1). On the other hand, the bBKOM events [Desch and
Kaiser, 1980] can have a frequency of maximum flux around
70 kHz and a bandwidth of as high as 1 MHz. Typical nKOM
events last for a few hours and are characterized by their

Observations
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Fig. 1. A flux density spectrum for one of the stronger nKOM
events observed on February 23, 1979. A more typical nKOM spec-
trum is exemplified by the event observed on February 16, 1979
[Kaiser and Desch, 1980].

exceedingly smooth dynamic spectra. The nKOM bursts have
slow build-up and decay, with little structure. The power of
nKOM is comparable to that of their broadband counterpart
(bKOM). If the radiation field were isotropic, the equivalent
radiation power would be of the order of 10° W. A flux den-
sity spectrum normalized to an observation distance of 4 AU
is shown in Figure 1.

There has been some confusion in the proper identification
of the sense of polarization of the nKOM radiation. In the
original paper by Kaisr and Desch [1980], the nKOM events
were considered to be left-hand polarized. In a subsequent
paper, Kaiser and Desch [1984] referred to unpublished work
by Leblanc, who recognized that the exact orientation of the
electrical plane of the PRA antennas during the Jupiter en-
counter trajectory would introduce a minus sign to the projec-
tion of the wave electric field onto the electrical plane. If this
happened throughout the encounter, then the interpretation of
the sense of polarization should be reversed [Kaiser and
Desch, 1984]. However, it is now realized by Kaiser and Desch
(private communication, 1985) that the original interpretation
of the polarization was based on the strongest nKOM event
observed by Voyager 2 near closest approach, which is not
affected by the projection effect described before; thus the
original identification of LH polarization for the nKOM radi-
ation in the northern magnetic hemisphere remains correct
(see also Daigne and Leblanc [1986]). Polarization reversals
sometimes occur upon spacecraft crossings of the mag-
netospheric neutral sheet. However, there is also a large
number of current sheet crossings concurring with nKOM
events that show no polarization reversal.

A remarkable feature of the nKOM is that the same region
must remain active for a long period of time. During a three-
week interval, there were times when the nKOM was turned
off for several planetary rotations. But when the nKOM reap-
peared, they continued on with the cycle of events as if there
were no interruption of emission [Kaiser and Desch, 1980].

2.2. Source Location

Relatively strict limitations can be imposed on the source
location of the nKOM emission. After plotting the system III
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Fig. 2. The Jovian magnetosphere is shown as contours of the
electron plasma frequency in kHz in the top panel. The bottom panel
shows contours of the right-hand cutoff frequency f 5 in kilohertz
[Green and Gurnett, 1980].

longitudes of individual nKOM events from consecutive plan-
etary rotations as a function of time, Kaiser and Desch [1980]
discovered that the apparent nKOM source is rotating at a
rate that is 3-5% slower than the planetary (system III) rota-
tion rate. Based on the model of the radial breakdown in
magnetospheric corotation [Hill, 1979, 1980], this amount of
corotation lag occurs at a radial distance of 8-9 R,, where R,
is Jupiter’s planetary radius. Furthermore, from direct
measurement of bulk motions of plasma ions in the Io plasma
torus, Bagenal and Sullivan [1981] showed that the inner
Jovian magnetosphere ceases to corotate strictly with Jupiter
at distances greater than about 7.5 R,. In particular, a less
than 10% departure from corotational speed at distances be-
tween 7.5 R, and 8.5 R, provides a good agreement between
ionic compositions and dynamics of different parts of the Io
plasma torus at various radial distances.

Kaiser and Desch [1980] noted that Voyager 1 data show
nKOM events down to a distance of 12 R, from Jupiter.
Perhaps due to refraction, no nKOM was detected near Voy-
ager 1 closest approach (4.9 R,). On the other hand, Voyager 2
data show nKOM events even at times near the Voyager 2
closest encounter at 10 R,. These observations indicate that
the nKOM source must lie in the periphery of the outer part
of the Io plasma torus, between radial distances 7.5 R, to 9 R,,
where the local characteristic frequencies (w, and Q,) can sup-
port radiation of about 100 kHz. Figure 2 shows the model
contours of plasma frequencies and the R-X mode cutoff fre-
quencies in the inner Jovian magnetosphere [Green and Gur-
nett, 1980]. It will be shown in section 3 that the nKOM
source located between 7.5 and 9 R,, near the outer periphery
of the plasma torus where the plasma parameters are
characterized by 2.3 < @,/Q, < 2.7, is consistent with the ob-
servations.

3. EXCITATION OF ELECTROSTATIC
CYCLOTRON HARMONIC WAVES

In this section, we examine the possible excitation mecha-
nism of the electrostatic plasma waves observed in the Io
plasma torus. These waves may couple to produce electro-
magnetic radiation as they propagate into the resonance
region, where the frequency and wave vector matching con-
ditions (dw = 0, 8k = 0) are satisfied.



FUNG AND PAPADOPOULOS: JOVIAN KILOMETRIC RADIATION

8581

JOVICENTRIC RADIAL DISTANCE (R )

9 S CA S [ 7 8
I' l? T Y T ?r + + |‘ T T 1 T ll |l _
3500 { n
_ 3000 i .
" |- " -
E I
< 2500 i 1
° B b i
s }
bt 20001 1*
i - , ’{l i
o
Z 15001~ 4 { ﬁ‘\‘ .
Q 4 | y B
s B f ! E ; 1
& 1000 ¢ b 1 $ 3 .
] A . * ! .
w - + { ? S '}\. b
d 1 ? ‘e, _
5001 bk ! \ $
| L/‘ }\\ f‘ *‘o.
- e
[e] t v 1 1 1 L 1 L 3 i é 1 1 1 1 1
04 06 08 10 12 14 16 {:]
SPACECRAFT EVENT TIME (HR), MARCH 5, 1979
2 T Y

DISTANCE FROM CENTRIFUGAL EQUATORIAL PLANE (RJ)

|
NO STRONG LINES OBSERVED
ONLY ONE LINE OBSERVED

I GYRO HARMONICS BELOW f,,.0
AA\A\\ GYRO HARMONICS ABOVE f jun

0000000 HARMONICS ABOVE AND
BELOW fyyp

0o 1
4,
’/’/"/,})G ?
.
e,
’.gp A
%, 19
>
# =
-1 0000 ﬂﬂ/#///’”””“"a "95_.
17
-2 1 1 1 l
4q 5 6 7 8 9

RADIAL DISTANCE (R )

Fig. 3. (top) Plot of the density of the cold electron component of the Io plasma torus as a function of time derived
from measurements of the cold upper hybrid resonance frequency and magnetometer measurements of the electron
gyrofrequency. (bottom) A model of the average density distribution in meridional plane for the cold electron component
of IPT. The projection of the Voyager 1 trajectory through the IPT is coded to indicate the locations at which various

classes of plasma waves lines were detected. Spectra observed at the

[Birmingham et al., 1981].

3.1

Electron cyclotron harmonic waves, much like those ob-
served in the earth’s magnetosphere, were detected throughout
the Io plasma torus (IPT). These waves typically have [re-
quencies falling in between integral harmonics of the local
electron gyrolrequencies; thus, they are sometimes called elec-
tron hall-harmonic waves. The characteristics of these waves
observed in the Jovian magnetosphere are described in fair
detail by Kurth et al. [1980a], Scarf et al. [1981], and Birmin-
gham et al. [1981]. Figure 3 shows the meridional plane pro-
jection of the trajectory of Voyager 1 through the Io plasma
torus. The direction of the trajectory is marked by the space-
craft event time (SCET) recorded onboard of the spacecraft.

Observations

points marked A, B, C, and D are shown in Figure 4

The types of harmonics present in the different portions of the
trajectory, and hence different parts of the torus, are coded
along the projected path. Four representative spectral density
plots (Figure 4) corresponding to data taken at points A, B, C,
and D (see Figure 3) show the distinct characteristics of
various parts of the plasma torus [Birmingham et al., 1981].
The upper-hybrid resonance is a dominant feature throughout
the torus. However, the presence or absence of half-
gyroharmonics above or below the local upper-hybrid reso-
nance frequency wyy = (w,? + Q,%)"2, depends on the lo-
cation in the torus. Within the cold component (R < 5.6 R ;) of
the torus [Bagenal and Sullivan, 1981], only the upper hybrid
resonance is observed (Figure 4a). In the warm torus (5.6
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Fig. 4. Spectral density plots of gyroharmonics line emission in the IPT. Each plot is representative of a region in the
torus characterized by a distinct line spectrum [ Birmingham et al., 1981].

R; £ R £ 17.5 R,), both subharmonics and superharmonics are
present (Figures 4b and 4c). At radial distances beyond about
7.5 R, only harmonics of frequencies below the upper hybrid
resonance are detected (Figure 44).

As we will see later, the maximum frequency for elec-
trostatic waves in a cold, magnetized plasma is the upper
hybrid resonance frequency. Therefore, the cold plasma model
may be valid in the inner part (R < 5.6 R;) and the outer
periphery (R > 7.5 R;) of the plasma torus. The existence of
superharmonics in the warm torus indicates that finite temper-
ature effects of the ambient plasma are not negligible [Hub-
bard and Birmingham, 1978; Birmingham, 1981]. Since the
source region of the nKOM emission is located at distances
greater than 7.5 R, from Jupiter, where only harmonics of
frequencies below the local w,,y are observed, we consider that
the cold plasma approximation is applicable for the consider-
ation of the excitation of the electrostatic gyroharmonic
waves.

3.2. Excitation Mechanism

The excitation mechanism of the terrestrial gyroharmonic
waves has been studied quite extensively [Hubbard and Bir-
mingham, 1978; Ashour-Abdalla et al., 1979, and references
therein]. It is generally believed that the electrostatic waves
are generated by an unstable plasma distribution consisting of
1 dense, cold electron background component (< 100 ¢V) and

a hot, energetic electron component (~1 keV). Although a
loss-cone type distribution [Dory et al., 1965] is often assumed
for the energetic hot component, which acts as the free energy
source of the instability, the direct correspondence between
the odd-half cyclotron harmonic emissions and such distri-
bution function of the hot electrons has not been uniquely
established [Hasegawa, 1975; Kurth et al., 1980b; Urrutia and
Stenzel, 1983].

Figure 5 shows the Voyager 1 measurements of the electron
plasma distributions at three locations in the Io plasma torus
region [Scudder et al., 1981]. The presence of a cold back-
ground and a distinct suprathermal tail is evident. However,
there is no indication of a positive slope in the distribution of
the hot “halo” electrons. Moreover, a loss-cone in the torus
region, near the magnetic equator, may be too weak to cause a
significant wave growth. This renders the loss-cone type or
beam type instabilities unlikely to be responsible for the gener-
ation of the cyclotron harmonic waves. A plasma distribution
unstable to perturbations near the cyclotron half-harmonic
frequencies and consistent with the observed particle spectra
(Figure 5) is one with temperature anisotropy (7, > T;). Al-
though the temperature anisotropy required to produce the
higher harmonic waves might be large (see equation (11)), it is
compatible with the existence of a ring current near the mag-
netic equator [Hasegawa, 1975], at radial distances beyond 7
R,. Siscoe et al. [1981] pointed out that the sharp drop in
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Fig. 5. Plots of the electron distribution function measured at three different times in the inner Jovian magnetosphere
by Voyager 1 plasma science experiment. The measurement times, radial distance of spacecraft from Jupiter, system III
longitude of spacecraft relative to Io, and dipole magnetic latitude of spacecraft are indicated. The connected points are
data points, and the dashed lines are Maxwellian fits to the thermal background population of electrons [Scudder et al.,

1981].

density in the ramp region between 7 R ; and 8 R, (Figure 6)
can be attributed to the impoundment of the Io plasma torus
due to an inwardly directed pressure of the ring current at its
inner edge. If the current is confined to the equatorial region,
a pronounced temperature anisotropy (T, » T,) may result.
We consider next the excitation of the cyclotron hallf-
harmonic waves due to the temperature anisotropy instability.
We adopt a plasma model in which the ions are treated as an
immobile, neutralizing background, and the electrons are
found in two populations. The cold electron core can be repre-
sented by a delta function, while the hot halo component is
given by a bi-Maxwellian distribution (T, # T,); we thus have

J(0) = 1(0) + fu(v) M
J(v) = 6(v) 2
and
f"(v) = ; (T V1220612~ v )2/20,2) 3)
(27[)3/202_,_ 2veII

where « is the density ratio ng/n,, and v L and v,, are the
electron thermal speeds perpendicular and parallel to the am-
bient magnetic field, respectively.

The linear growth rate of kinetic plasma instabilities is gen-
erally given by [Harris, 1959; Mikhailovskii, 1974]

D

; @

V= T oD jow)

where the real part of the electrostatic dispersion function in a
low B plasma is given by

w 2 @
D,=1+Z% Yy P-[du

s n=—o

Ju*(k,p)
w—kuv, — nQ,

-["—Q’a—f+k af] )

z
v, Ov, ov

z.

and the imaginary part is
2

p=-23% 3 [a J,’(klp)[

nQ, 9 )
v, Ov, ov

o —kpy,—nQ)  (6)

with k,p = k, v, /Q_ The subscript s refers to the species of the
plasma components.

It is straightforward to calculate the linear growth rate of
the electrostatic waves by substituting our model distribution
function (3) into (4) to obtain
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Fig. 6. Radial profile of the magnetic flux shell density Y = NL?,
where N is the number of ions in a flux shell per unit L. The presence
of the ramp region signifies a substantially diminished level of diffu-
sive activity. The origin of this feature is attributed to pressure gradi-
ent inhibition by a prominent precipitation edge of a ring current
[Siscoe et al., 1981].
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where I, are the nth-order modified Bessel functions with
argument z, = (k,v,,/Q.)>. We note that no instability will
result from the n =0 term. For instability, we require that
y > 0. Then, in the cold plasma limit (jw — nQ,| » k.v,,) and
for a given harmonic number r = m which leads to instability,
we have an upper limit on the frequency of the unstable har-
monic

o< mn,,(1 - %ﬂ) ®)
1,

Furthermore, the most unstable wave must have frequency
that is sufficiently close to the cyclotron harmonic so that its
contribution to the growth rate (7) dominates over that of the
other terms. This is satisfied if

ex; L (o=man? > ex Hozm—va.P ©

p 2 kzv¢" p 2 kzlJe" )

It follows from (8) and (9) that the frequencies of the most

unstable waves near the mth harmonic must fall within the
range

Iy

m—-1HQ, < 0w <mQ I—T 10

L

This implies that an instability is possible (y > 0) only when

1,23,
T, “om "

a1
The minimum temperature anisotropy required for triggering
the instability is T,/T, < 1/2. When the cold plasma wave
frequencies (see equation (45))

o, ? = $H{oyy? = [ogy* — 40,'Q,2 cos? 6,1'2}

(12)

fall within the unstable frequency range (10), electrostatic
plasma waves are excited. If we now normalize all frequencies
to the electron cyclotron frequency Q, = (e|B,/(mc), we can see
that the upper hybrid branch frequency, say w,,, is restricted
to within the range

fp <f“ <(fp2 + 1)1/2

where f, = 0,/Q, and f,;, = ©;,/Q, Ih order to excite the
upper hybrid mode in a cold plasma, the wave frequencies (13)
must fall within the unstable range (10). The compatibility
between (10) and (13) dictates that for a plasma characterized
by a given w,/Q, and T)/T,, only those waves with harmonic
number m satisfying the inequality

(13)

lom— 7 — 11 <, < {1 1) (14)

1.

will be driven unstable. Thus high harmonics are generated in
the IPT, close to the magnetic or centrifugal equator where
w,/Q, is large, whereas low harmonics are produced in regions
of lower density and/or stronger magnetic field (see Figure 2).

Figure 3 shows the latitudinal and radial variations of elec-
tron density in the plasma torus region. At radial distances
between 7.5 R, and 9 R, the plasma densities are high near the
equator. The corresponding plasma frequencies (~ 142 kHz at
0600 SCET) are typically higher than the observed nKOM
frequencies. We, therefore, conclude that the source of nKOM
must be located near the outer periphery of the Io plasma
torus, away from the magnetic (or centrifugal) equator.
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Fig. 7a. (Im k)., = (7p./QXc/v,) against w,/Q, for T, =02 kev,
T,/T, =01,0a=1072

Assuming a dipole magnetic field, the electron gy-
rofrequencies in the source region near 8 R, range between 20
and 25 kHz. This implies that the observed nKOM fre-
quencies (~100 kHz) are about 5 times the local gy-
rofrequency at the source region. Thus the observed nKOM
frequencies can result from the upconversion of two upper
hybrid branch waves, each with w, >~ 5/2 Q_, generated in a
region where the plasma parameters are given by (substituting
m = 3 in equation (14))

T
23 <&<3(1——LL)
Q

T, 1s

with T,/T, < 1/6. Figure 7a shows the maximum convective
growth rate (Im k)., > (9/V,)m., Of the electrostatic upper-
hybrid waves as a function of w,/Q,, calculated according to
thie temporal growth rate (7) and group velocity [Goldstein et
al., 1983; Fung, 1985b]. In our calculations, we adopted the
following parameters: o = 1072, T, =02 keV, and T;/T, =
0.1. It was found that the most unstable zone is near 2.4 <
,/Q, < 2.5. Taking ®,/Q, = 2.45, the normalized growth rate
Im k/(Im k) as functions of k and 8 are plotted in Figures
76 and 7c. The maximum growth rate (Im k)., = 0.2 Q,/c
occurs for kc/Q, = 51, w/Q, = 2.6413, and 0 = 80° (or 100°).
The bandwidths in &, 6, and w are given by the points where
Im k/Im k|, ~0.1. We thus have 20 < kc/Q, < 180,
67 < 0 < 86, and 2.6209 < w,/Q, < 2.6454. In the next section
we discuss how these electrostatic waves can take part in an
upconversion process to produce radiation when they propa-
gate into the resonance zone.

4. THREE-WAVE INTERACTION EQUATIONS
AND THE COUPLING COEFFICIENT

The equations that describe coherent three-wave interaction
processes can be derived by the standard multiple timescale
analysis in which the wave profiles are separated into a fast

[e]
<]
T

Imk
(Im K)max

o} 20 a0 60 80 I 100
KC/fe

Fig. 7b. Im k/(ua k)max vs. kc/Q,.
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oscillating carrier wave and a slowly modulated envelope [ Da-
vidson, 1972; Hasegawa, 1975]. The wave amplitudes form the
envelope profile and are modulated by the coupling process.
The resulting set of equations, derived in the weak turbulence
regime, contains only quadratic nonlinearities. It is assumed
that, apart from the coupling nonlinearity, the linear propaga-
tion properties of these waves are unchanged, and the plasma
in which these waves propagate retains its linear dielectric
properties.

Let E; and E, be the electric field vectors of two low-
frequency electrostatic pump waves, and E; be that of a high
frequency electromagnetic wave with w; > @;, w,. If we write
the magnitudes of the wave electric field vectors E,, in terms of
their envelope profiles and carrier waves, and generalize the
propagation vectors to incorporate any linear (WKB-like) in-
homogeneity of the plasma [Rosenbluth, 1972], i.e.,

E (x, ) = g,[r, ) exp (—-iw“(ku)t + i Jrku(i) . di") (16)
o

the three-wave interaction equations become [Fung, 1985b]

a r
(5 +V;- V)s,.(r, t)=Kg;e, exp (iémt—ij 6k-df) a7
0

a r
(E +v;- V)sl(r, =K *s,,* exp (—iéwt+iJ:) ok - df) (18)

(g + V. V)ek(r, D=K, *;e;* exp (— idwt + iI ok- d") (19)
0

where

oD /ok
vV = —
» oD, /ow

(20)

wu(ky)

are the group velocities of the interacting waves with linear
dispersion relations given by D, =det D, =0 (u =i, j, k); K,
are the coupling coefficients, which for a conservative system
can be symmetrized to a unique quantity; éw and dk are the
mismatches in frequency and wave number, respectively. In
this representation, the origin ¥ = 0 is chosen to be the reso-
nance point where the frequency mismatch

o = w; — w; — w, (21)
and wave number mismatch
ok = k,(F) — k() — k) (22)

vanish (i.e., 5w = 0 and 6k = 0 at ¥ = 0).
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In the vicinity of the resonance point, we can normalize the
wave amplitudes to the action densities of the waves. In the
limit that the growth or damping rates of the plasma waves
are negligibly small, the three-wave equations can be sym-
metrized, and a unique coupling coefficient can be defined.
The energy density carried by a wave in a plasma is given by
[Landau and Lifshitz, 1960; Stix, 1962]

W,=E>*-

M

P
—(@D,)-E,

P 23

k)

or, equivalently,

W, =p,w,a,*a, (29

where p is the sign (plus or minus) of the wave energy density
determined by the derivative in (23), w, is the wave frequency,
and a,*a, is the action density. The normalized amplitude a,
of the electrostatic pump waves are given by
1/2

Erk (25)

D)k

oD,

a =
7k dw

For the electromagnetic wave, however, one must account for
the fact that the wave electric field components are coupled by
the dispersion tensor D, = D;; and the wave energy density
in the form of (24) must be expressed in terms of one compo-
nent of the electric field [ Fung, 1985b]. We then have

oD, |12

L= . 26
a; i a; aw ei ( )

L]

where ¢; can be any one of the electromagnetic wave electric
field components ¢,, &, or ¢; correspondingly, 6;,=o0, .

(o,=1,0,= ti,and o, = —1);and o, = o, , , with

o, = ! 27
> (es — n,? sin? G))e, — n,%)
€, —n?)
= 28
% g,%(e; — ;% sin? 0) (28)
and

2 = &5 — n;? sin? @, 29)

(¢, — n,%)n;* sin? 6, cos? 0,

The plus or minus sign of o, corresponds to the polarization
of L-O or R-X mode of propagation, respectively. In the cold
plasma limit, the refractive index n, and the dielectric elements
&,, &,, and &, are given by [Stix, 1962]

20(1 — o)

2 _ 21— 30
Sl R T T ey TN
with
A = [B sin* 6, + 4(1 — 2)? cos? 6,]*2
1/2
a=l-all = n-t n-l-z O

where o' = w, /w; and B'* =|Q,[|/w; are the normalized
electron plasma and cyclotron frequencies; 8, is the wave
normal angle with respect to the background magnetic field
B, = B,e,. Using (25) and (26), the steady state three-wave
interaction equations in two dimensions can be written as

bij 0
(v,.x 5 + v, E)a,- = p,Kaa, (32)
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i, ]
(vix ™ + v, E)aj = —p;K*aa,* (33)
a a * %
Ukx o + U, oz a, = —pK*aa; (34)
where K is the symmetrized coupling coefficient,
_ 4np, I(e; — "iz)(aa — "iz sin? oi)lllz M (35
w;E,E, IaD,/('iij,’,zIBD}/i)oul,}u’fIaD,,/aoul,f‘,ﬁ‘2 P
with
ig, n,2 sin 9, cos 0,
ki=e — - e 36
T ey —m® Y gy—ntsin?g, C (36)

as the polarization vector of E, [Akhiezer et al., 1975], and
JNL as the nonlinear current density driven by the coupling of
the two electrostatic pump waves.

To calculate the nonlinear current, we follow Roux and
Pellat [1979] and Goldstein et al. [1983]. Details of the calcu-
lations are given in Fung [1985b]. Apart from the assumption
of axial symmetry about the background magnetic field B, =
B,e,, no approximations have been made of the coupling ge-
ometry. In the limit of cold magnetized plasma, the linearized
density and velocity perturbations due to the two electrostatic
waves (E; and E,) propagating in the x — z plane, ie, k;, =
k.e,. + k.e,, can be ascertained from the fluid equations. The
resonance conditions dw = 0 and 6k = 0 ((21) and (22)) imply
that the Fourier-transformed nonlinear current density J,"" is
given by

e
JNL(CU;, k)= — 5 ["1(0)1’ kj)vk(wk, k)

+ mfwy, kviw;, k)] — eny V (0, k) (37

where

1
vp(wl" k) = E [(Vj kv + (v - kj)vj]

is the velocity perturbation due to the ponderomotive forces.
As E; and E, are electrostatic, there is no Lorentz term. Nor-
malizing the wave frequencies by the electron cyclotron fre-
quency Q,, we obtain the nonlinear current density J,"X(w,, k;)
[Fung, 1985b]:

¢E.E @,\
MLy k) = — aQ
Ji (CD,, l) 81th,(sz —_ 1)(1 _f;z) (Qe)
- Lise, +4, e, + ;"] (38)
with

. k
PNE=— % (f;*> — cos? 8)) sin 6, — fL{l (/> — cos? 8)) sin 6,
J k
St
f;

{k; sin 6, + k; sin 8) sin 0, sin 0,

0, 7]
_w [(sz — 1)fnzkk sin 8,

fififi
— (1 — 3 f;%k; sin 6;]
-NL__i_kl 2 _ 29)si e_ik_k 2 _ 2.0)sin 6
"= 2 (f;> —cos® 8)) sin 6, fz(f" cos® 8,) sin 0,
i k
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i 0. sin 6
BB P (fk, sin O, + fik, sin 0)

i cos 6, cos G, [ (f;2 — 1)k, sin 6,
- [ Ji

(1 —f,%)k; sin 6,
4 ]

and

. (1 — £, 2k, cos 0
]NL= k 7 k(f-'iz_COSZGJ)

z f;‘f,z

(f;2 — 1)k, cos 6,
- (f,2 —cos? )
j;;z_[,' k k.
sin @, sin 0, 2
+———[(1 — £/, *k, cos 6,

Jifik
—(f;* = 1)f %k, cos 6]

2 =~ 47
fififi

where f = »/Q,. Since we have not distinguished the two elec-
trostatic waves, our nonlinear current is general and sym-
metric upon interchanging of the subscripts j and k.

We should point out here that our derivations of the cou-
pling equations (32)(34) and the coupling coefficient (35) dif-
fers from the previous works [Roux and Pellat, 1979; Gold-
stein et al., 1983] in that it properly takes into account of the
polarization and action density of the electromagnetic wave
(equations (23) and (26)).

(k, cos G, + k; cos 6)) cos 0, cos 0,

5. CouPLING GEOMETRY AND SOURCE MODEL

In this section, we propose a source model for the nKOM
emission of Jupiter. We demonstrate that configuration con-
straints for efficient upconversion coupling [ Fung, 1985b] can
be satisfied in the Io plasma torus. We first discuss the con-
ditions that control the upconversion coupling configuration.

5.1.

Resonant three-wave interaction cannot occur among an
arbitrary triplet of waves. We list below the conditions which
allow three-wave resonant interaction. (Subscripts 1 and 2 rep-
resent the electrostatic pump waves.)

The three-wave resonance conditions are

Conditions for Coupling

(39)
40)

Wopy = WDy + Dy 2
Kow =k, + k.,

For the electrostatic (pump) waves propagating in a cold
magnetized plasma, the wave numbers k;, , must satisfy the
electrostatic approximation [Stix, 1962]:

kp»kpy s> kpy 41)

where

2

(42)

2 L
kmin = P Iaijlmax

is the minimum wave number; [g;],,, is the largest of the
dielectric elements (31) computed by using the electrostatic
wave frequencies; k, is the Debye wave number. The first
inequality in (41) is inherently satisfied by all plasma waves
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and is consistent with the cold approximation. We have thus
the following condition for the cold plasma:

Q
e (Ze), L @3)
ckpy 2 \Q, c
The satisfaction of the eigenmode dispersion relations,
Do, k)=0 44

of the interacting waves. The eigenmode frequencies of the
electrostatic waves can be easily obtained from the elec-
trostatic dispersion relation D,, = 0 [Akhiezer et al., 1975], so
that

wl.z = %{mtmz + [wu‘y4 - 4wp29e2 cos? 9]1/2} 45)

where wyy = (w,% + ©,%)"? is the upper hybrid resonance fre-
quency. The plus or minus sign in (45) corresponds to the
upper or lower hybrid branch of magnetized electron plasma
waves, respectively. The dispersion relation for the high fre-
quency electromagnetic wave in a cold plasma can be written
in the familiar form [Allis et al., 1962; Stix, 1962]

An* —Bn*+C=0 (46)

where
A =g sin? 0 + ¢, cos? §
B = (g,% — &,%) sin? 0 + ¢,2,(1 + cos? 0)
C =gy, —&,%)

The refractive indices n”?=n,? for R-X(—) and L-O(+)
modes are given by (30).

For freely propagating electromagnetic waves, their fre-
quencies must be above the respective mode cutoff frequencies
(0 o and wg_y), ie.,

Do > @ 47)
R-X

depending on the mode of propagation (L-O or R-X). Waves
with frequencies higher than the cutoff frequencies will propa-
gate freely in the medium. Contrastingly, waves with fre-
quencies below the cutoff frequencies will be tapped and re-
flected at the cutoff (n, = 0). The cutoff frequencies for the
L-0 and R-X modes can be obtained by setting n = 0 in (46)
and solving C = 0. We then have

(48)

Wy o= (Dp

and

wp.x = 3[Q, + (4,? + Q,%)'] (49)

For the occurrence of an upconversion interaction, it is re-
quired that the two pump wave packets be propagating in
opposite directions when viewed in the frame of the high fre-
quency wave packet. In a two-dimensional, steady state inter-
action described by (32) to (34), the ordering in group veloci-
ties becomes the ordering in the ratio of the components of
the group velocities [Kaup et al., 1979; Fung, 1985b], i.c.,

(C;— CXC,—C)<O (50)
where C, = (v, U,.),- For waves propagating in the x — z
plane, the group velocities can be computed directly according
to (20); their analytic expressions are given in Goldstein et al.
[1982] and Fung [1985b].
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5.2. Source Model

Due to the relatively high equivalent isotropic power (~ 10°
W) and the narrow-band nature (Aw < w) of the nKOM, we
consider the generation of the nKOM by the coherent (upcon-
version) interaction of two electrostatic electron gyroharmonic
waves observed by Birmingham et al. [1981] in the Io plasma
torus. Detailed description and the basis of our model have
been given by Fung [1985b]. We outline here only the basic
concepts involved.

The key notion in our model is to make use of the high
conversion efficiencies associated with the depletion of the
pump waves. This situation has been explored by Roux and
Pellat [1979] for the case of the auroral kilometric radiation
(AKR). By balancing the energy fluxes of the electrostatic and
electromagnetic waves, they derived a pump depletion con-
dition which is highly dependent on the inhomogeneity of the
plasma. In this paper, we adopt the results obtained via the
inverse scattering transform analysis of the full, steady state
three-wave interaction equations (32)—(34) derived in section 4
[Zakharov and Manakov, 1976; Kaup et al, 1979; Fung,
1985b]. It is found that the threshold condition for pump
depletion is equivalent to that of soliton formation; and it is
the same as the condition for the occurence of linear absolute
parametric decay instability. It is also shown that when soli-
ton solutions appear in the pump wave profiles, these solitons
are transferred into the high frequency daughter wave, leading
to the depletion of the pump waves. When the wave packet
profiles are slowly varying functions (WKB-like), we can
obtain the pump-depletion threshold for the upconversion
(soliton-exchange) interaction, expressed in terms of the nor-
malized pulse areas 4 jx Of the pump waves d; and G,. We have
defined the pulse area as

A; (1) = J‘ |qj‘,‘(z, 7)| dz (51)

where
|de_,‘(z, )|
[(Ci_k - Cj)(ck - Cj,i)]”z

194z, D) = (52)
are the so-called scattering potentials. The C, in (52) are the
ratio of the components of the group velocities as in (50); K is
the coupling coeflicient given by (35); a;, are related to the
wave amplitude profiles a;, in (32)(34), a;; = (v,,0, ;,)'%d; 4
such that (32)+(34) can be transformed to an equivalent one-
dimensional (z)-temporal (x— 1) system by dividing through
by the x components of the group velocities. The application
of the inverse scattering transform analysis to this new system
is straightforward [Zakharov and Manakov, 1976; Kaup et al.,
1979; Fung, 1985b].

For a quasi-classical (WKB) wave packet, the pump deple-
tion threshold condition is

n
A2 > (53)

We can approximate (51) and (52) by
A =~ QsL (54)

where & and L are the wave electric field amplitude and pulse
length, respectively. The parameter Q characterizes the cou-
pling process. Since the length of a wave packet is restricted
by the system size (density scale length) L, and the bandwidth
Ak as dictated by the uncertainty principle [Merzbacher,



8588

Fig. 8. Coupling configuration for the interaction of two upper
hybrid branch waves (k,, and k, ,) and an electromagnetic wave (k_,,)-

1970], L must be found within the range

1
L,>L»— (55)

Ak

Combining (53) and (54), we obtain the threshold amplitude
for the occurrence of pump depletion or absolute instability,
ie.,
n
Eyp =~ 20L (56)
When the coupling conditions in section 5.1 are satisfied by
the interacting waves, and the pump waves satisfy the soliton
threshold (g ~ &,,), strong radiation can be produced.
According to Fung [1985b], the wave configuration that
leads to upconversion coupling is mainly governed by the
ordering of the “group velocities” (50). In a two-dimensional
geometry, radiation can be generated from the collision of two
upper-hybrid waves in a cold plasma only when the plasma
waves are in the first and second (or by symmetry, in the third
and fourth) quadrants with respect to the background mag-
netic field B = Bge, (see Figure 8). Furthermore, the optimal
coupling configuration (for which the threshold for pump de-
pletion or absolute instability is a minimum) is attained when
the electrostatic wave vectors, k,, and k,,, are almost field-
aligned and have opposite parallel components (k,, =
—kpsy > kyy 5,) However, the electrostatic upper-hybrid
waves excited in our temperature anisotropy instability (sec-
tion 3.2) are mostly propagating orthogonally to the magnetic
field (@ = 80° or 100°). We will discuss in the following how
the plasma waves can arrive at the resonance coupling region

w(B)
p— va.*wﬁe
w =
+ /'
max (wpe,wpe ) ___,,—”
min (wpe,wpe) :_?\
w- \\\
\\\-
° 90° 6

Fig. 9. Eigenfrequencies of longitudinal (es) plasma oscillations as
functions of the propagation angle € in a magnetized plasma. The
solid and dashed lines refer to the dispersion curves corresponding to
higher and lower plasma densities.
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Vn

Fig. 10. The electrostatic waves (k,, 0 generated at @,/Q, = 2.45
are convected into the density gradient. The waves are reflected at the
critical layer where w, = w;. At 0, /Q, = 2.6410, the resonance con-
ditions and the optimal coupling configuration are satisfied so that
electromagnetic waves are produced by nonlinear interactions of inci-
dent and reflected waves.

via propagation effects. The simultaneous satisfaction of (50)
and the respective dispersion relations (45, 46) of the inter-
acting waves as well as the wave resonance conditions, implies
that only limited combinations of w,; and k,; (j = 1, 2) can
lead to the production of electromagnetic waves (w,.q, K..,)-
Hence, the resultant radiation is expected to be highly
beamed.

Once the plasma waves are excited, their frequencies remain
constant as they propagate. Their wavelengths, however, may
change according to the gentle (WKB) variation of the dielec-
tric properties of the plasma. Refraction and reflection of the
waves can then help turning the waves into the resonance
coupling configuration. The change in wave number (wave-
length) of a wave in a slowly varying medium, as we will see,
can be described by Snell’s law.

We notice that within a given region of the plasma (w,, Q,),
|kl is uniquely defined when w (=w,, + w,,) and 6., are
known. The frequencies of the electrostatic waves are deter-
mined by their wave normal angles (45). Hence, it is important
to note that once the electrostatic wave frequencies (@, ,, w;,)
and the electromagnetic wave normal angle (0,,) are deter-
mined, the triad of the wave vectors satisfying the k-matching
condition (40) is fixed. The remaining question then is whether
via propagation effects, such a coupling triad of waves can be
found.

We consider next the interaction of two upper hybrid
branch waves generated by the temperature anisotropy insta-
bility discussed in section 3.2. For simplicity, we only consider
the collision of two waves in the fastest growing mode @/Q, =
2.6413 and kc/Q, = 51, excited at 8 = 100° in a region where
@,/Q, = 245. According to the dispersion relation (45) of the
electrostatic waves (Figure 9), an upper hybrid branch wave of
frequency w, = w, becomes more field aligned, i.e., corre-
sponding to the optimal coupling configuration [Fung, 1985b]
when it propagates into a denser medium [Roux and Pellat,
1979]. In addition, refraction causes the wave number to in-
crease as the backward propagating (v,,v,, < 0) upper hybrid
wave becomes more and more aligned with the background
magnetic field (Figure 10). This can be seen by considering
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TABLE la. Possible Coupling Configurations Attainable by Upper Hybrid Waves Generated at
, /R, = 2.45, as they Propagate Into the Region Where w,_/Q, = 2.641
wp /Qe 01 02 oem wl /Qe wl /Qe wem /Qe kLl kLZ kem
For R-X Mode
2.6410 21 177.3 90.0 26413 26415 5283 53.726 53.749 4.537
2.6410 21 177.3 91.0 2.6413 2.6415 5.283 53.670 53.773 4.537
For L-O Mode
2.6410 21 1773 90.0 2.6413 2.6415 5.283 54.179 54.204 4.575
2.6410 2.1 1773 91.0 2.6413 2.6415 5.283 54.128 54.233 4.575
2.6410 2.1 1773 92.0 2.6413 2.6415 5.283 54.064 54.249 4.576
Snell’s law, which can be stated simply as ures 10 and 12). All possible coupling configurations that sat-
. . isfy simult ly th i i i i
K, sin (6, — o) = k, sin (6, — o) 57) isfy simultaneously the coupling conditions defined in section

where «, here, is the angle between the ambient magnetic field
and the direction of the density gradient; 8; and 6, are the
wave normal angles before and after refraction; k; and k, are
the corresponding wave numbers. Therefore, as the wave be-
comes field-aligned, we have « < #/2 < 6, < 0, (Figure 10) and
thus k, > k;. Actual couplings are not possible unless the wave
number k, is larger than the wave number excited by the
plasma instability. In our example, we require that k, > k; =
51 Q,Jc.
Solving (57) for «, we have

(k;/k; sin 0, — sin 0,)
(k;/k; cos 8, — cos 0))

tan a = (58)
It is clear that when the density gradient and magnetic field
are parallel (o = 0) or perpendicular (¢ = +7/2) to each other,
the numerator or denominator of (58) vanishes as expected.
Equation (58) allows us to ascertain the angle between the
density gradient and the ambient magnetic field in the plasma
which will facilitate the coupling.

In order to complete the vector sum of the three wave
vectors according to (40), we need two almost oppositely
propagating electrostatic waves (see Figures 8 and 10). They
can be furnished by the reflection of the incident wave (w,,,
k, = k;,). As the primary wave propagates into the density
gradient [recall that upper hybrid waves are backward trav-
elling waves, v,,.0,, < 0] and reaches the critical layer where
wy, = w,, plasma oscillations are set up along the direction of
the ambient magnetic field. Beyond this layer, however, the
local plasma frequencies are higher than the wave frequency
and the wave becomes evanescent. Absorption or reflection of
the wave may occur depending on the strengths of the damp-
ing processes [Stix, 1962]. As long as the plasma remains cold
(v, < w/k,, ki, « 1), Landau damping is negligible. Cyclotron
damping is also unimportant when both v, and k, are small
(ie., k, p,— 0). At the critical layer, k;,.(=k,) can be obtained
by setting 6, = 180° in (57). With ©,,/Q, =2.6413 and T, =
25 eV (Figure 5), we have w/k,, =~ Tv, and k, A, = 0.15. Ti.us
the cold plasma approximation is reasonably well satisfied. As
the group velocities of electrostatic waves vanish at the critical
layer (6 = 0), waves must be reflected instead of absorbed
[Fung, 1985b].

In our model, the electrostatic waves generated at 6, = 100°
to the magnetic field propagate toward the magnetic equator
and into regions of higher w,/Q,. The incident and reflected
waves then collide to produce electromagnetic waves (see Fig-

5.1 are listed in Table 1a. The plasma region in which these
couplings occur is where w,/Q, = 2.641 (ie., v, , X w,). We
see that these configurations are close to the optimal coupling
configuration. Namely, the electrostatic waves are almost field
aligned and propagating opposite to each other; whereas the
electromagnetic waves are beamed close to perpendicular
propagation. We should mention that upconversion coupling
would not occur in regions of lower densities (2.45 < w,/Q, <
2.641) because the appropriate wave numbers of the elec-
trostatic waves required for couplings are smaller than 51 Q,/c
(k;), conflicting with Snell’s law. From the allowed coupling
configurations (Table la), we have 8, = 177.3° and k,c/Q, =
53.7. Thus (58) implies that if there is an inclination of 47°
(—47°) between the density gradient and magnetic field in the
northern (southern) hemisphere, upconversion interactions of
two oppositely propagating upper hybrid waves can lead to
the generation of radiation that is beamed to within two de-
grees from the normal to the magnetic field. (Note that we
have adopted the convention that angles measured counter-
clockwise from the magnetic field are positive.) This is illus-
trated in Figure 10.

With the magnetic field pointing southward (down), Figure
10 implies that the density gradients of the nKOM source
regions (both northern and southern components) must be
pointing toward the magnetic equator and away from the cold
torus center. This may seem to contradict with the expected
directions of the density gradients in the main part of the Io
plasma torus (i.e., radially inward toward the center of the
cold torus as expected from Figure 2). However, as the outer
portion of the Io plasma torus is known to be distended, the
direction of the local density gradient normal to the magnetic
field can indeed be reversed if there is a relative increase of

TABLE 1b. Q Values Associated With the Coupling Configurations

in Table la
QLl QLZ Qnm
For R-X Mode
0.0455 0.0454 2.28
0.0723 09379 3.01
For L-0 Mode
1.57 x 1075 1.57 x 1075 1.01
6.61 x 1073 4.68 x 1073 0.297
1.62 x 1072 6.86 x 1073 0.662
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Fig. 11. Radial profile of the total number of ions per unit L shell
constructed from in-situ plasma measurements, assuming a dipole
magnetic field and a simple exponential scale height distribution for
the ions along the field lines. The uncertainties due to thermal-model
dependencies are shown by the vertical bars [Bagenal and Sullivan,
1981].

plasma density at radial distances beyond about 7.8 R,.
Shown in Figure 11 is a radial profile of the total number of
ions per unit L shell constructed [rom in-situ plasma measure-
ment [Bagenal and Sullivan, 1981]. We see that there is strong
indication of an increase in ion density for R 2 7.8 R,. Similar
behavior for the electron profile is expected due to quasineu-
trality. This feature naturally provides the proper orientation
of the density gradient with respect to the magnetic field for
the coupling of two upper hybrid branch waves.

We propose then that nonlinear coupling of upper hybrid
branch waves generated by plasma instability such as that due
to temperature anisotropy (section 3.2) can lead to the emis-
sion of the Jovian nKOM. A Jovian meridional plane projec-
tion of the source location of nKOM (shaded areas) is shown
in Figure 12. Plasma waves excited by the instability propa-
gate toward regions of higher ®,/Q, and become more field-
aligned. They are then reflected at the critical layers. The in-
teractions between the incoming and reflected waves can then
produce electromagnetic waves that are beamed normal to the
magnetic field. This situation is depicted in Figure 10.

Due to the inclination (~ 10°) between the rotational and
magnetic axes of Jupiter, both Voyager 1 and 2 spacecraft
(having inbound Jovigraphic latitudes of +4° and +7°, re-
spectively) oscillate in magnetic latitudes between positions 1
and 3 as shown in Figure 12. When the rotational and mag-
netic equators coincide, the spacecraft are in position 2. It is
apparent that when the spacecraft are in the southern mag-
netic hemisphere (position 3), the radiation observable by the
spacecraft is characterized by k., - By, < 0; whereas in the
northern magnetic hemisphere, k., - B, > 0. As we will see in
the next section these quantities are crucial for relating the
observed polarization of the radiation to the mode of propa-
gation. Since no nKOM events are detectable by Voyager 1 at
position 1, the width of the total radiation beam must be less
than about 4°, consistent with Table 1a.

6. POLARIZATION AND POWER

The net polarization of the radiation depends on the domi-
nant mode of propagation generated (R-X or L-O mode). In
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Fig. 12. Meridional inner

projection of the Jovian
netosphere. The shaded regions are the proposed locations of the
northern and southern components of then nKOM source. Also
shown are the relative positions of the Voyager spacecraft. Positions 1
and 3 are the maximum excursions of the spacecraft in magnetic
latitudes. Position 2 is when the Jovigraphic and magnetic equators
coincide.

mag

R-X mode, an electromagnetic wave propagating in the direc-
tion of the magnetic field has its electric field rotating in the
direction of gyration of electrons (right-handed). The electric
vector of an L-O mode wave propagating along a magnetic
field rotates according to ion gyration (left-handed).

Observationally, however, the sense of polarization of radi-
ation is defined according to the rotation of the electric vector
about the wave propagation vector k.. For an approaching
wave, a counterclockwise rotating electric field is right-handec
polarized (RH); a clockwise rotating electric field is left-
handed polarized (LH). Thus the mode of propagation of the
observed radiation can be determined when both the sense of
polarization and the relative orientation between the wave
vector and the background magnetic field in the source region
are known. As the net polarization of nKOM is observed to
be left-handed in the northern (magnetic) hemisphere and
right-handed in the southern hemisphere, and k., - B, > 0 in
the north and k__, - B, < 0 in the south, the nKOM must be
emitted predominantly in the L-O mode.

In Table 1b, we have listed the Q values (see (54) and (56))
corresponding to the couplings of two upper hybrid waves
(Table 1a). The pump depletion threshold can be calculated by
using (53); then we have (56)

T

Ep = EQ—L (59)

It is apparent that both Q,, and @, , for the generation of L-O
mode are smaller than they are for R-X mode; and the corre-
sponding Q. for L-O mode is also smaller than that for the
R-X mode. Hence, the generation of L-O mode requires a
stronger pump wave amplitude. Given a sufficiently strong
clectrostatic pump wave level, the L-O mode is the dominant
mode to be emitted. If we take the pulse length L to be 0.1 L,
where L, ~ 1 R, is the density scale height of the warm torus
[Bagenal and Sullivan, 1981], @,, , =~ 6 x 1072 for L-O mode
and Q;,,~4x 1072 for R-X mode (Table 1b), then the
pump depletion threshold for the generation of L-O mode is
£y, ~ 10 mV/m and that for R-X mode is g, ~ 1.3 mV/m.
Observationally, the (n + 1/2)Q, waves are amongst the
strongest clectrostatic waves measured in the inner Jovian
magnetosphere (Figure 4d). Their amplitudes do reach as high
as a few millivolts per meter to 10 mV/m [Kurth et al., 1980a;
Gurnett and Scarf, 1983]. We can, therefore, expect that elec-
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tromagnetic waves in both L-O and R-X modes can be non-
linearly excited in the outer periphery of the Io plasma torus.
The radiation flux density F_,  observed at a distance D
from the source region is given by
A

Fo=1,73 (60)
where A, is the radiation source area and I, is the specific
intensity [Bekefi, 1966] of the radiation at frequency v, band-
width Av, radiation beam solid angle subtended at the source
AQ, radiation energy density W (23) and group (energy propa-
gation) velocity v, (20); I, is given by

in

I, = 61
Y AVAQ 61)

When the electrostatic pump wave levels are high enough to
cause pump depletion (¢ ~ &), solitons are transferred into the
high frequency electromagnetic waves (see section 5.2). If the
radiation level is limited by the subsequent decay of the elec-
tromagnetic wave back into the electrostatic waves, the re-
sulting radiation then saturates at the corresponding pump-
depletion threshold level which is again given by (59) with
0 = Q.- We note here that Q__ is calculated self-consistently
with Q,, ,; the radiation saturation level obtained in this fash-
ion is valid only when the electrostatic pump waves are suf-
ficiently strong to cause pump-depletion in generating the
electromagnetic wave. The more complete description of the
relation between the “areas” of pump and daughter waves
must be used when more general situation is considered
[Fung, 1985b].

If we assume that the planetary dipole magnetic field in the
Io plasma torus region is essentially perpendicular to the mag-
netic equator, we can take the radiation emitted from every
point in the source region to be confined to a beamlet of 1
degree radius (Table 1a). This corresponds to a beamlet solid
angle of AQ =9.6 x 10™* steradian. Taking Av =40 kHz,
v, ~¢, Q. =~ 0.3 for L-O mode and 3.0 for R-X mode (Table
1b), A, =~ 10*1? (L ~ 0.1 R}), we can estimate the flux density
F,, observed at a distance of 4 AU to be 4.75 x 10722 Wm™?
Hz~! for the R-X mode, and as high as 4.75 x 1072° Wm ™2
Hz™! for the L-O mode. This is in good agreement with the
observations (Figure 1).

7. DISCUSSION

We presented a model for the generation of the narrow-
band Jovian kilometric radiation (nKOM). Using the coherent
nonlinear three-wave interaction formalism, we have found
that upconversion of two upper hybrid branch electrostatic
waves can produce clectromagnetic radiation that can account
for the observed radio emission. The model is found to be in
good agreement, both qualitatively and quantitatively, with
the observations.

The presence of electrostatic (n + 1/2)Q2, waves in the Io
plasma torus [Kurth et al., 1980a; Birmingham et al., 1981]
naturally provides the pump waves needed for the coupling. In
section 3.2, we cxamined a possible excitation mechanism for
these plasma waves. We found that in a cold plasma mixed
with a small component (ny/n. « 1) of hot electrons, uppet-
hybrid branch (w, < w, < wy) electrostatic waves can be ex-
cited if there exists a temperature anisotropy (7, > T)) in the
hot electrons. If the plasma parameters (w,, €2,) have small
spatial variations (WKB-like), then in the cold plasma limit
the plasma waves are refracted as thcy propagate. Their wave
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vectors turn toward alignment with the background magnetic
field as the ratio w,/Q, increases (Figure 9) while their wave-
lengths decrease according to Snell’s law (57). If the plasma
remains cold (v, <« w /k and ki, <« 1) and collisionless, the
plasma waves are reflected upon reaching the critical layer
(w, = w,). The interactions between the incoming and reflect-
ed electrostatic waves generate electromagnetic radiations in
both L-O and R-X modes, beamed perpendicularly to the
ambient magnetic field.

The nKOM source location is fairly well determined. From
the relative drifts of the nKOM events in system III lon-
gitudes, Kaiser and Desch [1980] have determined that the
nKOM source is situated in the outer periphery of the Io
plasma torus, where the local plasma characteristic frequencies
(@,, Q) can support waves of frequencies comparable to the
nKOM frequencies. Direct plasma measurements made at
7.5-8 R, in the plasma torus also confirmed the deviation
from corotation at this outer portion of the plasma torus [ Ba-
genal and Sullivan, 1981]. Our study concluded in sections 2
and 3 that a reasonable nKOM source location is the region
of the plasma torus near 8 R, where the plasma parameters
are given by 2.3 < ®,/Q, < 2.7. Two such regions exist in the
torus, one in each magnetic hemisphere at magnetic latitudes
¢, ~ +10° Due to the inclination between the magnetic (cen-
trifugal) and Jovigraphic equators of Jupiter by about 10°, the
magnetic latitudes of the Voyager spacecraft (which have Jovi-
graphic latitudes of +4° and +7° for V1 and V2, respectively)
vary between the range of —6° < ¢, < +17°. Therefore,
except perhaps when the north magnetic pole is tipped toward
the spacecraft, the nKOM radiation detected in the northern
magnetic hemisphere is characterized by k., - B, > 0 while
when the spacecraft are in the southern (magnetic) hemisphere,
the detected radiation is characterized by k., - B, < 0 (Figure
12). For L-O mode radiation, the polarization observed north
of the neutral sheet would then be left handed; in the southern
hemisphere it would be right handed. This can account for the
polarization reversal of nKOM events during current sheet
crossings [Kaiser and Desch, 1980, 1984]. When the northern
magnetic pole is tilted toward the spacecraft, the (northern)
source of nKOM is situated at a lower latitude (¢,, ~ 10°)
than the detector (¢, ~ =17° for V2 and ¢, ~ 14° for V1).
During these times, however, the emissions of bKOM are
strongest [Desch and Kaiser, 1980] and any nKOM event
would be overwhelmed by the stronger bKOM event. This is
consistent with the fact that nKOM events are typically seen
between bKOM events [Desch and Kaiser, 1980; Carr et al.,
1983].

Assuming that the radiation saturates at the corresponding
pump depletion level, the expected L-O mode flux density
normalized to an observing distance of 4 AU can be as high as
475 x 1072° Wm~2 Hz™!, comparable to the strongest ob-
served value (Figure 1). This implies that depletions of the
electrostatic pumps must occur; and the conversion of elec-
trostatic wave energy into radiation is close to complete. The
level of electrostatic waves required is about 10 mV/m.

A remarkable feature of the nKOM is that the emission can
go off for a period of time (say, a few planetary rotations) and
reappear without any phase-lag in the nKOM occurrence pat-
tern [Kaiser and Desch, 1980]. This indicates that the source
region remains coherent at all times. We have seen in Section
5.2 that the occurrence of coupling of the electrostatic plasma
waves relies on the presence of a density gradient. The orienta-
tion of the density gradient with respect to the magnetic field
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effectively determines the location of the resonance region and
the beaming angles of the resultant radiation. Figure 11
strongly suggests that the proper orientation of the local den-
sity gradient exists near the source region of nNKOM (7.5 R, <

R <9 R)). Temporary “blackouts” of the nKOM can result if
the “reversed” density gradient has a slow time variation.

In our model, we relied on the propagation effects of the
electrostatic waves in a slightly inhomogeneous plasma to
achieve the proper coupling configuration. However, the
region of interaction was regarded as sufficiently small
(L < 0.1 L)) so that it is essentially homogeneous. We, there-
fore, attribute the observed bandwidth (Av ~ 40 to 80 kHz) of
the nKOM to the large scale inhomogeneity within the Io
plasma torus. Although narrow-band emission is expected
from a coherent interaction, when density or magnetic gradi-
ent (preserving WKB) exists in the plasma, the wave resonance
conditions can only be satisfied locally (see section 3). If such
local resonances are satisfied over an extended region of the
plasma, broadband emission may result. Alternatively, when
the plasma parameters (w,, £,) vary sufficiently rapidly (still
remaining WKB for wave propagation), the eigenfrequencies
of the electrostatic waves would have finite bandwidths. In
this case, the resonances between the central frequencies and
the corresponding neighboring frequencies in the interacting
wave packets will result in broadband emission via incoherent
interactions [Hasegawa, 1975]. Therefore, nonlinear wave-
wave interactions may also be responsible for the emission of
the bKOM [Desch and Kaiser, 1980]. An extension of our
theory to the bKOM will be considered in a separate paper.
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