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[1] The fine structure of nonlinear drifting-frequency chorus is observed at Saturn by the
Cassini Radio and Plasma Wave Investigation. During a high-inclination orbit in which
Cassini is at near-constant L-shell within about 10° of the magnetic equator, moderately
intense nonlinear chorus is observed. Cassini observed a region of intense chorus and large
bandwidth a few degrees on either side of the magnetic equator, with lower intensities and
bandwidths observed nearest the magnetic equator. Using the observed plasma wave
spectra and electron phase space distribution, we have measured plasma parameters within
or near the chorus generation region and evaluated the theoretical value of the frequency
sweep rate, 0f/0t, based on the nonlinear wave growth theory of Omura et al. and the
backward wave oscillator theory of Trakhtengerts. Both theories produce rates that are
within a factor of 2 of the observed values, but the nonlinear wave growth theory values are
closer to the observations for the cases examined. The work presented is consistent with
nonlinear theory in the generation of chorus, but also reveals a distinct region of weaker or

linear chorus growth nearest to the magnetic equator at Saturn.

Citation: Menietti, J. D., Y. Katoh, G. B. Hospodarsky, and D. A. Gurnett (2013), Frequency drift of Saturn chorus
emission compared to nonlinear theory, J. Geophys. Res. Space Physics, 118, 982-990, doi:10.1002/jgra.50165.

1. Introduction

[2] There are two general types of whistler-mode emission
present in planetary magnetospheres: hiss and chorus. Whis-
tler mode emission exists at frequencies less than either the
plasma frequency, f,, or the cyclotron frequency, f., which-
ever is lower, but in the inner magnetospheric region f;, > fc.
Hiss has a featureless spectrum and is typically at lower
frequencies than chorus, which often has a banded structure
and, at high resolution, displays a fine structure of many fre-
quency-drifting tones or chirps that have larger than typical
spectral densities. These structures are the result of the
nonlinear nature of chorus and resonant wave trapping of
electrons as described, for instance, by Nunn et al. [1997],
Trakhtengerts et al. [1996], Trakhtengerts [1999], Omura
and Summers [2004, 2006], and Katoh and Omura [2004,
2006a, 2006b, 2007a, 2007b, 2011]. Omura et al. [2007]
have extended the work of Omura and Summers [2006] to
describe an extremely efficient nonlinear mechanism for
accelerating high-energy electrons (seed electrons of ap-
proximately several hundred kiloelectron-volts) to a few
megaelectron-volts in only a few seconds. This process,
which the authors call relativistic turning acceleration,
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requires relatively large amplitude chorus emissions and
an initial population of mildly energetic electrons. Summers
and Omura [2007] described an ultrarelativistic accelera-
tion mechanism for electrons that is possible at Jupiter
and other planetary magnetospheres. This mechanism
involves nonlinear trapping of electrons by coherent
whistler-mode waves. Summers and Omura [2007] pro-
posed that under ideal conditions at Jupiter near L=38,
several hundred kiloelectron-volt electrons can be energized
by tens of megaelectron-volts in a few tens of seconds. The
electrons undergoing ultrarelativistic acceleration would have
previously been accelerated by the process of relativistic
turning acceleration [Omura et al., 2007] or by other pro-
cesses. Bortnik et al. [2008] have performed test-particle
modeling for oblique waves as well, finding that nonlinear
phase-trapping leads to rapid, large increase in energy and
pitch-angle for a small fraction of test-particles.

[3] Omura et al. [2008, 2009] described the nonlinear
process of frequency dispersion (i.e., frequency drifting) of
whistler-mode chorus elements. This theoretical dispersion
can be calculated from measured local parameters and com-
pared to measured frequency dispersion of chorus elements
when high-resolution wave data are available. Specifically,
Omura et al. [2008] described the frequency dispersion
of whistler-mode chorus by their equation (50), which
expresses Jw/0t in terms of wave frequency, local cyclotron
frequency, local plasma frequency, wave magnetic field
amplitude, parallel velocity of the electrons, and temperature
anisotropy of the electron distribution. All of these parameters
are often available from the plasma wave data measured by
the Cassini radio and plasma wave science (RPWS) instru-
ment, and the electron phase space distribution function
derived from the Cassini electron spectrometer (ELS). By
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calculating Jw/0t from the measured local parameters, a
theoretical value can be obtained that can be directly com-
pared to the measured frequency dispersion or drift rate.

[4] Trakhtengerts [1999] has described a nonlinear theory
of chorus growth referred to as the backward wave oscillator
(BWO). In this theory as applied to magnetospheric space
physics, a step-like distribution function, which is formed
by cyclotron interactions of energetic electrons of the whis-
tler mode hiss (ELF/VLF noise-like emissions) is necessary
[Trakhtengerts et al., 1996]. It is this distribution that yields
the large growth rate of the whistler mode waves and devel-
opment of the absolute cyclotron instability in a narrow
region near the equatorial plane. Tifova et al. [2012] have
simplified the expression for frequency sweep rate of chorus
in terms of the trapping frequency, described later, and
parameters that are readily measurable (their equation (1)).

[5] Several recent observational studies of terrestrial
nonlinear chorus have investigated a range of issues.
Macusova et al. [2010] have performed a statistical study of
frequency sweep rates using Cluster chorus emission data.
They found increasing values of the sweep rate for decreasing
plasma densities, in agreement predictions of the BWO theory.
Cully et al. [2011] used observations by the THEMIS Space-
craft and demonstrated that frequency drift rates agreed with
predictions of Omura et al. [2008] based on wave amplitude.
The authors measure the phase space distribution near the
chorus source region and then compare the expected sweep
rate to that observed. Tao et al. [2012], using chorus emission
observed by the THEMIS satellites, found that frequency
sweep rates predicted by Helliwell [1967] and the BWO theory
agree with observations as a function of magnetic local time
and geomagnetic activity.

[6] Santolik et al. [2003] presented high-resolution Cluster
satellite observations of the terrestrial chorus source region that
indicated a dimension of a few thousand kilometers along the
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Figure 1.

magnetic field line. Their studies suggest a region of exponential
electric field growth phase, which could be consistent with a lin-
ear instability, but also with probable nonlinear magnetic field
fluctuations. More recently, Santolik et al. [2009] presented
Cluster high-resolution plasma wave observations that show
evidence that the intensity of nonlinear chorus emissions very
near the magnetic equator increase with distance along the field
line away from the equator. These authors state this is consistent
with an extended source region of several thousand kilometers
centered at the magnetic equator with chorus gradually ampli-
fied away from the equator but well within the source region.

[7]1 Hospodarsky et al. [2008] have reported a survey of
chorus emissions at Saturn describing probable source
regions, typical amplitudes, and some of the similarities
and differences of this ubiquitous emission relative to
terrestrial observations, including the presence of nonlinear
drifting-frequency structures. Hospodarsky et al. [2012]
and Menietti et al. [2012] have more recently extended these
studies by comparison with Jovian chorus emissions as well.
Calculations of linear chorus growth rates based on in situ
plasma and wave observations have been reported by
Menietti et al. [2008a, 2008b], indicating measurable tem-
perature anisotropies in the electron phase space distribution.

[8] In this present paper, we will examine chorus emission
observed by the Cassini spacecraft near the magnetic equator
during a high-inclination orbit. The observations show a
similarity to those of Santolik et al. [2009]. The data present
nonlinear drifting-frequency chorus structures that can be
measured and compared to theory of both Omura et al.
[2008] and Trakhtengerts [1999].

2. Observations and Theory

[o] Figure 1 is an example of chorus emission observed by
the RPWS magnetic field search coils on board Cassini
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A frequency-time spectrogram with magnetic field spectral density color-coded. The chorus

data are from the low-rate receiver of the RPWS during an equator crossing at near-constant L-shell.
Note the decrease in chorus bandwidth and intensity near the magnetic equator crossing (~17:00 to ~17:20).

The white line displays the local cyclotron frequency.
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during a high-inclination orbit when the spacecraft crossed
the equator from north to south at near-constant L-shell. This
plot shows rather intense chorus emission at frequencies less
than the cyclotron frequency. Within about 2° of the mag-
netic equator, the chorus emission intensity and bandwidth
decreases with the lowest intensity observed closest to the
magnetic equator near 17:10. Santolik et al. [2009] made ref-
erence to this effect for terrestrial chorus as mentioned ear-
lier. Not seen in this figure are higher-frequency signatures
that appear as frequency-drifting features and are interpreted
as nonlinear fine structures. In Figure 2a, we show a higher
resolution plot of these signatures obtained from the Cassini
Wideband receiver (WBR), which measures only electric
field intensity on one of the three available antennas. The fre-
quency dispersion of the waves is seen as broad-banded fine
structures extending to higher frequency. These features are
absent nearest the magnetic equator and extend to higher
frequency and larger bandwidth with increasing latitude,

peaking near +5 to 6°. Note the broadband spikes nearest
the magnetic equator are electrostatic bursts, possibly related
to electron beams seen associated with this time. The RPWS
also includes a 5-channel (2 electric and 3 magnetic) Waveform
Receiver (WFR) which measures waveforms up to 2.5 kHz in
140 ps snapshots approximately every 5 min. In Figure 2b we
plot a spectrogram of the three WFR axial magnetic search
coils for the time period 15:45 to 18:30. The data for each
snapshot are “blended” over the approximately 5 min inter-
vening interval. These data provide accurate determination of
the magnetic field magnitude, B,,, during the snapshot, but
do not reveal frequency dispersion.

[10] In Figures 3a—3c we show spectrograms of WBR
electric field data at even higher resolution featuring three
drifting-frequency signatures observed in the data at various
times. We have calculated the frequency dispersion with a
least-squares fit to a line and find the respective dispersions,
Oflot, are 249 Hz/s, o =72 Hz/s; 231 Hz/s, o =70 Hz/s; and
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Figure 2. (a) A higher resolution spectrogram of the electric field spectral density obtained by the wide-
band receiver (WBR) for the same pass as Figure 1. Discrete nonlinear chorus features, which extend to
higher frequencies, are seen a few degrees away from the magnetic equator. (b) A spectrogram of the three
WEFR axial magnetic search coils for the time period 15:45 to 18:30. The data for each snapshot are
“blended” over the approximately 5 min intervening interval. These data provide accurate determination
of the magnetic field magnitude, By,, during the snapshot, but do not reveal frequency dispersion.
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Figure 3. High-resolution electric field WBR spectrograms each taken during a nonlinear frequency-
drifting event during time intervals (a) 16:23:12-15, (b) 16:25:36-37.5, and (c) 18:01:33-35. (e, f, and g)
The least-squares fit to the corresponding data from Figures 3a, 3b, and 3c.

211 Hz/s, 6 =28 Hz/s, respectively. The fitted points used in
the calculation of the slope are plotted in Figures 3d—3f.
These points were selected manually directly from the plots
using the crosshair function of the plotting tool. The standard
deviation, o for the slope was calculated according to the
theory of error estimation [Bevington, 1969] assuming the
standard deviation of each of the points is equal.

[11] To determine the theoretical nonlinear frequency drift
Ow/0t, we use the results of Omura et al. [2008]. These authors
have defined the parameter S, the inhomogeneity factor as

B 1 VR 2 dw
S‘W{”(l‘v:) o .
kpv? 8 (Qe — yo) 0Q,
+[ 20, (1 20w VR] on

where 4 is the distance along the magnetic field from the
magnetic equator, the assumed source region of the chorus
emission, ® is the frequency, k is the wave number, c is
the speed of light, Q. is the electron cyclotron frequency,
v, is the average velocity of the distribution perpendicular

to the magnetic field near the source region, ;=
Vv, Q, , Q,=eB,/m., B, is the wave magnetic field,
and m, is the eclectron mass. Following Omura et al.
[2008], near the magnetic equator we assume Q.=
(1+ah?) with Q. =Q, at the equator, a=4.5/(L Ry)*, L is
the magnetic L-shell, and R; is the radius of Saturn. For
chorus source regions very near the magnetic equator,
0Q/0h=0. As discussed by Omura et al. [2008] when
S~ —0.4 we expect electron trapping in chorus wave potentials
and maximum nonlinear wave growth. Omura et al. [2008]

then obtain
2
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~1/2

where oy, is the electron plasma frequency.

[12] Only weak (linear) chorus emission is observed clos-
est to the magnetic equator, while strong nonlinear drifting
frequency signatures appear a few degrees above and below
the equator. We therefore solve equation (1) for the case
0Q./0h # 0 to obtain

Jow 1
v {=50wQ,S — ¢52(2aQeoh) } )

where following Omura et al. [2009],

1 [yo vi\2 3% (Qe — )] vy
52 —@{gi(?) - {2+A7§Ze—w }7}
with 4=w/Q. and v,=w/k.

[13] To solve equation (3), we must know ®,. and Q. as
well as the phase space distribution of the electrons near
the chorus source region. During the time of Figure 1 there
is a strong signature of electrostatic upper hybrid resonance,

fin =/ fl'f + /2, in a narrow band near 40 kHz (not shown)

from which o, can be obtained. We also have access to the
electron particle distribution from the Cassini ELS instrument.
In Figure 4, we show a plot of the 2-D contour of the log-
arithm (base 10) of the electron phase space distribution
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Figure 4. A two-dimensional contour of the log;, of the

electron phase-space distribution in velocity space (s*/m®)
for the time interval including that of Figure 3a.

function f{v) during the time of Figure 3a. We have
performed a nonlinear fit of the electron phase space distri-
bution assuming a bi-Maxwellian form (cf. equation (1),
Menietti et al. [2008a, 2008b]). The parameters for each
plasma component of the fit include the parallel thermal
velocity, v, and T,/Tj, from which we then obtain v, =

v\/TL/T) used in the evaluation of sy and s, needed to

evaluate equation (3). The complete bi-Maxwellian fitting
function was the sum of the four electron plasma populations
and an additional cold ion background for charge neutrality. In
Table 1 we list fitting parameters for each electron plasma
component (n is the number density). The free-energy source
of the chorus is the highest energy component. Also in Table 1
are the fitting parameters for the plasma distribution observed
near the magnetic equator (¢=17:10:11).

[14] To obtain B,,, we utilize data from the WBR receiver
and the high-resolution WFR data. The high-resolution elec-
tric field WBR data are available continuously at this time
period, but is available from only one electric antenna. We
use these data to indicate the location of the drifting signa-
tures in frequency and time. WFR data, however, is avail-
able at high resolution from all three of the axial magnetic
search coils, and thus provides an accurate value of B,
but only operates in snapshots once each ~5 min. It is clear
from Figure 2 that some of the most intense emission occurs
during the periods of nonlinear frequency drift. A snapshot
of WFR data obtained nearest the time period of Figures 3a
and 3b at frequencies including those observed occurred at
16:30:53. At this time the intensity levels observed in the
electric field are not as intense as those seen in Figures 3a
and 3b. The bursty, drifting-frequency signatures are well
fit by a straight line. Because we do not have measurements
of By, during the exact times and frequencies of Figures 3a—3c,
we have used an average value of B,, over a range of frequen-
cies. We chose a frequency range from the WFR data at nearby
times that contained intense emission that overlapped a portion
of the frequency range of the nonlinear features of Figure 3. At
16:30:53 the average value of By, = (By)obs = 3. 19 % 1073 nT for
channels in the range 886 Hz < /< 905 Hz observed during
the WFR snapshot. Similarly, we determine the average value
of By =(By)obs=3.77x10"7 nT for the drifting feature of
Figure 3c using a WFR snapshot at time 18:01:33 for the
channel range 847 Hz < f'< 869 Hz. In Table 2 we list some
plasma parameters, observed values of Jf/0¢ fit to a straight
line, (0f10f)qs, calculations of (9f/0f)o using equation (3)
(based on the nonlinear wave growth theory), and calculations
of (9f10f)r, using equation (4) (based on the BWO theory).
The frequency sweep rates are evaluated for the examples of
nonlinear drifting-frequency signatures of Figure 3, which all

Table 1. Phase Space Distribution Fitting Parameters

Event time Plasma Component n(m>) vy(m/s) T./T)

16:23:13 cold core 1.83x10”  1.33x10° 1.0
warm 1 3.76x10°  1.73x10° 1.17
warm 2 2.44x10°  5.52x10°  0.833
warm 3* 5.15x10*  1.86x107 1.42

17:10:11 cold core 2.69x10"  1.33x10° 1.0
warm 1 1.30x107  2.10x10° 1.19
warm 2 1.90x10°  9.44x10° 1.08
warm 3* 2.54x10*  3.60x107 1.33

*Chorus free energy source.
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Table 2. Jf/0¢ for 2008/352

Event Time fe (Hz) Jfun (Hz) B,, (nT) v (m/s) T, /T Of1Otons (Hz/s) 0floto (Hz/s) OflOtr, (Hz/s)
16:23:13 2692 42,500 32x107° 1.84x107 1.42 249 58(150°) 32(64%)
16:25:36 2692 42,500 3.2x107 1.86x107 1.42 231 61(154%) 32(64%)
18:01:33 2647 42,150 5.8x107° 1.84x107 1.42 211 144 62
17:10:11° 2563 57,000 1.9%107 3.55%107 135 - NA NA

Subscripts: “obs”=observed; “O” = Omura et al. [2008]; “Tr” = Trakhtengerts [1999].

B, =observed wave amplitude.
*Near magnetic equator.
"Evaluated at By =2(By)obs-

occur a few degrees away from the magnetic equator. The cal-
culated values of 0f/0r are given for f=1 kHz and at (By,)obs,
and at 2(By)ops: The magnetic equator is encountered by
Cassini near 17:10 where the intensity of the observed chorus
is lower and the bandwidth smaller, and no nonlinear growth
(defined by narrow-banded, frequency-drifting features) is
observed. Row 4 of Table 2 lists the plasma parameters for
the time near the crossing of the magnetic equator.
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Figure 5. Model frequency drift rate versus frequency as de-
termined from equation (3) for the time intervals of Figure 3 as
displayed. The horizontal line in each panel indicates (Of/0f)ops.
(a and b) Byo =3x107 nT and (c) Byo=>5.77x107 nT.

[15] To show the influence of the uncertainty in the mea-
sured values of the plasma parameters, in Figure 5 we plot
(0f10f)o , as determined from equation (3) versus frequency
for a range of values of the parameter B,,. The plots correspond
to the chorus signatures at times 16:23:13 (Figure 5a), 16:25:36
(5b), and 18:01:33 (5¢). In Figure 6 we plot (9f/0¢)q versus By,
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Figure 6. Model frequency drift rate versus B,, for the
indicated time intervals of Figure 3 for a range of 7,/7) as
shown. The horizontal line in each panel indicates (Of/0f)ps.
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for a range of values of T',/T) for the same three times
(Figures 6a—6¢). The parameters B,, and T', /T have significant
impact on the calculated value of (9f/0f)o. A factor of 2 or 3
variation in the value of B,, is possible due to both temporal
and spatial effects, because the WFR data used to make the
estimates were not obtained simultaneously with the measure-
ment of the drifting signature. It is apparent that varying
B,, by a factor of 3 is enough to bring the calculated values
of 9710t close to the measured values. Values of (0f/01)ops
~200-250 Hz/s (observed values) are possible within a reason-
able range of either/both By, and 7', /T}, i.e., for By, < 8% 10°>nT
(B, < 1.1x10 7 nT for Figure 3c) and 7, /T < 2.4.

[16] The plasma distribution was available for times
16:23:13-14 and for 16:25:36-37, but not for 18:01:33.
We have assumed that the phase space distribution for the
electrons near 18:01:33 is similar to that near 16:23:13,
which lies nearly along the same L-shell, but on the other
side of the magnetic equator. The ELS, which provides the
data for the calculation of the phase space distribution, has
an energy resolution of AE/E ~16.75% and an angular res-
olution of 5 x 20 degrees. The measurement of the electron
phase space distribution occurred over a 2 s sampling
period, during which the distribution may have experi-
enced relaxation because of the rapid growth of the chorus
waves. Hence, we do not think it unreasonable to assume
that actual values of 7', /T} may be higher than the fitted values.
Menietti et al. [2008a] estimated the value of 7', /T)~3 or 4
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Figure 7. The format of this plot is the same as Figures 5a
and 5c¢ (and should be compared to them), but now the fre-
quency drift rate is evaluated using equation (4) [Trakhtengerts
et al., 2004]. (a) Byo= 10" nT and (b) Byo=5.77 x 10> nT.
The horizontal line in Figure 7b indicates (9f/0f)ps for
this time.

would be necessary to produce sufficient chorus linear growth
rate near the Saturn magnetic equator to match the
observations of chorus wave amplitude, even though the
observed (fitted) values were 7',/T) ~1.5 (similar to values
found in the present cases). At Earth, Santolik et al. [2010] find
ratios 7,/T) > 10 in the equatorial region where chorus is
expected to be generated.

[17] We have also compared the data to the nonlinear
BWO theory of Trakhtengerts [1999] and Trakhtengerts
et al. [2004] as

(Of 0t)1, = 0}/ (2m)? )

where, as before, o, = / (k V. QcB,,) and B’\, = B/By. The
values of (9f/0f)r, evaluated from equation (4) are smaller
than those derived from equation (3). We have included
the results of the calculations for the measured parameters
in column 9 of Table 1. In Figure 7 we plot (0f/0f)r, versus
fforarange of B,, and T', /T for comparison with Figures 5a
and 5c. We have omitted the event of 16:25:36 because it is
quite similar to that of 16:23:13. We see that (9f/0f)t, never
reaches the observed value of 211 Hz/s for the range of
plasma parameters shown. In Figure 8 we plot (9f/01)1,
versus 1", /T for comparison with Figures 6a and 6¢. Figure 8
shows that the values of (9f/0f)r, approach the observed
values for the parameters By, and 7T,/7) at the maximum
chosen limits By, ~3(By)obs and T, /T~ 3(T /T )obs-

(a)
142 < TJ'_ /TII <442
200 T T T T T T T
2008 (352) 16:23:13 44
150 |- 84
2 24
3
T 100 |~ 1.4
5
© sk 4
0 1 1 1 1 1 1 1
2 4 6 8 10
(b) 1.42<T /T, <4.42
400 — T T T T T
L 18:01:33
300 - 3.4
o
@ - 2.4
% /
T 200 |~ 2]
g - .
© 100 | 4
0 1 1 1 1 1 1 1 1
4 8 12 16 20

B,, (nT x 109)

Figure 8. The format of this plot is the same as Figures 6a
and 6¢ (and should be compared to them), but now 0f/0¢ is
modeled using equation (4) [Trakhtengerts et al., 2004].
Values of T', /T are indicated on each curve. The horizontal
line in Figure 8b depicts (9f70f)yps for this time.
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3. Summary and Conclusions

[18] We have presented examples of chorus emission
observed near the equator of Saturn. These emissions are
obtained as the spacecraft passes along a high-inclination
orbit and a near-constant L-shell when near the magnetic
equator. The observations indicate that chorus emission
spectral densities are strongest and the emission has the
highest bandwidth a few degrees north and south of the mag-
netic equator. Nearest the magnetic equator the chorus inten-
sities are weaker and the bandwidth is smaller. We speculate
that the reason the maximum frequency of the chorus
decreases at the highest latitudes is due to propagation
effects [cf. Li et al., 2011], but this question should be more
fully investigated. Within the region of strong chorus emis-
sion, nonlinear, frequency-drifting fine structure is observed.
We have measured the rate of frequency drift or frequency
sweep rate, and compared it to the theory of Omura et al.
[2008, 2009] and to the theory of Trakhtengerts [1999].
Using measured values of By, and fitted values of v and
T./T), we find (0f/0t)o derived from equation (3) and the
theory of Omura et al. [2008] is ~23%—68% of the observed
drift rate, (Of/0f)ops. Allowing for a relaxation of the
observed electron distribution, with By, ~2(By)ops and/or
T /Ty ~2 (T /T|)ops, the calculated values of (0f/0f)ops fall
within the range of observed values. The values of drift rate
calculated from equation (4) of the BWO theory appear to be
consistently too low by a factor of at least 2 compared to the
values of (0f/0f)o for the same plasma parameters. However,
in Figure 8 we see that (9f/0f)1, does approach (0f/0f)ops
when both B,, and T,/T| are near the limit of the range
considered reasonable.

[19] Our results support the nonlinear theory of chorus
wave growth allowing for a range of observed plasma
parameters as is expected for relaxed electron phase space
distributions that have interacted with plasma waves. In
addition, we find that there is a distinct region of weaker
(linear) chorus growth nearest to the magnetic equator at
Saturn.
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