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Figure 27 – Propagation analysis of two funnel-shaped features on October 17, 2008.  The top 
panel shows the magnetic spectrum, while the middle displays the electric component.  The 

Poynting analysis displayed in the bottom panel shows these waves are propagating anti-parallel 
to the magnetic field, which in Saturn’s southern hemisphere implies upward propagation. 

 
 
 

enough magnetic components to allow for this determination to be made.  In both cases, as 

shown in the third panel of Figure 27, the emission is propagating anti-parallel to the magnetic 

field of Saturn.  Since we are in the southern hemisphere, where the planet’s magnetic field is 

directed downward toward the planet, the emission is propagating upward. 

 

5.2 Analytical Growth Rate Analysis 

While showing correlation between all the different components of auroral hiss emission 

is crucial, it is not sufficient for drawing conclusions about their connection.  It is important to 
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remember that correlation does not necessarily imply causation.  In order to truly demonstrate 

that any detected electron beams are the source of this radiation, a growth rate analysis must be 

performed.  It must be shown that the observed electron beams possess the correct distribution of 

energies and velocities to produce the observed radio emission, which can be done by solving the 

dispersion relation to obtain the growth rate.  Calculations using model beams have been 

performed by Maggs [1976], but the first calculations using experimental data at Saturn are 

presented here, as described by Kopf et al. [2010]. 

For plasmas, it is often cumbersome to calculate the growth rate.  In practice, the 

dispersion relation can only be solved for a few select cases, which generally appear only as 

idealized approximations to real physical systems.  Even the process of obtaining the dispersion 

relation itself can often be an ambitious undertaking.  Fortunately, however, the foundation for 

the computation in this case had already been completed [Kennel and Wong, 1967].  Without 

approximation, the growth rate was computed for plasma waves in any branch of the dispersion 

relation and propagating at nearly all angles to the magnetic field, which was published as 

Equation 9 in Kennel and Wong: 

 

( )
2

|| ||2
|| ||0 016 ,

p mk k k k

mk k

m Gsign v dv dv v
k k W k

ωγ ω ω θπ δω ω ω

∞ ∞ ± ±
±

⊥ ⊥
±

⎛ ⎞ ⎛ ⎞⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠

+ Ω= −∑∑ ∫ ∫     (1) 

 
Here, W(k,ω) is the energy density of the wave, where k is wave number and ω is the 

frequency.  Also, Ω± is the cyclotron frequency for each species, Gk
± is the species-dependent 

reduced one-dimensional distribution function, and θm
± is a weighting function.  A cylindrical 

coordinate system centered on the static magnetic field direction was used, and the k-space angle 

ψ  is defined such that sin /yk kψ ⊥= .  The weighting function, θm
±, is defined to be 
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where εl and εr represent left-handed and right-handed circular electric field polarizations about 

the magnetic field direction, respectively, and ε|| is the linear polarization along the field. 

This method, however, is clearly still very complex and cumbersome to work with.  The 

multiple coordinate systems and cylindrical geometry necessary for the calculation demand a 

very abstract approach, and the prospect of utilizing these multiple systems simultaneously, 

along with a series of Bessel functions, to calculate a complex weighting factor should give any 

scientist pause.  This result would be very difficult to interpret and to check for accuracy.  

Ideally, a simpler method, making use of a single coordinate system, would be more practical to 

work with.  Even with minor approximations, its results should be far easier to work with, 

interpret, and check.  Fortunately, such a method had been employed about fifteen years ago that, 

although originally designed for a different purpose, had direct applications to this computation. 

To calculate the growth rate analytically, I instead followed the model used by Morgan et 

al. [1994].  The starting point comes from Kennel [1966], who derived the linear growth rate for 

waves propagating in a collisionless, homogeneous, magnetized plasma, assuming resonance 

velocities well above the thermal velocity of the distribution function, and a growth rate that is 

small compared to the wave frequency.  His formula is lengthy and therefore is not repeated 

here.  However, a few simple assumptions reduce it to a more manageable form.  First, we 

assume that the waves are propagating near the resonance cone, which is expected for auroral 

hiss [Mosier and Gurnett, 1969].  Second, we assume that ions play a negligible role in the wave 

propagation.  Kennel’s equation then reduces to 
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where γ is the growth rate, D(0) is the cold plasma determinant defined by Stix [1962], n is the 

index of refraction, ωp is the plasma frequency, k is the wave number, n0 is the electron density, 

θ is the wave normal angle, ωc is the electron cyclotron frequency, f is the phase-space 

distribution function, and Jm is a Bessel function of order m.  The parallel component of the 

velocity, v||, is evaluated at the resonance velocity, ω/k||. 

From Figure 26, we observe that at 8:35 UT, the electron cyclotron frequency, fc (where 

fc = ωc/2π), as calculated from magnetometer measurements, is about 10 kHz.  Measurements of 

the electron density from the Langmuir Probe and the CAPS instrument show that the electron 

plasma frequency, fp, is much lower, roughly 500 Hz.  Thus, we now make the approximation 

that fc
2 >> fp

2 > f2, where f is the emission frequency.  Although not true for all times at Saturn, 

this holds in the cases presented in this dissertation, and greatly simplifies Equation (3).   

We further recognize that we only need the m=0 term in the Bessel Function series.  

Since the Bessel functions where m is nonzero scale like the argument to the m-power, the J0 

term will dominate when the argument is small.  By definition, the ratio J1
2/J0

2 will be 

approximately equal to the square of the Bessel Function argument. For the observed beam 

velocities, it can be easily shown that this argument is small.  Since these beams are roughly 

field-aligned, the perpendicular component of the velocity is very minimal, on the order of v/10, 

where v is the beam velocity.  Furthermore, because of the resonance cone propagation, the k-

vector is almost entirely perpendicular.  Substituting this information into the Bessel Function 

argument, it can easily be shown that the argument scales like (vn/c)*(f/fc), where n is the index 
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of refraction.  Since v is only a small fraction of c, n is of order unity, and the characteristic 

frequency, the frequency of the strongest emissions, is two orders of magnitude less than the 

cyclotron frequency for the cases evaluated in this study, the argument will always be very small. 

As a result, the terms where m is nonzero become negligible compared to the m=0 term 

when convolved with the observed distribution function.  This eliminates the first term of the 

integral, leaving only the ∂f/∂v|| term.  Also, since the argument of the Bessel function can be 

shown to be small, we can approximate J0
2 as 1, since the second term in the expansion will scale 

like the square of the small argument.  Cancelling common terms yields 
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We now define the bracketed part of Equation 4 to be the reduced distribution function, 
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Inserting this into Equation (4), along with the Landau resonance condition for the wave 

number, produces the following equation for the growth rate 
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where θres is the resonance cone angle, which is determined by the values of the cyclotron and 

plasma frequencies [Stix, 1962; Mosier and Gurnett, 1969; Gurnett and Bhattacharjee, 2005].   

The approach chosen to evaluate the growth rate was to perform an interpolation of the 

measured plasma distribution function, smooth it into a continuous mesh, and then approximate 
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the integration with a summation over the discrete points.  Due to the close proximity that most 

of the data points have to each other, which limits the variation in the values of the distribution 

between points, a simple bilinear approximation method was utilized to create the smooth mesh.  

This smoothing took the roughly 300 ELS data points, which were oriented in a polar grid in 

velocity space, and transformed them into a linear grid containing well over 3000 points, making 

it easy to perform the necessary summations with good accuracy to obtain the reduced 

distribution function. 

The first case we examine is the beam shown earlier, at or around 8:35 UT, in the region 

of burst-like low-frequency emission from Figure 26.  Figure 28 displays the results of the 

analytical calculation of the growth rate at a representative frequency of f = 100 Hz for this time 

period.  The values of the electron cyclotron and plasma frequencies listed earlier, fc ≈ 10 kHz 

and fp ≈ 500 Hz, were used in this calculation.  The top panel is the reduced distribution function 

calculated from the bilinear interpolation and integration of the ELS data.  The dashed region 

marks the photoelectrons generated by the spacecraft, which are not part of the Saturn 

environment but cannot be easily removed from the interpolated results.  The beam appears after 

the photoelectrons, where an enhancement in the distribution forms a bump-on-tail distribution.  

The lower panel displays the calculated growth rates.  Two significant regions of growth appear 

in the growth calculation, resulting from the two regions of positive slope in the distribution.  

This indicates that the beam, while dominated by 200 eV electrons, has multiple components.  

The resulting normalized growth rate, γ/ω, is very large, significantly greater than one.  Such a 

large growth rate indicates a very rapidly growing instability, but violates the weak-growth 

approximation inherent in Kennel’s equation, suggesting that another approach must be used to 

obtain an accurate growth rate in this case. 
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Figure 28 – Analytical growth rate results for the 8:35 UT beam on October 17, 2008.  The 
powerful beam yields very large growth rates, indicating a breakdown in the weak growth 

approximation built into the analytical computation. 
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Time (UT) Growth Rate Beam Velocity (c) 
7:07 0.0042 0.0205 
7:11 0.0173 0.0525 
7:45 0.3776 0.0840 
7:48 0.1569 0.0777 
7:51 0.2738 0.0240 
8:19 0.3627 0.0354 
8:29 0.3581 0.0189 
8:32 1.2200 0.0221 
8:35 6.8568 0.0240 
8:39 1.3137 0.0259 

 
Figure 29 – A table of results from the analytical calculations performed on ELS data from the 
October 17, 2008 event.  The normalized growth rates and beam velocities are given for each 
time period that yielded a region of growth.  Absent times produced no whistler-mode growth.  

Results from the periods 7:45-7:48 UT likely contain some additional error, as relativistic effects 
were not taken into account, but may be relevant at these velocities. 

 
 
 

The 8:35 UT beam is not the only such event during this orbit.  In analyzing all three-

minute intervals from 7:00-9:00 UT, nine other intervals were found to contain beams at similar 

energies, though with the partial exception of the two time periods immediately flanking the 8:35 

UT beam, all of these beams were considerably weaker in intensity.  Analysis of these events 

using Equation (6) yielded growth rates over a wide range of values, from γ/ω ≈ 0.004 to 0.378 

for those away from the 8:35 UT beam, all of which were deemed to be small enough that the 

weak growth approximation was valid.  All of these beams coincided with regions of auroral hiss 

emission.  A summary of these beams can be found in Figure 29. 

 

5.3 Numerical Growth Rate Analysis 

Since the analytical analysis did not yield accurate results for the beam observed at 8:35 

UT, it is necessary to use some other technique that does not rely on the weak-growth 

approximation.  Among the techniques that can be used is a computer program known as 
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WHAMP (Waves in Homogeneous Anisotropic Multicomponent Plasmas), which was 

developed by Rönnmark [1982; 1983] and designed to solve the dispersion relation for waves in 

a magnetized plasma for which the distribution function can be described as a sum of 

Maxwellian velocity distributions.  The program allows for up to six distinct Maxwellian 

components, and yields a solution to the dispersion relation, as well as values for the growth rate 

and group velocity.  The code yields a complete solution to the dispersion relation, without any 

further approximation. 

In the case of the 8:35 UT beam, after subtracting out the spacecraft photoelectrons, two 

bi-Maxwellian components were used to fit the distribution, in order to provide dimension in 

both the parallel and perpendicular directions with respect to the magnetic field.  These two 

components were fit to the two bumps in the distribution, which are shown in the top panel of 

Figure 27 at roughly 7 x 106 m/s and 14 x 106 m/s.  In both cases, some of the input parameters, 

such as the density and temperature, could be determined from the RPWS and ELS instruments, 

while the other input parameters were adjusted to provide a good fit to the ELS measurement.  

This procedure was little more than a “guess-and-check” style method, adjusting each of the free 

parameters one by one until a good fit to the data was achieved.  The result of this fitting is 

shown in the top panel of Figure 30, where two Maxwellian functions fit the two bumps of the 

distribution function.  These Maxwellians were then inserted into the WHAMP calculation to 

determine a growth rate numerically, without relying on the weak-growth approximation. 

In addition to the analytical results from Figure 28, the lower panel of Figure 30 also 

displays the numerical growth rates from the WHAMP calculation.  These growth rates are 

significantly smaller than the analytical results, since WHAMP provides a full solution to the 

dispersion relation without assuming weak growth.  However, the growth rates are still quite  
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large, γ/ω ≈ 0.3 for the first peak, and roughly 0.03 for the second peak (which is not shown, as it 

is too small to appear on the displayed scale), confirming that this beam is capable of producing 

the observed auroral hiss, as suggested by the analytical result.  In fact, since the wave energy 

after a time t is proportional to e2γt, the growth of the wave energy associated with the stronger 

peak over just one second would be approximately e377 for a characteristic frequency of 100 Hz, 

large enough to be significant for even the smallest conceivable background intensities in the 

amplifying region.  

 

5.4 Growth Rate Discussion 

The previous section presented the analysis of a series of electron beams detected during 

the Cassini spacecraft’s high-latitude pass on 17 October 2008.  In each case, not only did the 

detected beam coincide with auroral hiss emission, but growth rate analyses demonstrated that 

each beam possessed large whistler-mode growth rates, sufficient to produce the observed 

emission intensities.  In the case of the 8:35 UT beam, these growth rates were even so large as 

to violate the weak growth approximation. 

Compared to auroral hiss typically observed at Earth, the emission observed during the 

period analyzed possesses two notable characteristics.  First, instead of possessing a smooth 

upper boundary, the emission around 8:35 UT contains burst-like temporal variations on the 

order of the instrument’s temporal resolution.  These bursts appear in Figure 26 as fine structure 

at the higher frequencies of the auroral hiss emission.  We considered the possibility that this 

pattern could be indicative of solitary wave structures, but inspection of the waveforms has not 

revealed the presence of any such waves.  Analysis of high-resolution ELS data has revealed 

extremely large fluctuations in the beam intensity on time scales on the order of the ELS 
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instrument resolution, two seconds.  With this in mind, it is not surprising to see short term 

temporal variations in the intensity of the auroral hiss, as variations in the beam intensity would 

produce variable growth rates.  Furthermore, this region may contain emission due to ion conics, 

as reported by Mitchell et al. [2009], which are commonly observed at Saturn, and may enhance 

the wave intensity observed by the RPWS electric and magnetic sensors. 

The other notable aspect of the emission is the occasional extension to frequencies above 

the local electron plasma frequency.  Many of these extensions are observed around the time of 

the 8:35 UT beam.  Since the whistler mode is restricted to frequencies below the lesser of the 

electron cyclotron frequency and electron plasma frequency, such an upward extension is not 

possible.  However, because whistler-mode waves are driven into resonance as they approach the 

f=fp surface, the wave vector, k, becomes very large.  At resonance, the corresponding 

wavelength becomes very small, and Doppler effects caused by spacecraft and plasma motions 

can become significant.  These effects can push the observed emission in the spacecraft frame to 

higher frequencies than are present in the plasma rest frame, which would explain why the 

observed frequency occasionally extends above the plasma frequency. 

The 8:35 UT beam on Day 291, 2008, was the first electron beam detected by CAPS at 

these energies.  In the hope of discovering additional events to analyze, eight other orbits were 

selected for an intensive study, based on their similar qualities to Orbit 89 in terms of altitudes 

and L-shells surveyed during the orbits, as well as the prevalence of auroral hiss emissions.  

Although all of the high-latitude orbits have been studied, these eight were looked at in great 

detail, using very high resolution ELS data, to try to locate any sort of common detection.  These 

eight orbits included the two flanking orbits, 88 and 90, as well as 72, 74, 78, 83, 86, and 93, all 

of which were not unlike the one orbit that had revealed this powerful beam.  Despite this 
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extensive search, Orbit 89 still remains the only orbit to contain electron beam events like those 

evaluated in this chapter, as all eight of these additional orbits revealed no detections. 

The reason for the lack of detections is unclear, although it is likely related to the strength 

and structure of the beams, as well as the propagation of these beams in relation to the auroral 

hiss emission.  High-resolution ELS data of the beam events, as noted previously, has shown that 

these beams have dramatic variations in intensity on very short time scales, on the order of a few 

seconds.  These large changes indicate that the beams generating the auroral hiss emission are 

likely very powerful, but very short in duration and narrow in structure.  As a result, these beams 

may be difficult to detect if Cassini does not fly through the right region of space at the right 

time.  Furthermore, as these beams and the auroral hiss propagate, there is no reason to believe 

that they will follow identical paths at an identical rate.  On top of this, it is plausible that these 

very fine electron beams will be diffused in the magnetospheric environment at a considerably 

faster rate than the broader auroral hiss plasma wave.  These discrepancies would make it 

possible, if not probable, to observe the auroral hiss emission without seeing its electron source. 

Perhaps the most likely explanation for the absence of electron beam observations, 

however, involves the electron densities observed in the auroral regions during these high-

latitude passes.  Once outside the region of high density at low L-shells, the cold background 

plasma density drops considerably.  In the case of the Day 291 event, the density drops 

considerably in a four-hour window from 6:00-10:00 UT, falling by three orders of magnitude 

from about 4 cm-3 to 4 x 10-3 cm-3.  These very low densities challenge the sensitivity of the 

CAPS instrument, making observations of electron beams highly unlikely. 

One final concern that is worth addressing is the significant discrepancy between the 

analytical and WHAMP results for the 8:35 UT beam.  Although the weak growth approximation 
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is obviously known to be at fault for at least part of the difference, the two results are separated 

by more than an order of magnitude, calling into questions whether the analytical method has an 

additional flaw in its application.  To check this, a weaker beam was chosen, specifically the 

beam for 7:11 UT, which produced an analytical growth rate of roughly 0.017 when normalized 

to the real frequency.  This growth rate shows no violation of the weak growth approximation, so 

the WHAMP approach should produce a similar result.  Indeed, WHAMP yielded a normalized 

growth rate of about 0.015, verifying the analytical result in this case and implying that this 

method is still useful for providing accurate growth rates for weaker beams. 
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CHAPTER 6 

SUMMARY 

 

The study of auroral hiss is certainly not a new field in the study of space physics.  As 

detailed in Chapter 2, a large collection of literature exists that covers roughly 50 years of 

analysis of this emission.  However, most all of this had been done at Earth to this point.  While 

this plethora of research has been important in gaining a better understanding of our planet and 

how this emission is produced, it is far from a conclusive answer to the processes that govern 

auroral hiss universally.  As space physicists and astronomers often note, each planet in our solar 

system is unique, with each possessing its own quirks from the general norms.  As such, it was 

crucial that a complete investigation of this emission be undertaken elsewhere in the solar 

system.  The success of the Cassini mission has allowed for the first comprehensive study of 

Saturn and its local system, including this radio emission and its associated elements.   

Chapters 1 and 2 detailed the fundamentals of our understanding of auroral hiss emission 

and how it is generated, with each experiment building on the previous ones.  The early findings 

of good correlation between the observations of auroral hiss, electrons, and magnetic spectral 

density laid the foundation for the theory that was developed and expanded over the next decade.  

It became apparent that this process was part of a larger magnetospheric system, connected to the 

interaction of the solar wind with Earth that caused the visible aurora.  The presumed generation 

by moving electrons led to several theories about how this emission was produced, but it took the 

idea of a coherent plasma instability to finally be able to explain the intensity of the emission that 

was being observed.  Experiments such as those carried by sounding rockets and the space 

shuttle would confirm this theory, and the higher resolution of recent and current instrumentation 

has only increased our understanding of this phenomenon. 
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The Cassini spacecraft, carrying with it the instrumentation described in Chapter 3, 

provided the first opportunity to explore this emission and the theories behind it at a different 

planet in our solar system.  The Saturn environment is considerably different than at Earth, and 

these variations would test the fundamentals that the theories of auroral hiss had been built on at 

Earth.  At ten times the distance from the Sun, this gas giant planet experiences a far different 

impact from the solar wind, leaving open the possibility that it may not be the driving force in 

many of its magnetospheric and auroral emissions. 

Since the latter half of 2006, Cassini has undergone two periods of high-latitude orbits of 

Saturn, totaling roughly 27 months of observations of the auroral regions.  As detailed in Chapter 

4, the early findings from the first series of these passes were far from surprising, and largely 

reflected the observations that had been made at Earth over the previous several decades.  This 

emission was only observed when extending to the high-latitude regions where it was produced, 

but was detected frequently once Cassini was in those regions.  The auroral hiss radio emission 

displayed the characteristic signatures of auroral hiss at Earth, most notably its funnel-shaped 

emission.  Only a ledge-like step in the cutoff frequency on the low-latitude side of the emission 

deviated from the standard theories, but even this wasn’t entirely surprising, as this feature had 

also been occasionally observed on Dynamics Explorer spectrograms at Earth. 

However, the frequent observation of this ledge-like feature would prove to be crucial in 

the study of the larger system at Saturn.  It was soon realized that this feature consistently lined 

up with a dramatic change in the electron density, and a series of field-aligned current structures 

consistently appeared in the same region.  With all this in mind, it became apparent that this 

feature of auroral hiss had been an indicator of the presence of a higher density plasmasphere at 

lower latitudes, or more appropriately, lower L-shells.  The plasmapause-like boundary of this 
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region, where the observed field-aligned currents reside, marks the beginning of the auroral zone, 

along with the ability to observe its emissions, including auroral hiss. 

Perhaps an even more striking deviation from terrestrial auroral hiss has emerged from 

the study of the auroral hiss periodicity at Saturn.  Instead of behaving in a clock-like manner, 

similar to its counterpart at Earth, Kronian auroral hiss acts as a rotating beam, a lighthouse-like 

beacon that co-rotates presumably with either the magnetospheric plasma or the planet itself.  

Furthermore, not only was this periodicity rotational, but the modulation rate was determined to 

be different in the two hemispheres, with the northern hemisphere rotating faster than the 

southern hemisphere.  This coincided with previous studies of Saturn Kilometric Radiation 

(SKR), which also possessed the same hemispheric periodicity.  Given the structure of the 

currents that would likely meet in the equatorial region, this dual periodicity is difficult to 

explain, as no unifying boundary condition exists at the equator for the two hemispheres. 

When an electron beam was detected by the CAPS instrument during Orbit 89, the 

opportunity emerged to study the foundations of the generation of the auroral hiss radio emission 

that was being observed.  As detailed in Chapter 5, attempts to calculate the whistler-mode 

growth rate of this beam analytically proved to be a successful failure, in that they showed 

remarkably large amounts of wave growth, but in doing so violated one of the assumptions 

inherent in the calculation, namely the weak-growth approximation.  A numerical method, 

WHAMP, would later provide a more reasonable result for the growth, though even its result 

was very large.  A few weaker beams at nearby times were also studied in the same orbit, 

yielding considerably smaller yet still significant results.  Unfortunately, the lack of detections of 

any electron beams in any other orbits, most likely due to the very low densities in the auroral 

regions, prevented any further study of this kind. 
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All of these results are important in comparing Saturn’s properties to those of Earth, but 

the findings of this study are not restricted solely to these two planets.  The great amount of 

information gained by this research could also play a significant role in future space missions.  

One likely candidate is Juno, a planned spacecraft mission to Jupiter which will be able to detect 

and study auroral hiss there for the first time.  This assumes of course that similar emissions exist 

at Jupiter, though observations of strong auroras and powerful Jovian Decametric Radiation 

suggest that auroral hiss is likely present as well.  Juno is scheduled to launch in August 2011, 

and will enter into a polar orbit around Jupiter on October 19, 2016.  Although much is known 

already about Jupiter’s magnetosphere from previous spacecraft missions, Juno is certain to 

expand on this knowledge with its pioneering in situ measurements of the Jovian polar regions. 
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