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Elliptically polarized Jovian decametric radiation: 
An investigation of the electron cyclotron maser mechanism 
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Department of Theoretical Physics and Research Center for Theoretical Astrophysics, School of 
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Abstract. A model for the elliptical polarization of Jovian decametric radiation 
is presented, based on the electron cyclotron mechanism. The aim is to  determine 
whether the observed elliptical polarization is consistent with the radiation being 
generated by mildly relativistic electrons streaming along converging magnetic field 
lines. The growth rate for electron cyclotron maser emission is considered, assuming 
a drifting DGH distribution function for the streaming electrons. Constraints on 
the allowable parameters of this distribution function are made by the observed 
polarization, timescale, bandwidth, and angular range of the radiation. 

1. Introduction 

The recently observed elliptical polarization from the 
10-related subsources of Jovian decametric radiation 
[Dulk el al., 1991; Lecacheuz el al., 1991; Melrose and 
Dulk, 19911 is not expected on the basis of the fa- 
vored mechanism of electron cyclotron maser emission 
(ECME) from a loss cone distribution of electrons [Gol- 
dreich and Lynden-Bell, 1969; Wu and Lee, 19791. Ex- 
isting treatments of ECME [e.g., Melrose el a/., 1982; 
Omidi and Gurneii, 1982; Melrose, 19861 imply emis- 
sion in the x mode close to perpendicular to the mag- 
netic field lines, in which case approximately linear PO- 
larization is expected. Elliptical polarization may be de- 
scribed in terms of the axial ratio T of the polarization 
ellipse, with T > 0 ( T  < 0) corresponding to a right- 
(left) hand sense and with IT1 equal to the axial ratio 
of the two transverse components of the electric field 
vector. Radiation in the x mode a t  near-perpendicular 
angles has IT1 << 1, so that IT1 << 1 is expected for 
ECME. 

The observed axial ratio T for the 10-related sources 
10-A to 10-D is shown in Table 1 [Dulk el al., 1994,1991; 
Lecacheuz el al., 1991; Barrow, 19921, with sources 10-B 
and 10-C exhibiting both left- and right-handed polar- 
izations. The handedness of the polarization is inter- 
preted as x mode radiation from the northern (right- 
hand sense) and southern (left-hand sense) Jovian hemi- 
spheres, a t  the cyclotron frequency [Dulk el al., 19911. 
The separated left- and right-hand polarizations for the 
10-B and 10-C sources correspond to emission from dif- 
ferent hemispheres. It  is apparent that the emission 
from the southern hemisphere is more circularly polar- 
ized. 
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From the theory of ECME the emission is predicted to 
be confined to the surface of a hollow cone centered on 
the magnetic field direction [Hewiii el al., 1981, 19821, 
and there is observational support for this for Jovian 
decametric emission [Dulk, 1967; Goldsiein and Thie- 
man, 19811. To a first approximation, ECM radiatioh 
in the x mode is predicted to have an axial ratio T 
related to  the angle of emission 9 via T R I cos 91 [Mel- 
rose and Dulk, 19931, where 9 is the angle between the 
magnetic field B and the wave vector k. A further re- 
sult from the theory is that 9 is related to the typical 
speed v of the electrons parallel to the field lines that 
generate the emission, through )cos9( v/c [Hewiii 
ei al., 19821. Thus the different axial ratios in differ- 
ent subsources suggest that the electrons that gener- 
ate the emission have a characteristic speed (along the 
field lines) which is fixed for each subsource, and varies 
from one subsource to  another. However, the relation 
T R ( cos 91 R V/C is derived for nonrelativistic elec- 
trons, with v/c << 1 (applicable to  loss cone distribu- 
tions with low energy electrons), and the assumption 
that the electrons are nonrelativistic appears not to be 
valid here. Our purpose in this paper is to generalize 
this theory of ECME to moderately relativistic distri- 
butions of electrons, in order to  explain the elliptical 
polarization of the Jovian emission. The observed axial 
ratio, timescale, and bandwidth of the Jovian S bursts 
(and to a lesser extent, the more prevalent L bursts) 
are used to constrain the parameters of the assumed 

.distribution function. 
A useful pictorial technique for describing ECME is 

to plot the distribution function in normalized momen- 
tum space (with axes ull and u l ,  which are the com- 
ponents of u = yv/c = p/(mc), parallel and perpen- 
dicular to  the magnetic field). One then considers the 
curve in this space defined by the condition for electrons 
to be in resonance with a given wave (given w and 9). 
The corresponding curve in velocity (vll - v l  space) is 
called a resonance ellipse [Hewiii el al., 1981, 19821 for 
Inll 1 = ,u( cos 91 5 1 (where ,u is the refractive index) 
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Table 1. Axial Ratio and Derived Angle of Emis- 
sion and Drift Velocity for Each Source 

Source T @",ax u d / c  

and is a hyperbola for Inll( > 1. The growth rate of 
a particular wave is determined by an appropriate in- 
tegral around this curve. Wave growth can be due to 
a positive gradient either in u l  (6f/6ul > 0) or in 
UII (cos 9 a f /auII > 0). The standard version of ECME 
[ Wu and Lee, 1979; Melrose, 19861 relies on the perpen- 
dicular gradient in velocity. The alternative parallel- 
gradient driven maser for nonrelativistic electrons re- 
quires an extreme temperature anisotropy in the distri- 
bution function [Melrose, 19861. 

In section 2 the analytic form for the growth rate for 
electron cyclotron maser emission from a spiraling beam 
distribution function is considered in the context of the 
Jovian emission. In section 3 a semiquantitative theory 
for the growth rate is developed, and in section 4 this 
theory is used to determine the typical parameters of 
the distribution function consistent with the emission. 

2. Theory 

In this section an explicit form of the growth rate for 
electron cyclotron maser emission from a drifting DGH 
distribution function is given, based on the results of 
Willes and Robinson [1994]. 

i 2.1. Resonance Ellipse i n  ull - u l  Space 

1 The wave-particle resonance condition for a wave 
with frequency w, wavevector k ,  and an electron with 
normalized momentum u in a magnetized plasma is 
[Melrose, 19861 

where 52, is the electron cyclotron frequency, y = (1 - 
v ~ / c ~ ) - ' / ~  is the Lorentz factor, s is the harmonic num- 
ber, 8 is the wave angle defined above, and cr is the pitch 
angle of the particle. The resonance condition (1) de- 
fines a resonance ellipse in ull - u l  space, in the case 
(nil ( = p(  cos 91 < 1 relevant here. The semimajor axis 
UR, which is parallel to the ull axis, the eccentricity e, 
and center uo, which is on the ull axis, are given by 

respectively. This is in contrast with resonance ellipses 
in velocity space [e.g., Melrose et al., 19821, which are 
ellipses with the major axis parallel to the v l  axis. For 
perpendicular propagation (8 = 90°), the resonance el- 
lipse is a circle centered on the origin. As 0 decreases, 
the center of the ellipse moves to the right (increasing 
uII) and the eccentricity increases. As w decreases, the 
ellipse becomes larger. 

2.2. Growth R a t e  

The growth rate J?M for ECME, defined so that the 
energy in the waves grows as e r ~  ' [Melrose, 19861, is 

where f (u)  is the distribution function of the electrons 
and M refers to the wave mode. The two derivative 
terms in (5) correspond to the parallel and perpendicu- 
lar gradients in the velocity distribution, and their net 
effect is required to be positive for growth to occur. The 
factor w ~ ( k ,  u, s) has the form [Melrose, 19861, 

x 6 (yw - sQe - kllcull) (6) 
where the ratio of electric to total energy RM(k), the 
dispersion relation w ~ ( k ) ,  and the polarization vector 
eM(k) fully describe the wave mode M. The delta func- 
tion in (6) has the resonance condition (1) as its argu- 
ment, so that the growth rate (5) may be evaluated as 
an integral along the resonance ellipse in ull - u l  space. 

The chosen distribution function f (u)  must sat- 
isfy the requirement that the electrons stream with a 
nonzero mean velocity along the field lines and also have 
regions where the ull or u l  gradient is positive. This 
distribution is modeled using a DGH distribution [Dory 
et al., 19651 shifted along the ull axis so that the elec- 
trons stream with a mean drift normalized momentum 
Ud l 

where nb is the number density of electrons in this 
streaming distribution, and U is the characteristic 
spread in u. The anisotropy in the distribution is 
produced by the factor u y ,  which shifts the peak of 
the distribution from (ull,  u l )  = (ud, 0) to (ull,  u l )  = 
(ud, UJZJ).  The thermal spread is mainly dependent 
on U, with the perpendicular spread of the distribution 
decreasing with increasing j. 
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The approximations made in the derivation of the 
growth rate [ Willes and Robinson, 1994 are the semirel- 
ativistic approximation to the Lorentz factor, and the 
small gyroradius approximation to the Bessel functions. 
The semirelativistic approximation corresponds to set- 
ting 

which geometrically corresponds to approximating the 
resonance ellipse by a resonance circle. The resonance 
circle has radius and center (on the ull axis), derived 
by substituting the approximate expression (8) into the 
resonance condition (1) 

The small gyroradius approximation corresponds to re- 
placing the Bessel functions, which appear in the inte- 
grand of the growth rate (5), by the first term in their 
power series expansion. 

Also necessary for the evaluation of the growth rate 
is the dispersion relation of the emitted waves. For 
simplicity, we assume that the waves satisfy p = 1, 
rather than using the full magnetoionic dispersion rela- 
tion. In the low-density plasma in the Jovian magne- 
tosphere, setting p = 1, as we do here, may well be a 
better approximation than using the magnetoionic the- 
ory. This is because the thermal spread washes out the 
resonance-stopband-cutoff in the z mode and x mode 
branches when the thermal speed satisfies [Robinson 
1986b, 19871 

We ignore new modes and other relativistic corrections 
to magnetoionic dispersion for a hot distribution of 
electrons [Robinson, 1986b, 1987; Winglee, 1983, 1985; 
Pri2che22, 1984; Strangeway, 1985, 1986; Le QuCau and 
Louam, 19891. The condition wp/Qe 1 is easily 
satisfied with the low number density of electrons in 
the source region (estimated to be na 5 5 x 106m-3 
[Lecacheuz et al., 1991; Melrose and Dulk, 1991; War- 
wick and Dulk, 19641) and the strong magnetic field 
( B  k: 1 X 10-3 TI. 

2.4. Numerical Results  

The final form of the growth rate was derived by 
Willes and Robinson [1994]. A simplified form, appro- 
priate here where the emission is close to the cyclotron 
frequency with p = 1, is given in Appendix A. A contour 
plot of the growth rate for a drifting DGH distribution 
is shown in Figure 1 as a function of the emission fre- 
quency and angle, with typical parameters, ud = 0.5, 
U = 0.2, and j = 2. The frequency w,,, and angle 
emax at which maximum growth occurs are indicated 
in Figure 1. For constant 0, absorption (dashed con- 

Figure 1. The growth rate I'/Q, (solid contours are 
positive, dashed contours negative) as a function of w 
and @ for ud = 0.5, j = 2 and U = 0.2. The frequency 
wmax and the angle Om, for the maximum growth rate 
are shown. The maximum growth rate is I',, = 2.4 x 
IO-~Q,. Spacing of contours = rm,/5. 

tours) occurs at  lower frequencies than growth (solid 
contours). The regions of growth and absorption in 
Figure 1 broaden with increasing U. 

We define the resonance circle for maximum growth 
to be the particular circle corresponding to the maxi- 
mum growth rate I?,, obtained at  (w,,, @,,,) in Fig- 
ure 1. The resonant circle for maximum growth in this 
case is shown with the drifting DGH distribution in 
UJI - UL space in Figure 2. The center of the resonance 
circle lies almost directly beneath the peak in the distri- 
bution function (at ull = ud). Hence the growth due to 
the perpendicular gradient dominates over the growth 
due to the parallel gradient (see equation (5)). This is 
because the resonance ellipse passes through the regions 
of UII - UL space where B f /8ul is large and positive. If 
the growth due to the parallel gradient were important, 
the resonance circle would be displaced to the left of 
the peak of the distribution, where 8f/8ull is positive. 

3. Semiquantitative Theory 

Because of the complexity of the expression (Al) for 
the growth rate, it is desirable to have simpler expres- 
sions for the value of the maximum growth rate I',,, 
the frequency w,,,, and angle Om, at  which maximum 
growth occurs. Consider the region in w - @ space, of 
width Aw and A@ about (w,, , Om,), where the growth 
rate is sufficiently high for the waves to grow substan- 
tially, say 10 e-folding growths (I',,t = 10) [Hewiii 
e2 al., 19821. The waves which are more than one e- 
folding below this maximum may be neglected. That 
is, Aw and A@ are defined by the values of w and @ 
for which I' 2 0.9 I?,,). In this section, semiquantita- 
tive expressions for I',,, w,,,, Om,, h, and A@ are 
obtained. 
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F igure  2. The resonant circle corresponding to max- 
imum growth in Figure 1, superposed on the drifting 
DGH distribution function (represented as contours of 
f (u)) in UII - UL space. 

3.1. M a x i m u m  G r o w t h  R a t e  

To simplify the derivation of l',,,, we approxi- 
mate the position of the resonance circle for maxi- 
mum growth. From Figure 2 the center of the r e se  
nance circle for maximum growth lies almost directly 
beneath the peak in the distribution function and the 
circle nearly passes through the peak itself. This is a 
general feature, due to the dominance of the perpen- 
dicular velocity gradient term in the growth rate (3). 
Hence we Bssume that the resonance circle for maxi- 
mum growth passes through the peak of the distribu- 
tion function a t  (till, uL) = (ud, U r n ,  giving uo = ud 
and UR = U f i .  In fact, this gives a slight overestima- 
tion of the radius of the resonance circle, corresponding 
to an underestimation of I?,,. 

The position of the center of the resonance circle for 
maximum growth implies that Om, can be determined 
from ud, with 

Omax sz cos-l(ud) . (12) 

Similarly, w,, can be determined from the fixed radius 
of the resonance circle, using (9), 

where the fixed radius satisfies u,,, = U f i  and Om,, 
is determined from (12). Therefore, with increasing 
drift, Om, decreases and w,, increases. 

With (w,,, B,,,) now known the maximum growth 
rate r,, can be estimated by integrating around the 
fixed resonance circle. The details are outlined in Ap- 
pendix B. Our final expression for the semiquantitative 
growth rate is 

fiw,, 22j jj+3/2 j! ,-j 
r m a x  W 

( 1  + cos2 B,,) RZ u2 (2j + I)! 

x (I - COSB,,~~) (a2 + u k x  ~ ~ ~ e ~ ~ ) }  , (14) 
2 j + 5  

where a is a parameter of order unity, cf. (A4) in Ap- 
pendix A. 

3.2. B a n d w i d t h  and Angular R a n g e  

The effective growth region with bandwidth Aw and 
angular range AB, as defined above, is shown in Figure 
3 for the same parameters as used in Figure 1. The 
relation between the bandwidth Aw and the angular 
range AB can be found by obtaining the orientation of 
the constant growth contours in Figure 3. This is done 
by differentiating (9) for the radius of the resonance 
circle to find the slope dB/dw at (w,,,, BmaX), 

dB - (u;,, - c0s2 emax + 2)? 

d(wl0,) 
- - 

2 sin 28,,, (15) 

A semiquantitativeestimate of A0 can be obtained by 
assuming a linear relation between the width of the d i e  
tribution and the angular range of the effective growth 
region, A0 cc U. The dependence of A0 on the perpen- 
dicular displacement of the distribution (oc j )  is more 
complicated. Here we assume a power law dependence 
on j, determined empirically. A linear fit using the 
growth rate from section 2 gives 

A semiquantitative estimate for the bandwidth can be 
obtained using (15) and (16), using Aw sz (dw/dB)AB. 

4. Application to Jovian Decametric 
Radiation 

In this section the minimum growth rate required 
to account for the observed timescale, bandwidth and 
range of angles for the Jovian S bursts is obtained. The 
constraints which apply to the longer timescale L bursts 
are also discussed. This information is used to deter- 
mine the typical parameters for a drifting DGH distri- 
bution consistent with the observed emission. The effect 
of varying the chosen values of the physical parameters 
is then discussed. 

4.1. De te rmina t ion  of t h e  M e a n  Dr i f t  Velocity 

Here we derive an expression for the characteristic 
drift velocity of each electron distribution contributing 
to the 10-related emission in terms of the observed axial 
ratio for that source (see Table 1). As the observed axial 
ratio is the same for S bursts and L bursts, the inferred 

.drift velocity is also the same. For gyroemission the 
exact expression for the axial ratio T (with harmonic 
number s = 1) is [Melrose and Dulk, 1991.1 

with 
Psin a s in  B 

x = 
1 - p c o s a c o s e 9  (18) 

where a is the pitch angle and /3 = u /c ,  so that /3 cos a = 
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Figure  3. The region in w - 9 space satisfying I' > 
0.9rm, defining the bandwidth Aw and the angular 
range A0 for the same parameters and on the same 
scale as Figure 1. 

vII/c. For small x the approximation J; (x) x Jl(+)/x 
applies, and then (17) gives 

The key result required from the theory developed in 
section 3 is that the resonance ellipse for maximum 
growth lies directly beneath the peak of the distribu- 
tion function. Hence the drift velocity of the distribu- 
tion satisfies 

where the expression on the right is the position of the 
center of the resonance ellipse in vll - v l  space [Mel- 
rose and Dulk, 19931. I t  is this velocity that makes the 
strongest contribution to  the observed axial ratio (19). 
Substituting (20) into (19), with vll = vd, yields the fol- 
lowing relation between the axial ratio and the angle of 
emission, 

3 T w cos O m a x ,  (21) 

stantial growth in the duration (w 10 ms) of the S 
bursts. Assuming that a t  least 10 e-foldings of growth 
are required for observable bursts [Hewitt et al., 19821, 
the growth rate must exceed the threshold growth rate, 
r l ,  for effective growth, with rm, X rl = 1000s". 
The limit on rl is weaker for L bursts due to their 
longer duration. The longer timescale of the L bursts 
implies that a lower growth rate (lower r l )  is required 
to produce them. 

Another constraint on the required growth rate is due 
to  the bandwidth Aw. The inhomogeneous structure 
of the magnetic field implies a change in the cyclotron 
frequency with distance. The total change in Q, over 
the path length required for substantial growth must 
not exceed the bandwidth Aw. This leads to the second 
condition [Hewitt et al., 19821, 

corresponding to  10 e-foldings over the characteristic 
growth length, L = (AwlQ,) RJ, with RJ the radius of 
Jupiter. This constraint applies both to the S bursts 
and the L bursts. 

In Figure 4 the maximum growth rate rmax and the 
constraints due to  the timescale of the bursts (I' > r l )  
and the bandwidth (I' > r 2 )  are plotted as functions 
of U for the same parameters as in Figure 1 (ud = 
0.5, j = 2), where rm, and Aw are determined from the 
expressions derived in section 3. The value ud = 0.5 is 
chosen to  be consistent with the results from section 4.1 
(see Table 1). The number density of electrons is chosen 
to  be n, = 5 x lo6 m-3, which is the upper limit implied 
by the requirement that mode coupling be strong, so 
that the elliptical polarization is preserved, between the 
source and the observer [Melrose and Dulk, 19911. The 
magnetic field in the source region is assumed to be B = 
1 x T, determined from the observed frequency, 
with w w Q,). The effects of varying these parameters 
are discussed below. The regions in Figure 4 where 
the growth rate is too small to satisfy the constraints 
(rmax > r l ,  rmax > r 2 )  are shaded. From Figure 
4, i t  is clear that the dominant constraint is the one 

from which the drift velocity of the distribution is de- I' > rl, which requires, for the S bursts, U S 0.1. For 
termined. The angle of emission and drift velocity, de- 
rived from the observed axial ratios in Table 1 for the 2000 
10-related sources, are also given in Table 1. Note that 
the result T w cose [Melrose and  Dulk, 1991, 19931 for 

lsoo P < 1 is not valid for drifting distributions, as P cos a 
is comparable to  cos 9 in (19). I- (s-') 

4.2. De te rmina t ion  of  the Charac ter i s t ic  
Dis t r ibu t ion  Width 

Constraints may be placed on the characteristic dis- 
tribution width U by considering the growth rates that 
are consistent with the polarization, timescale, band- 
width, and angular range of the millisecond bursts. Ac- 
cording to (14), the maximum growth rate varies as 
U-2, and hence r,, can be increased by reducing the 
thermal spread of the distribution. 

The growth rate must be sufficiently high to  give sub- 

F i g u r e  4. Maximum growth rate rmax and constraints 
rl and r2 plotted as functions of U. These constraints 
are satisfied for U S  0.1, with ud = 0.5 and j = 2. 
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the L bursts, rl is negligible, and I?,,, > r2 requires 
U s 0.2. 

The observed bandwidth is typically 50 kHz for the 
millisecond bursts [Dulk et al., 1991.1, although much 
narrower bandwidths have been observed, typically a 
few kilohertz [Ellis, 19821. A bandwidth of 50 kHz cor- 
responds to A(w/Q,) x 3 x From the relations 
(15) and (16), A(w/Q,) x 3 x requires U x 3 x 

(with an angular range A0 x 0.05O). Hence, the 
observed bandwidth constraint suggests much smaller 
distribution widths for the S bursts than due to the 
constraints rl and r2. An alternative explanation for 
the small observed bandwidth is short-scale structures 
in the source region [cf. Robinson, 1991a, b], of char- 
acteristic length 1 = (Aw/w)RJ. The small-scale struc- 
tures correspond to regions in which the plasma con- 
ditions favor growth 3f the S bursts. The small band- 
width corresponds to the small spatial region in which 
the growth occurs. This would allow widths of U x 0.1 
to produce the small observed bandwidths. For the L 
bursts the wider bandwidth and larger angular range 
(observed to be A6 x lo [Dulk, 19671) imply larger dis- 
tribution widths. The bandwidth of the L bursts would 
be unaffected by the above mentioned small-scale struc- 
tures if the conditions for growth for these bursts were 
less sensitive to inhomogeneities in the plasma. 

4.3. Effect of  Variat ion of  the Dis t r ibut ion  
J h n c t i o n  P a r a m e t e r s  

In section 4.2 the limits placed on the characteris- 
tic width U of the distribution assume particular val- 
ues for the number density of the electrons and for the 
anisotropy (in u(( - u l  space) of tlie distribution func- 

emission cow 

~ / ~ e c t i O O  X 

(in ecliptic Of plane) rn 

Figure  5. Simplified representation of the source ge- 
ometry, assuming a dipolar magnetic field, and ignoring 
the lo0 tilt of the Jovian magnetic axis. The Jovian 
north pole is aligned with the r axis and the t - y  p l a ~ ~ e  
corresponds to the ecliptic plane. Both 10 and the vec- 
tor pointing towards the Earth lie in the ecliptic plane. 
Two possible emission cones (which lie on the 10 flux 
tube) are shown for emission from the northern hemi- 

I 
- - ~  - 

sphere. The minimum angle between the cone axis and 
the direction of the Earth occurs when the cone axis 
is oriented parallel to the ecliptic plane (i.e., for the 
emission cone marked by an asterisk). 

tion (j dependence). Here the effect of varying these pa- 
rameters is investigated. The drift velocity is fixed from 
the observed elliptical polarization (see section 4.1). 

N u m b e r  density. The dependence of the maxi- 
mum growth rate (see Appendix B) on the number den- 
sity of electrons is 

As n b  is decreased from nt, = 5 x 1 0 ~ m - ~ ,  tlie I?,,, 
curve in Figure 4 moves to lower values, while the con- 
straints rl and I'z remain unchanged. This implies that 
at lower number densities, smaller values of U are re- 
quired to attain acceptable growth rates. 

Anisot ropy of  the distr ibut ion.  The perpendic- 
ular displacement of the peak of the distribution func- 
tion satisfies u l  = f l u ,  so that for fixed U, the vari- 
able j controls the perpendicular displacement of the 
distribution function in ull - u l  space. For higher j 
the electrons in the distribution function are at higher 
velocities (and energies) so that the maximum growth 
rate curve in Figure 4 moves to higher r. The max- 
imum allowable value of U increases, because the l?l 

constraint curve is unaffected. As j increases, Aw and 
A0 increase for fixed U. 

5. Geometry of the Emission Region 

Previous models for lo-related Jovian decametric ra- 
diation, while successfully explaining the beaming of 
the radiation, cannot explain the elliptical polarization 
from those subsources for which the observed axial ratio 
(IT( < 1) is relatively large, cf. Table 1. The assump- 
tion made in this paper is that the elliptical polariza- 
tion is intrinsic to the emission mechanism of ECME, in 
which case the simplest theory implies emission (cone 
opening) angles 0 S 50°. However, these angles appear 
incompatible with the source geometry. For an observer 
a t  Earth to detect the emission, the edge of the hollow 
emission cone must be directed toward the Earth. Be- 
cause the Earth-Jupiter distance far exceeds the scale 
size of the source (of order R j ) ,  this is equivalent to the 
condition that the angle between the cone axis (which 
is tangential to the field line at the point of emission) 
and the vector directed toward the Earth is equal to 
the angle of emission. A simplified representation of 
the source geometry is shown in Figure 5, with possi- 
ble emission cones lying on the 10 flux tube. For an 
arbitrary phase of 10 the minimum angle between the 
cone axis and the vector directed towards the Earth is 
obtained when the cone axis is oriented parallel to the 
equatorial plane, as shown in Figure 5. Consider the 
geometry for the Io-B and lo-D emission, where 10's 
phase is in the range 60' - 120°. Even when the cone 
axis is oriented parallel to  the equatorial plane, angles 
of emission 0 > 60' are required to observe the radi- 
ation at Earth. The tilt of the magnetic axis affects 
this argument by a t  most 10'. Hence angles of emission 
of 0 $ 50° are inconsistent with the viewing geometry. 
A comparison of the angles of emission inferred from 
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the source geometry and the angles of emission deter- 
mined from the observed axial ratios (using the relation 
T M COSO) is discussed by Leblanc et al. [1994]. This 
successfully predicts the source positions, except for the 
left-hand polarized Io-C source, but cannot account for 
the elliptical polarization. 

The standard model, which predicts angles of emis- 
sion 70° - 90' [Goldstein and Goertz, 19831 is more con- 
sistent with the viewing geometry (but does not predict 
the elliptical polarization). How this inconsistency is to 
be resolved is unclear. One possible resolution is that 
the Jovian magnetic field lines do not lie in meridional 
planes, due to higher order moments in the magnetic 
field [Baganel and Leblanc, 19881. This can create a 
relative phase difference between 10 and the source re- 
gion, allowing for smaller angles between the cone axis 
and the direction of the Earth, and hence smaller emis- 
sion angles. However this depends on the longitude of 
Jupiter and is unlikely to work over the full range of 
longitude for which the emission is observed (M 90' 
for each source). Alternatively, the problem may lie 
with the current assumed model for the source geome- 
try. For example, the source region may not necessarily 
lie within the magnetic flux tube passing through 10. 
Finally, if no other resolution is found, this geometric 
inconsistency may require a new approach to the oper- 
ation of electron cyclotron maser emission in the Jovian 
magnetosphere. 

6. Summary 

Recent observations of Jupiter's decametric radio 
emission have shown that it is intrinsically elliptically 
polarized. The polarization is characterized by the ax- 
ial ratio TI which has different values, depending on the 
particular subsource. The existing theory for ECME 
assumes v << c, where v is the mean speed of the elec- 
trons, and predicts the relation T M cos O M vlc, imply- 
ing small axial ratios (linear polarization) and angles 
of emission close to  90'. In this paper we extend this 
theory to a streaming distribution of mildly relativistic 
electrons with mean velocity vd along the magnetic field 
lines, in order to  explain the observed elliptical polar- 
ization. The results of this analysis are as follows: 

1. In u11 - UI space the resonance ellipse for maxi- 
mum growth (corresponding to the observed emission) 
is centered beneath the peak of the electron distribution 
function. 

2. This yields the approximate relations between the 
mean drift velocity and the angle of emission, vd/c M 

cose/(l + cos2 0), and between the axial ratio and the 
angle of emission, T M cos3 8. 

3. Using these relations, the observed elliptical po- 
larization is consistent with a distribution of electrons 
streaming with a mean velocity vd M 0 . 5 ~  along the field 
lines, with 0 ;S 50' (see Table 1). While this model is 
consistent with the elliptical polarization of Jovian de- 
cametric radiation, these angles of emission are incon- 
sistent with the viewing geometry. 

4. The other distribution parameters are constrained 

by the observed timescale, bandwidth and angular 
range of the bursts. Assuming that a t  least 10 e- 
foldings are required for observable emission, the known 
timescale of the S bursts constrain the width U of the 
distribution, with U S 0.1. The observed bandwidth for 
the S bursts, Aw M 50 kHz further constrains the width, 
with U M 3 x A possible explanation for the small 
observed bandwidths is if the growth only occurs within 
short scale structures in the emission region, allowing 
larger values of U (than U M 3 x The longer 
timescales, wider bandwidths and larger angular ranges 
of the L bursts from the same Io-related source imply 
broader electron distributions for these bursts, with an 
upper limit U 5 0.2. The perpendicular anisotropy of 
the distribution (controlled by the parameter j )  is effec- 
tively a free parameter in this model, where an increase 
in j corresponds to an increase in the free energy in the 
distribution, corresponding to an increase in the growth 
rate. 

Physical models for the acceleration of the electrons 
to produce such streaming distributions have been pos- 
tulated [Melrose and Dulk, 19931. The possibilities in- 
clude acceleration through the potential due to the mo- 
tion of 10 through the Jovian magnetosphere, or upward 
acceleration due to a parallel electric field a t  the Jovian 
ionosphere, both which contain difficulties. Whichever 
model applies must be able to account for the source- 
dependent emission, and in particular, the differences 
in the emission from the northern and southern hemi- 
spheres. In addition, if this explanation for the ellipti- 
cal polarization is correct, the geometry that allows an 
observer a t  Earth to detect the radiation needs to be 
identified. 

Appendix A: Expression for the Growth 
Rate 

The final form of the growth rate is 

where a ,  b,  a, and Aj are defined by (with I<M the lon- 
gitudinal part of the polarization vector) 

a = (cos 0 - u d ) T ~  + sin OKM + ne/w , (A4) 

Note that the above formulaonly applies for emission 
close to the cyclotron frequency, with the axial ratio 
(for gyroemission) T M cose and the ratio of electric 
to total energy R = 112. The method for numerically 
evaluating the Shkarofsky functions [Shkarofsky, 19661 
is discussed by Willes and Robinson [1994]. 



21,210 WILLES E T  AL.: ELLIPTICALLY POLARIZED JOVIAN DECAMETRIC RADIATION 

Appendix B: Semiquantitative 
expression for maximum growth rate 

T h e  predetermined center and radius of the  resonant 
circle satisfy, 

T h e  integration in (5) is performed by transforming t o  
polar coordinates in the  ull - u~ plane, with 

so that ,  

J d3u = 29r 101 d u  l1 d 4  u2 sin 4 . (83)  

T h e  delta function satisfies, 

1 
6(u2 - u;) = 6((u - UR)(U + UR)) = - 6(u - uR) . 

~ U R  

('34) 
T h e  exponentials in the  distribution function satisfy 

[-{(uII - ud)2 + u:)] 
2 u2 
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