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Abstract

The source of auroral X-ray emission from the Jovian polar caps, whether from elec-
tron bremsstrahlung or heavy ion precipitation, has been a topic of debate for the
past 40 years, beginning with the Einstein Observatory’s first measurement of X-ray
emission in 1979. Since then the Roentgen satellite, Chandra X-ray Observatory,
and XMM-Newton have distinguished heavy ion (oxygen and sulfur) line emission
in the X-ray spectrum and measure a total power of about 1 GW. There have been
many attempts to model both bremsstrahlung and ion precipitation with the goal of
reproducing what is being seen; however, both have encountered push back. Elec-
tron bremsstrahlung modeling has fallen short of producing the total overall power
output being observed by our earth-orbiting X-ray observatories. Whereas heavy ion
precipitation has been able to reproduce strong X-ray fluxes, but the proposed inci-
dent ion energies seemed to likely be much higher (=1 MeV/nucleon) than what was
thought to be present above Jupiter’s polar caps. Now with the National Aeronautics
and Space Administration’s (NASA’s) Juno spacecraft arriving at Jupiter, there have
been many measurements of heavy ion populations above the polar cap with energies
up to 300-400 keV/nucleon (keV/u), well below predictions the of previous models.
Meanwhile, Schultz et al. (2019) have provided a new outlook on how ion-neutral
collisions in the Jovian atmosphere are occurring, providing an entirely new set of
impact cross-sections and a total of 35 collision processes (prior models only account
for 9). A model is described for the transport of magnetospheric oxygen and sulfur
ions with low charge state and energies up to several MeV/nucleon (MeV/u) as they

precipitate into Jupiter’s polar atmosphere. A revised and updated hybrid Monte Carlo
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model originally developed by Ozak et al. (2010) is used to model the Jovian X-ray au-
rora. The current model uses a wide range of incident oxygen ion energies (10 keV/u
- 5 MeV/u) and the most up-to-date collision cross-sections. In addition, the effects
of the secondary electrons generated from the heavy ion precipitation are included
using a two-stream transport model that computes the secondary electron fluxes and
their escape from the atmosphere. The model also determines H, Lyman-Werner band
emission intensities, including a predicted spectrum and the associated color ratio. I
predict X-ray fluxes, efficiencies, and synthetic spectra for various initial ion energies
considering opacity effects from two different atmospheres. The data is made avail-
able for quick X-ray calculations given an input ion flux. A calculation is given that
demonstrates an in situ measured heavy ion flux above Jupiter’s polar cap is capable
of producing over 1 GW of X-ray emission. Implications of the new model results for

interpretation of data from NASA’s Juno mission are discussed.
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Chapter 1

Introduction

In the work presented here | am in interested in the auroral processes at Jupiter, including magnetosphere
ionosphere coupling, photoemission, and ionization of the atmosphere. In particular, | aim to
present a heavy ion precipitation model that is able to impgitu Juno measurements and pre-

dict the associated X-ray production, which has hitherto been inconclusive, and predict associated
eld-aligned current systems, ionization of the atmosphere, and color ratios in UV emission. The

goals of this work can be summarized as follows:

Model energetic sulfur, oxygen, and electron precipitation into the Jovian atmosphere using

a Monte Carlo simulation.

Generate charge state fraction equilibriums as a function of atmosphsderidity for sulfur

and oxygen ions.
Simulate Juno ion and electron measurements above the polar cap and auroral oval.

Predict X-ray and ultraviolet spectra given input ion and electron uxes, including atmo-

spheric absorption effects.

Explain Earth-orbit-based observations of intense X-ray emission emitting from the Jovian

polar caps using the results of the heavy ion precipitation model.

Calculate ionization production from ion and electron precipitation in the atmosphere of

Jupiter.



Investigate the affects of secondary electron production in the atmosphere and their escape-

ment.

Calculate eld-aligned currents and airglow emission associated with secondary electron

production and input ion uxes.

The complex nature of this subject requires an introductory chapter with several sections dedi-
cated to building up the necessary physics background. Thus, in Chapter 1, | begin with planetary
dynamos and their importance to large scale magnetic elds. This is followed by a nhumber of
sections concerning magnetospheres, ionospheres, aurorae at Earth and Jupiter, magnetosphere-
ionosphere coupling and the physics involved, and nally I introduce the Juno spacecraft. Subse-
guently, in Chapter 2 | delve into the physical processes associated with aurorae; then my electron
and ion precipitation models are introduced in Chapters 3 and 4, respectively. | discuss the results
associated with eld-aligned currents and ultraviolet emission in Chapter 5, and Chapter 6 consists
of X-ray results. Finally, | put the results into the context of Juno measurements in Chapter 7,

summarizing and concluding with a nal discussion in Chapter 8.

1.1 Dynamos

Dynamo theory is proposed to be the driving mechanism in celestial bodies that produce and main-
tain internal magnetic elds for astronomically long time scales. Although there are several known
types of dynamos, they all share the same underlying principle: uid motion converts kinetic en-
ergy into magnetic energy. For this conversion, and the production of the dynamo, to take place
there are three necessities: 1) there must be an electrically conducting uid (metallic hydrogen in
Jovian-like planets), 2) the uid must be in motion (generally convection), and,3) RL, where

Rm is the magnetic Reynolds number, since too much Ohmic diffusion will destroy a dynamo. Dy-
namos create a highly ordered spherically harmonic magnetic eld that approaches the I=1, m=0
harmonic (dipole) as! ¥. This is the case at Jupiter (although it has a higher-order multipole

at the surface than expected) and Saturn, which is remarkably axisymmetric, shown in Figure 1.1.
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Figure 1.1: Model of Jupiter's (left) and Saturn’s (right) magnetic eld at the surface of each planet.

For Jupiter's magnetic eld a VIP4 model was used along with data taken from Juno's Perijove 1
pass (shown as a black line) from Moore et al. (2017). Saturn's magnetic eld was modeled using
the Hammer-Aitoff projection from Jones (2011)

Dynamos are the source of magnetospheres for every planet in our solar system that has an internal

magnetic eld (Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune).

1.2 Magnetospheres

The magnetosphere is de ned by the region of space where the magnetic eld of the object is the
dominant magnetic eld, in contrast to that of the interplanetary magnetic eld (IMF) produced

by the sun. Figure 1.2 illustrates the magnetosphere and some of the key features that de ne
the magnetosphere, including the solar wind, or the charged particles owing from the sun. Also
shown is the bow shock, which is a shock wave formed at the boundary between the solar wind and
the magnetosphere; the magnetopause, described as the boundary between the plasma within the
magnetosphere and the interplanetary plasma; the magnetosheath, de ned as the space between the
bow shock and the magnetopause; and the magnetotail, which is the portion of the magnetosphere
that is opposite the compressed magnetic eld on the solar side and exteneds beyond the planet.
The magnetosphere itself is de ned where the motion of charged particles is controlled by the
magnetic eld of the planet. As shown in Figure 1.2,the magnetosphere de ects external charged

particles (i.e., the solar wind) around itself as charged particles nd it particularly dif cult to move



perpendicular to and across magnetic eld lines. This de ection of the solar wind forms a cavity
of low density plasma inside the magnetosphere.

At Earth the magnetospheric shield brings protection from highly energetic particles that are
troublesome for electronics onboard satellites and it also prevents the solar wind from stripping
away Earth's atmosphere (as seen on Mars, which no longer has a dynamo and consequently no

global magnetic eld).

Figure 1.2: A schematic of Jupiter's magnetosphere and its interaction with the solar wind and the
IMF. (Credit: Fran Bagenal and Steve Bartlett)

The most interesting magnetospheres are those with a source of plasma. At Earth, the solar
wind is an external source of plasma that populates the magnetosphere with charged particles
creating the Van Allen Belts and the aurora borealis. Jupiter has an internal plasma source of
sulfur and oxygen ions from the sulfur dioxide volcanoes on its satellite, lo, creating a plasma
torus following lo's orbit at about 6 R(R; = 1 Jovian radii = 71,492 km). These heavy ions will
follow magnetic eld-aligned currents, precipitate into the upper atmosphere, and are thought to be
responsible for X-ray emission from the polar caps of Jupiter. Saturn has a source of plasma that
is a median between Earth and Jupiter. The solar wind provides a source of particles but Saturn's

moon Enceladus has geysers that blast a water vapor plume into the magnetosphere, becoming a



contributor to the plasma with water group ions. Magnetosphere extend toward the planet, where

they touch the ionosphere.

1.3 lonospheres

The ionosphere is the uppermost portion of a planet's atmosphere; it is a spherical shell that is
composed of electrons, electrically charged atoms and molecules, and neutral particles. The cre-
ation of the ionosphere is due to neutral atoms and molecules in a planet's upper atmosphere that
are ionized by solar and cosmic radiation and by highly energetic particle precipitation that result
in ionizing collisions. At Earth, the ionosphere is largely composed of electrohsHO, He',
N*, NO*, Ng, and q because these particles make up the major neutral constituents in our at-
mosphere. bland H have the largest population in Jupiter's upper atmosphere, with He becoming
more prevalent than H beneath the homopause. Thus, the Jovian ionosphere is largely composed
of various ionized hydrogen isotopes.
lonosphere population densities vary depending on the temperature of the planet, neutral com-
position, and whether it is the day-side or night-side case. Density variations have been seen with
respect to local time and latitude, corresponding with ultraviolet radiation input. The ions produced
in the ionosphere may undergo electron recombination processes or ion-neutral chemical reactions.
At Jupiter, I—lzF H:, and H are the most dense constituents in the ionosphetestdn important
proxy for the electron density in the upper ionosphere, whifedd H" are useful in the mid
ionosphere, and the ionized hydrocarbon density in the lower atmosph§reaere measured
using infrared emission signatures and is helpful in determining atmospheric temperatures.
lonospheres have dynamic current systems that play an important role in how surrounding plas-
mas (i.e., the magnetosphere) interact with the atmosphere, and how atmospheric ion and electron
loss can occur. At high latitudes, where the intrinsic planetary magnetic eld maps further out
into the magnetosphere, energetic charged particles may follow magnetic eld lines and be lost
into deep space, particularly if the eld lines are open. There are also current systems that extend

through the ionosphere down into the thermosphere, as is the case with Jupiter. Because the iono-
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sphere lags behind the corotation of the planet, there are collisions between ions and neutrals in
the upper atmosphere. These ion-neutral collisions are partially responsible for the phenomenon
of magnetospheric plasma corotation with planetary rotation. Field-aligned ("Birkeland") currents

are created to maintain the transmission of the torque (produced by collisional friction) through the
ionosphere into the magnetosphere. These currents couple the ionosphere to the magnetosphere by
supplying angular momentum from the ionosphere (high density plasma) to the magnetospheric
(lower density) plasma. This has been a major topic of research when trying to understand the in-
teraction between a planets magnetosphere and ionosphere, known as magnetosphere-ionosphere

(MI) coupling.

1.4 Auroras

Speaking generally, the auroral process consists of an electric generator, a current system, and
a resultant light source, supplied by the generator. The generator of an aurora is anything that
supplies the magnetosphere with ionized particles that ultimately bombard the atmosphere, this
is often times the solar wind or a satellite (Figure 1.3a). When the magnetosphere is supplied
with energetic charged patrticles, the particles precipitate along the magnetic eld lines, creating
current systems (Figure 1.3b). Precipitating particles follow the magnetic eld line until they
are either re ected by the increasing magnetic eld strength (known as "magnetic mirroring") or
interact with the atmosphere, which produces the aurora. If the atmosphere is dense enough to
be collisional, then the interactions between the electrons, protons, or charged particles with the
neutral atmosphere result in ionization, heating, and electromagnetic emission (Figure 1.3c).
Aurorae are comprised of two main components, diffuse and discrete aurora. If diffuse, the au-
rora is generated by charged particles that are trapped within the magnetosphere (see drift particles
in Figure 1.3b) creating an aurora that is equatorward of the auroral oval. Trapped particle pre-
cipitation occurs when the drifting particles are scattered into their loss cones, ultimately nding
the upper atmosphere. This creates low intensity emission which makes it dif cult to observe any

discrete, internal structure in the aurora.



Figure 1.3: A.) The solar wind is the primary source of ions that generate Earth's aurora. Although
Earth's magnetosphere de ects much of the solar wind, some particles are able to penetrate it and
contribute to the aurora. B.) Charged patrticles follow a helical trajectory, bouncing between mirror
points. The mirror points are determined by the particles pitch angle, or the angle of the particles
velocity vector with respect to the magnetic eld. C.) The process that causes ionization, heating,
and emission due to collisions between incoming particles and the stationary atmosphere.

The other component of aurorae is the discrete portion. Discrete aurorae are much more intense
as they are created from patrticle acceleration along eld-aligned currents resulting in highly ener-
gized interactions between precipitating particles and the neutral atmosphere. These aurorae occur
at higher latitudes, around the magnetic poles, and have much more structure and coherency. Due
to the high energy nature of discrete aurorae, it is not uncommon to see extreme ultraviolet (EUV)
and X-ray emission, particularly at planets with very strong magnetic elds, such as Jupiter.

High latitude aurorae map out to magnetic eld lines that either extend into the tail of the

magnetosphere (magnetotail) if it is on the night side or into the IMF-magnetosphere boundary
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(magnetopause, see Figure 1.3a) on the day side. At the magnetopause the magnetic eld lines
from the planet and the IMF can connect and disconnect, creating open eld lines that extend from
the planet out into the heliosphere, outside of the magnetosphere. This creates an opening for solar
wind particles to enter into the system while also allowing a route of escapement for particles to

leave the magnetosphere and be picked up by the solar wind.

1.4.1 Earth

Earth has a generic aurora that encapsulates various auroral features. Firstly, at Earth there are two
primary generators that drive the aurora, the plasma sheet and the solar wind. The plasma sheet,
is just that, a sheet of plasma that divides the magnetosphere along the magnetic equator into two
lobes. This plasma contains trapped electrons and protons that are drifting around the planet (due
to magnetospheric corotation), populated by both the solar wind and auroral backscattered parti-
cles from the polar caps. When these particles are scattered into their loss cones from the inner
portion of the plasma sheet, they follow along the magnetic eld lines until they nd the upper
atmosphere, producing Earth's diffuse aurora. The solar wind is able to enter the magnetosphere
at the magnetopause boundary due to reconnection occurring between the IMF and the magneto-
sphere, topologically connecting the sun's magnetic eld to Earth's. This creates a path for the
solar wind to travel to the magnetotail and into the outer plasma sheet, where the plasma ows
sunward (so on the night side, toward the planet). The plasma in the middle and outer plasma sheet
can undergo eld-aligned acceleration, where particles form "inverteblpwcipitation. This pre-
cipitation is much more energetic than that from the inner plasma sheet and creates the discrete

nightime aurora.

"Inverted-V" refers to the shape of the particle energy distribution seen in an energy spectrogram and is a strong
indicator of eld-aligned acceleration. Examples of this will be given in more detail later.



1.4.2 Jupiter

Past ultraviolet (UV) observations of Jupiter's aurora (e.g. Clarke et al. (1998); Grodent et al.
(2003h,a)) revealed that the Jovian aurora consists of three separate regions that vary in space and
time independently, suggesting different driving processes in each region. The three regions are:
(1) the footprint emissions from Jupiter's satellites, primarily lo, Europa, and Ganymede (Bonfond,
2010; Bonfond et al., 2013; Grodent et al., 2009), (2) the emissions from the main oval (or main
emission), and (3) the more poleward emissions, referred to as the polar emission. These three
regions can be seen in Figure 1.4. Unlike the main oval, the polar auroral morphology is highly
spatially and temporally variable (Dunn et al., 2017; Gladstone et al., 2002; Jackman et al., 2018).
Note that the current systems associated with M| coupling linked to polar emissions are still not

well understood.

Figure 1.4: Jupiter's northern aurora viewed in the UV wavelength by HST. Visible are satellite
footprints, the main auroral oval, and the polar aurora, where heavy ion precipitation occurs.

Like Earth, Jupiter has a plasma sheet that is responsible for auroral emission. Unlike Earth,
Jupiter's aurora is almost entirely self-contained, meaning there is little particle input from the sun.
Where Earth has the solar wind as a prominent generator of magnetospheric plasma, Jupiter has

the Galilean moons (lo, Europa, Ganymede, and Callisto) that populate the magnetosphere with

9



plasma, including heavy ions (i.e. sulfur and oxygen).

Ultraviolet observations suggest a total input power ux o310 104 W for the main auroral
oval emission from each hemisphere. In addition to UV emission, X-ray emissions have also
been observed in the polar cap by XMM-Newton, the Rontgen satellite (ROSAT), and Chandra
X-ray Observatory (CXO) with a total X-ray power of about 1 GW and an output ux of about
2-6 R (Rayleigh (R) = 1®photons/cr/s), demonstrated in Figure 1.5 (e.g. Branduardi-Raymont
et al. (2007); Elsner et al. (2005); Gladstone et al. (2002); Waite et al. (1994)). Observations by
CXO overlaid on HST-FUV (Hubble Space Telescope-Far Ultraviolet) observations (Branduardi-
Raymont et al., 2008) showed a soft X-ray (E < 2 keV) component due to line emission, which
appears to be collocated in the active region of the polar cap. The X-ray aurora morphology is also
highly variable; for example, 45-minute pulsation period in the X-ray emissions was detected by
CXO (Gladstone et al., 2002), but was absent in other observations. The observed X-ray spectra in
the polar cap show line emission due to heavy ion excitation followed by K-shell X-ray emission.
The excitation is due to charge exchange and excitation of precipitating oxygen and sulfur ions
resulting from collisions with atmospheric molecular hydrogen (cf. Cravens et al. (1995); Ozak
et al. (2010); Houston et al. (2018)) indicating an internal source of plasma. Figure 1.6 shows
an X-ray spectrum emitted from the northern Jovian polar cap from Dunn et al. (2016) where the
lower photon energies are associated with sulfur line emission and the higher energies with oxygen
line emission.

X-ray production associated with heavy ion precipitation has been modeled over many years
(Cravens et al., 1995; Horanyi et al., 1988; Hui et al., 2010; Ozak et al., 2010, 2013; Houston
et al., 2018) with the goal of reproducing the X-ray data. Cravens et al. (1995) suggested that
charge transfer and electron removal collisions could explain the X-ray aurora using sieV
per nucleon (1 MeV/u) incident oxygen ion energy*@Gnd & charge exchange collisions with
atmospheric K produce excited & and O* ions that emit X-rays. The high charge state ions
are created via electron removal collisions of low charge state (€'.¢io@s with H,. More recent

models require that the incident sulfur and oxygen ions be very energetic (1 - 2 MeV/u) to produce
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Figure 1.5: An image from the Chandra X-ray Observatory taken on 18 December 2000 presented
by Gladstone et al. (2002). An average X-ray emission of about 4 R is shown to emit from the
polar caps.

the X-rays observed (Hui et al., 2010; Ozak et al., 2010; Houston et al., 2018).

The location of the X-ray emission on the polar cap appears to be magnetically connected to
the outer magnetosphere or to the magnetopause region, perhaps in uenced by the Dungey cy-
cle (Bunce et al., 2004; Cowley et al., 2003). However, uxes of MeV heavy ions in the outer
magnetosphere (Mauk et al., 2004) are too low to produce X-rays as predicted by the previous
models. Consequently, ion acceleration by a eld-aligned potential or another mechanism is re-
quired (Cravens et al., 2003). In this paper | show the observed X-ray intensities can be explained
with heavy ion precipitation at energies as low as 0.3 MeV/u.

Recently, Dunn et al. (2016) analyzed the consequences for the X-ray aurora due to an inter-

planetary coronal mass ejection (ICME) at Jupiter. They mapped the observed emissions from the
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Figure 1.6: Northern polar auroral zone spectrum presented by Dunn et al. (2016) measured by the
Chandra X-ray Observatory. The cross-hairs represent the data measured by the observatory, while
the solid line is a combination of lines that have been tted to the data with half-widths xed at 20

eVv.

outer magnetosphere to the polar ionosphere using the Vogt et al. (2011) eld. Their analysis indi-
cated that precipitating magnetospheric sulfur ions are important than oxygen ions for the region
50 - 90 R. On the other hand, emissions mapping to closed eld lines at distances even further in
the outer magnetosphere (70 - 12¢) 8 on open eld lines appear to be due to a mixture between
precipitating oxygen and carbon or sulfur ions. The observations also exhibited distinct periodic-
ities, with periods of 26 minutes from the sulfur ions and 12 minutes from the sulfur/carbon and
oxygen ions in the hotspot region. This difference seems to also indicate a different origin of the

emissions from different species.

1.5 Magnetosphere-lonosphere Coupling

MI coupling involves the exchange of energy and momentum between different plasma regions,

including the linkage and coupling of colder, denser ionospheric plasmas with more energetic mag-
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netospheric plasmas. Current systems are created in the magnetosphere to prevent electrodynamic
force imbalances that can close in the ionosphere. These Birkeland currents from the magneto-
sphere into or out of the ionosphere aid in the transfer of energy and momentum from ionospheric
corotation with the planet to the outer magnetosphere; see Figurel.7 for the Jovian example. Of-
ten times auroral emission accompanies eld-aligned currents and can be used as an important

diagnostic tool for unveiling the structure of the current systems.

Figure 1.7: A schematic (not to scale) of Jupiter's current system showing the connection of the
ionosphere to the outer magnetosphere. The region labeled "Inner Hill current system" is responsi-
ble for corotation of outward owing magnetospheric plasma with the planet from sporadic current
ow. The "Outer Hill current system" extends from20to 60 R. (See Stallard et al. (2001))

Figure 1.7 illustrates many different characteristics of the current systems in Jupiter's magne-
tosphere that maintain the magnetospheric corotation with the planet through mechanisms posed
by Hill (1979). Initially, the "Inner Hill current system" is generated by a slippage in the magnetic
eld that interacts with the satellite 10, and the associated plasmatorus. As the plasma emitted from
the sulfur dioxide volcanoes on lo diffuses outward, away from the planet and from lo at about 6
Rj, an equatorial plasmasheet is created that is pulled into corotation by the passage of this current
system. The plasma initially lags behind the magnetic eld, but is almost instantaneously brought
into corotation, switching the current off again. Neutral-ion collisions between the thermosphere
(in corotation with the planet) and the ionosphere (lags behind corotation because the magnetic

eld lines attached to the lagging equatorial plasmasheet are also attached to the ionosphere) sup-
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ply angular momentum to the equatorial plasmasheet, where corotation is reestablished. Around
20 R; the magnetic eld becomes too weak and the required velocity too great for this mechanism
to maintain corotation, thus it begins to breakdown.

The "Outer Hill current system" takes over where the Inner Hill current system breaks down.

It begins with "Birkeland" currents generated at the top of the auroral ionosphere at the 20 R
footprint where they ow out, along magnetic eld lines (called Field-Aligned Currents, or FAC),

to the equatorial plasmasheet. They ow through the plasmasheet out to around 50 pvBerR
corotation completely breaks down and rotation of the magnetosphere almost entirely ceases. From
here, the currents ow back along the magnetic eld into the top of the ionosphere and the circuit

is nally complete through Pedersen and Hall currents that ow through the auroral ionosphere at
locations associated with the 2Q Bnd 50 or 60 Rfootprints. It is important to note that these
inexact locations suggested by Hill (1979) are likely to have considerable temporal variations, but
are possibly inner (20 ffand outer (60 B limits.

A good analogy for this is to think of a simple circuit with a resistor and a light bulb, shown in
Figure 1.8. The initial current is generated through force imbalances when the magnetosphere lags
behind corotation of the planet, thus current systems are produced to supply energy and angular
momentum to the plasma in the magnetosphere. The current ows into the ionosphere where there
is resistance in the form of ion-neutral collisions and energy is lost as heat. Then, just as a light
bulb emits light through photoemission of a gas, an aurora is created in the atmosphere, which is

the light source shown in Figure 1.8.

1.5.1 Magnetohydrodynamic Theory

There are several ways in which the magnetosphere and ionosphere can be linked and are described
by uid dynamics and Maxwell's equations. This leads to a set of self-consistent magnetohydro-

dynami@ (MHD) equations that relate the plasma mass density, velocity, pressure, and external

2Here | present a very brief overview of the 4 MHD equations. For a more detailed description see Nicholson
(1983); Cravens (1997) and references therein.
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Figure 1.8: An equivalent simple electric circuit to illustrate the current system associated with
auroral generation. The source, labeled, 'is the current generated through force imbalances
when the magnetosphere lags behind corotation of the planet. The ionospheric resistance, labeled
as "Rono’, is due to ion-neutral collisions in the atmosphere. The aurora produced is then the
resultant light source in this analogy.

magnetic eld, making it useful for a magnetized plasma. The MHD equations are derived from
the (collisional) Vaslov equation, making a couple assumptions and converting the two- uid model
(both electron and ion ow) into a single- uid model, where the motion of electrons is neglected
and only that of heavy ions is considered. Thus, the following mechanisms can be used to explain

the linkage between the magnetosphere and ionosphere: 1) through the mass of particles by a uid

(or mass) continuity equation

™ L& (ru) = 0 (1.1)

It

wherer y is the mass density of the plasma anid the plasma bulk velocity. Or simply, Equation
1.1 states that, within the system, matter is neither created nor destroyed. 2) Through momentum

transfer with the momentum equation
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I %MN u=J B N(pi+ pe)+ rmg rmnin(u un) (1.2)

wherel is the current density is the magnetic eldp; andpe are the ion and electron pressures,
respectivelyniy is the ion-neutral collision frequency, angd is the neutral ow velocity. Here, it
is important to remember that the mass density, multiplied by the plasma bulk velocity, is
the momentum of the plasma. In Equation 1.2, B is the magnetic (Lorentz) force term and can
be written as

(B N)B N B , (1.3)

J B=
4t 2my

wherem is the permeability of free space. The rst term on the right hand side of Equation
1.3 is the magnetic tension force and the second term is the gradient of the magnetic pressure
(pg = B>=2my). Eq. 1.3 is found when the Lorentz force term is expanded using Ampere's law

without Maxwell's correction. And nally, 3) through the energy equation

d p

Q1o =0 (1.4)

whereg is the ratio of the speci ¢ heat§;,=C,, and is typically taken as the adiabatic index for
a monatomic gas, 5/3. MHD assumes that the plasma has quasi-neutrality and high electrical
conductivity allowing it to easily induce magnetic elds. The EM elds obey Maxwell's equations
along with being subject to the conditidh B = 0.

The magnetic eld time evolution can be de ned by using the generalized Ohm's law (idealized
toE J=s u B)with Faraday'slawll E= 1111—?), which yields the magnetic induction, and

4th MHD, equation

m_fzm wu B) N (DN B): (1.5)

Dm= h=myis the magnetic diffusion equation withbeing the resistivity (or inverse of conductiv-
ity, h = 1=s). When a plasma has very high electrical conductisty ( ¥,h ! 0), the magnetic

diffusion equation is approximated Bg, 0 and the last term of Equation 1.5 can be neglected,
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allowing the rst term to dominate. Now described is a magnetic eld with a temporal evolution
dependent on the spatial evolution of the plasma bulk ow velocifygrossed with the magnetic

eld. This is the case of ideal MHD and it allows for advantageous thinking of the magnetic eld
lines as "frozen into" the plasma ow. This describes how a magnetic eld of suf cient strength

can cause magnetospheric plasma to corotate with planets such as Earth, Jupiter, or Saturn and is

the underlying basis for everything presented in this work.

1.5.2 Pedersen and Hall Conductivities

The current density throughout the entire ionosphere is
J=Jb+ 1?2+ i (1.6)

whereJy, J,, andJy are the parallel, Pedersen, and Hall current densities. | have de ned a coor-
dinate system here such that one aRisis aligned with the magnetic eld and is the unit vector

in the magnetic eld directionp = B=jBj. ? is the axis perpendicular to the magnetic eld unit
vector that points toward the magnetic pole. Thuss perpendicular td and points along the
magnetic eld lines of latitude, o? b=n (andh b= ’.3). An electric eld geometry can

be constructed such thef= E0+ ES = EXb+ E9? . HereEis the electric eld in the reference
frame of the neutral gas (moving at velocity) such thaE®= E+ u, B.

The current density can be found by starting with its de nition

J= & neakUk (1.7)
k

where the densitynf), charge k), and bulk ow velocity (k) are summed over all plasma species,

k, including electrons. The ion densitiagare a known quantity, but the current density must be
related to the electric eld to nd the velocitiesg. | introduced the momentum equation with
Equation 1.2; however, | no longer wish to consider the ions and electrons as a single uid. Instead

it IS necessary to present more general forms of the momentum equation for each plasma species
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which will be simpli ed. The moment equation used for electrons is

q . .
NeMe ﬁ+ Ue N Ue= negelE+ Ue B] Npe+ neMeg é NeMeNet(Ue  Ut) (1.8)
tée

and for ions

nim %+ up N ui=+ me[E+u B] Npi+ nmg
(1.9)

anmng(u u) R(Mui  Maup)
t6i

wheret is the every species present, including electrons, ions, and neutrals. The terms on the left
hand side of the equations are inertial terms which can be neglected because the particle dynamics
are going to be dominated by the horizontal currents. This also implies that the terms associated
with gravity, g, can ignored. The pressure gradients in the horizontal direction are small due to
strati cation of the atmosphere, especially relative to the horizontal component of current, so all of
the pressure terms can be ignored,Ngx 0. To further simplify these equations | only consider
collisions between specidésand the neutrals, i.e. the only collisional friction term remaining is

Nkn. | have reasonably disregarded ion-ion collisions and for further simplicity ignored electron-ion
collisions, which is a less reasonable assumption, and any additional ion prodriasioeglected.

| am left with an approximate momentum equation for spekigsch that
0= qf E%(ux un) B)g Miyy(Ux  Un): (1.10)

wheremy anduy are the mass and the bulk velocity of the plasma speciesyargithe neutral
atmosphere bulk velocity.
Solving Equation 1.10 fouy and using the de nition of current density, in Equation 1.7,

Ohm's law can be generalized to
J= soEQ+ s,ES +syES b (1.11)
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wheresg, s, , andsy, are the parallel, Pedersen, and Hall conductivities, respectively. The paral-

lel, Pedersen, and Hall currents are then given by

J=SoEx; JH=snE;; and J, = s, E5: (1.12)

The parallel conductivity is

2
o . nqu

sSp=as with s = 1.13

0 al} Ok 0k e (1.13)

whereny,, is the collision frequency between plasma spekiasd the atmospheric neutrals, for all

ion species and electrons. The Pedersen conductivity is then

rlkn
S = a Sok " (1.14)
ko Mknt Vi
and the Hall conductivity is
o MikinVWk
Sy = 1.15
H a OknEn"' sz ( )

whereW, = gxB=my and is the gyrofrequency for plasma spedied hus, the contribution from
electrons to the Hall current is positive becaMgds negative for electrons. For a detailed discus-
sion and derivation of the momentum equation and the various conductivities, | refer to Cravens

(1997).

1.5.3 Field-Aligned Currents

An issue evolves with the MHD approach when a large intrinsic magnetic eld is present (e.g.
considering an area of space too close to the planet) because the induced eld in the plasma is
insigni cant when compared to the total magnetic eld. So, when considering the ionosphere it
is more useful to calculate the electrical current from the numerous ion species and electrons in

the ionosphere, then use the steady-state charge continuity equstiors 0. Therefore, the
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ionosphere is often analyzed separately from the magnetosphere.

Rather than MHD the eld-aligned electrical currents from magnetosphere dynamics that ow
into the top of the ionosphere are used as boundary conditions to determine the current density in
the ionosphere. W, is the Ml boundary current density, the charge continuity law must be satis ed

in the ionosphere following:
J= N K- (1.16)
whereK, is the horizontal current integrated vertically over the extent of the ionosphere. Integrat-

ing the Pedersen and Hall currents (shown in Figure 1.7 and Equation 1.12) over the height of the

ionosphere p andK y, respectively) add together to produce the horizontal current densities:

Ko = Kp+ Ky, Kp= SpES; Ky=ShES b (1.17)

whereSp andSy are the ionospheric height integrated Pedersen and Hall electrical conductivities

top
Sp= S»dz
bottom
o (1.18)
Sy = SH dz
bottom

Once the parallel currents are determined, the different regions can be linked through dynamics

and force balance equations.

1.5.4 Parallel Electric Fields

A reasonable question when thinking about aurorae generation is: how are particles accelerated
into the top of the atmosphere, especially when highly intensive emission is observed? There
are two processes that | want to brie y discuss that could possibly lead to magnetic eld-aligned

electric potentials which in turn accelerate particles into the atmosphere. However, the processes
associated with the MeV potential drops observed at Jupiter (Clark et al., 2017a) are still debated,

and there has not been a clear consensus on what generates them.
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Figure 1.9: lllustration of the equipotential lines in the Jovian auroral region from Hill (2004).
Shown are the parallel and Pedersen current densliiesdJp, respectively.

One hypothesis is through a basic acceleration mechanism also seen at Earth, illustrated in
Figure 1.9. In this scenario, charge separation along with a magnetosgheBidrift causes
a layer of charge density (dn Fig. 1.9) to form between two electric eld regions (discussed
fully in Hill (2004)). Charges build up in the magnetosphere above the atmosphere from the FAC,
much like a capacitor in a simple current system, only now some particles are re ecting off of the
increased magnetic eld. As the magnetosphere continues to attempt corotation with the planet,
more charged particles will gather above the atmosphere and charge separation occurs. Eventually,
when the charge separation is great enough, a large parallel electric eld is generated to close the
Birkeland current system through the ionosphere, allowing the ions or electrons to ow. Where
the electric eld converges from the B drift, a Pedersen current is generated in the atmosphere
and an upward Birkeland current is produced. This type of acceleration mechanism will create
"inverted-V" signatures in the particle energy distribution spectra, seen imtheu data and
shown later in Figure 1.13.

A second, less intuitive, electric eld generator is through what are known as Alfvénic waves.
This is a type of MHD wave in which the ion ux tubes along a magnetic eld line oscillate
in response to a restoring force, much like a wave moving along a plucked guitar string. This

mechanism generates many different electric elds that ip polarity on a very small spatial scale,
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creating a stochastic energy distribution, such as those observed by Juno and presented by Clark
et al. (2018) and Ebert et al. (2019). | am less concerned with how the particles get to energies
seen by Juno, or even the energy gained between Juno and the atmosphere, instead | take Juno data
at face value and input it at energies directly observed. Thus, | will not expand on this any further

and instead will refer the reader to Khurana & Kivelson (1989) and Manners et al. (2018).

1.5.5 Magnetosphere-lonosphere Coupling at Jupiter

Jupiter has a measured magnetic eld strength @8 Gauss (Connerney et al., 2017), over 20
times greater than Earth's surface eld, and rotates with a period of about 10 hours. Jupiter is
unique in the sense that it has a large internal plasma source from lo's sulfur dioxide volcanoes. All
of the plasma created by lo must eventually be removed from the magnetosphere, either escaping
down the magnetotail, being carried out to the magnetopause, or lost into the atmosphere of Jupiter,
lest too much mass-loading occurs.

The great eld strength and rapid rotation create a large angular momentum with which the
magnetospheric plasma attempts to corotate. For corotation to be accomplished, Ml current sys-
tems are created. The $®om lo is dissociated and ionized, creating sulfur and oxygen ions with
an equal number of electrons forming a plasma torus at lo's orbital distar€®&{). The plasma
torus is largely con ned to the equatorial toroidal plasma sheet created by the torus, as seen in
Figure 1.10.

The recently created heavy ions are now subject to the magnetic eld and begin following
corotation. As more mass enters the magnetospheric sydtei forces are required to conserve
angular momentum. These newly acquired forces are associated with the eld-aligned currents
linking the magnetosphere and ionosphere. Because angular momentum increases with radial
distance, thel B force term and eld-aligned currents must also increase. This occurs out to
about 30 BRwhere coupling can no longer supply the required force to maintain corotation and the
magnetic eld begins lagging.

The plasma that populates the Jovian magnetosphere is in the presence of large magnetic elds
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Figure 1.10: Sketch of the Jovian magnetosphere and the connection to the ionosphere. The mag-
netic eld lines are indicated by the arrowed solid lines, coming out of the northern hemisphere
into the southern.The magnetic eld lines are extended outwards by azimuthal currents in the mid-
dle magnetosphere current sheet. lo is the main generator of the plasma that makes up the current
sheet. The dotted region represents the plasma, beginning as a torus produced by lo and diffusing
outwards to form a plasma sheet. The plasma rotates with the Jovian magnetic eld due to Mi
coupling. Indicated in the gure are three separate angular velocities the angular velocity

of the planetary magnetic eldW; is Jupiter's angular velocity, and/; is the angular velocity

of the neutral atmosphere in the Pedersen layer of the ionospigres expected have a value
betweenw andW; due to the torque produced by ion-neutral collisional friction. The arrowed
dashed lines represent the Pedersen current system that closes through Birkeland currents in the
plasma sheet, where there is a radial outward current system. Shown is the case of sub-corotation
of the plasma (i.ew Wj). Because the magnetic eld lags behind corotation of the planet, the

eld lines are bent out of the meridian plane. The Birkeland current system is responsible for this
"lagging"” con guration associated with the azimuthal eld componentssBown. (From Cowley

et al. (2003).)
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and eld-aligned currents that are trying to maintain corotation. The ions and electrons follow the
Birkeland currents from the outer magnetosphere and ow through the ionosphere. As the charged
particles reach the planetary polar caps following magnetic eld lines they precipitate into the
upper atmosphere where brilliant auroral displays occur. The total auroral power is approximated
to be 133 -10'* W, 100 times greater than the power input from solar EUV at Jupiter. There is
about 1 MA of current associated with the lo auroral footprint and about 100 MA accompanying
the main auroral oval (see Fig. 1.4) that maps out to the middle magnetosphere where energetic
electrons are responsible for the aurora.

The MI coupling and corotation current systems are probably not the same driver for the X-
ray emission from the polar caps. That is likely associated with magnetic reconnection processes
taking place in the magnetopause or magnetotail regions where large electric potentials can be im-
posed across the magnetosphere, accelerating heavy ions to energies required for X-ray production.
Dayside magnetopause magnetic reconnection is a possible driver for the downward eld-aligned
currents that map to the polar caps, as suggested by Bunce et al. (2004). Magnetic reconnection is

not easily described using uid theory and is not explored further in this paper.

1.6 Juno

Juno is a solar powered, atmosphere-skimming, NASA funded spacecraft that arrived to Jupiter on
July 4th, 2016 where it began a 53.4 day polar orbit. This orbit includes an apojove that takes Juno
far beyond the orbit of Callisto, going as far out as 113 &d brings Juno in to about 1.0§ R
during perijove, 4,200 km above the cloud tops. Onboard Juno are eight science instruments that
measure Jupiter's gravitational and magnetic elds, count and calculate electron and ion species
in the magnetosphere, and observe Jupiter in every wavelength from ultraviolet (UV) to radio.
The complete set of Juno instruments is shown in Figure 1.11, but two of the instruments that are
most relevant to this research include the Jovian Auroral Distribution Experiment (JADE) detector
(McComas et al., 2017) and the Jovian Energetic-particle Distribution Instrument (JEDI) (Mauk
etal.,, 2017a).
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JADE is a particle detector that is comprised of three electron sensors (JADE-Es) and a single

low energy ion sensor (JADE-I). The JADE-Es are capable of measuring electrons uxes between

100 eV and 100 keV, while JADE-I measures ions frofmeV to 50 keV and provides ion com-
position measurements from 1 to 50 amu. The ion composition measurements have ne enough
resolution (r=Dm 2.5) to separate heavy and light ions, along with distinguishing betwéen O
and S . Thein situmeasurements of electrons and ions made by JADE are critical to understanding
the processes that produce the strong Jovian aurora seen in the main auroral oval.

Figure 1.12 has been taken from Connerney et al. (2017) and displays complete polar maps of
UV emission from Jupiter's northern and southern aurora measured by Juno during the spacecrafts

rst polar pass. Panels A and C present the total UV emission measured in kiloRayleigh where
the main auroral oval is distinguishable and is associated with the electron measurements made by
JADE. Panels B and C show the color ratio during the same time. The color ratio is a measurement
of methane absorption and a proxy for the electron precipitation energy, which is discussed in
greater detail in Section 3.2.5.

JEDI is a high energy patrticle detector that consists of three particle sensors that measure the
energy, angle, and ion composition distributions of ions ranging in energy from H:20 keV and
0,S:50 keV to > 1 MeV, and the energy and angle distribution of electrons from < 40 to > 500 keV.
The measurements of high energy, heavy ions is pivotal to the explanation | propose of observed
X-rays coming from Jupiter's polar caps.

Precipitating energetic ions have been measured during each perijove at a broad spectrum of
energies. Figure 1.13 presents a JEDI heavy ion ux measurement during a northern polar pass
over the polar caps and main auroral oval. The top panel shows an angle spectrogram which
presents the oxygen ion pitch angle with respect to time, or location of the spacecratft as it orbits
Jupiter. Up to a time of about 2:33, there is a high intensity of trapped ions (ions with a pitch
angle between 10 and 170 ) that are unable to precipitate into the atmosphere, and instead get
re ected back into the magnetosphere due to the increase in magnetic eld strength. Contrary to the

trapped or magnetically re ected particles, the time between 2:33-2:35 illustrates a precipitation
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Figure 1.12: Orthographic projections of Jupiter's northern and southern aurora at the 1 bar level
in the UV wavelength. The yellow line is the spacecraft trajectory marked with hourly tic marks.

In the left column are UV intensities summed between 60 and 180 nm and in the right column are
color ratios that have been given as the ratio between 155 to 162 nm and 123 to 130 nm (Connerney

etal., 2017).
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Figure 1.13: Oxygen and sulfur ion spectrogram measured by JEDI on the 7th perijove pass over
the main auroral oval. The top gure shows the pitch angle distribution, where it is evident that en-
ergetic heavy ion precipitation is occurring when looking at the loss cone (pitch angles approaching
0 or 180). The bottom gure is the energy spectrogram during the same time period. There are
inverted-V distributions in the ion energy associated with ion acceleration.

signature designated by a high intensity ux with a pitch arglerO , where 180is down, toward

the planet. The precipitating particles are said to be in a "loss cone" and are able to reach the
atmosphere and help in the production of the aurora. The bottom panel displays ion energy as a
function of time, called an energy spectrogram. An important aspect of the energy spectrogram is

the inverted-V signatures seen, indicating ion acceleration from eld-aligned potentials.
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Chapter 2

Physical Processes Related to the Jovian Aurora

The ion precipitation model begins with injecting oxygen (O) and sulfur (S) ions into the top of
the atmosphere with some initial energy. The incident pitch angle is assumed to have an isotropic
downward distribution and is randomly chosen for each individual ion and scaled as the cosine
of the pitch angle. Penetration depth and energy loss are affected by the initial energy, incident
pitch angle, and orientation of the magnetic eld lines, which are assumed to be perpendicular
to the top of the atmosphere at the poles. As the ions precipitate through the atmosphere, they
undergo collisional interactions with the atmospheric constituents. To determine how far each ion
precipitates before a collision and what type of collision will occur, | use the most up to date
ion impact cross-sections available from Schultz et al. (2019); Gharibnejad et al. (2019). These
integral cross-sections include oxygen (Schultz et al., 2017, 2019) and sulfur (Gharibnejad et al.,
2019) collisions with H, the primary constituent in the Jovian atmosphere (Seiff et al., 1996, 1997,
Maurellis & Cravens, 2001).

2.1 lon Impact Cross-Section Overview

Over the past couple of years there have been signi cant improvements to existing cross-section
data relevant to ion precipitation at Jupiter. Initially, when Ozak et al. (2010) was modeling Jovian
ion precipitation, they only considered ve possible collisions; electron stripping of the projectile,
target to projectile charge transfer, projectile excitation, target ionization, and target excitation,
which was relevant for both oxygen and sulfur. Then, Ozak et al. (2013) extended the possible col-

lisions to include double target ionization, transfer ionization, double capture-autoionization, and
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double stripping of projectile ions. Houston et al. (2018), with updated oxygen cross-section data
from Schultz et al. (2017), subsequently modeled additional projectile processes, single capture

and double capture of electrons from the target molecule, accounting in totality for the following

processes:
8
2 on + H; +e  Single lonization
o + Hy ! 3 (21a)
~ 0% + 2H* + 2e Double lonization
8 8
3 Hy Single Capture
o D+ 4
3 H* + H* + e Transfer lonization
O + Hy! (2.1b)
8
22H*1 0@ D* 4+ e Double Capture — Autoionization
O(q 2+ 4
3 H* + HY Double Capture
8
e Gt Hy + 2eH+ H* + 2e  Single Stripping
OF + Hy! S (2.1¢)
“ 0@+ HY + 3g;H+ H* + 3¢ Double Stripping
O% + Hp! OY +H,;H +H Electronic Excitation - All States (2.1d)

Although the extended list of collisional possibilities was more comprehensive than anything
that had come before it, Schultz et al. (2019) noticed that while the oxygen stopping*pesser
in good agreement with recommended values at both low (10-100 keV/u) and high (>2000 keV/u)
collision energies, Schultz et al. (2017) underestimated the recommended stopping power in the
intermediate (100 - 2000 keV/u) energy range by up to a factor of nearly two (Fig. 2.1). Origi-

nally, Schultz et al. (2017) were considering target processes (e.g., single and double ionization)

1Stopping power is a measurement of the energy deposition of projectile ions into a gaseous medium, taking into
account every process that can occur, often times calculated using benchmarked experimental values without concern
for the details of speci c projectile-target collisions.
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to happen independently, and non-simultaneously (NSIM), from projectile processes (e.g., single
and double stripping). Schultz et al. (2019) proposed that target and projectile processes could
occur simultaneously (SIM) and the cross-sections should re ect this, ultimately providing the

cross-sections for 35 processes that are used in my model and provided in Appendix A.

Figure 2.1: Comparison of Schultz et al. (2017) NSIM cross-section calculations of electronic
plus nuclear stopping power for oxygen ion transport througly&s (squares) with Schultz et al.
(2019) SIM cross-section calculations (circles). Also plotted are the accepted values from SRIM
2013 (Ziegler et al., 2013) (solid line).

The 35 NSIM and SIM projectile and target processes used are the following:

X0 +Hy! XI* +H) +e; X% +H+H" +e  single ionization (SI)

XI +Hy ! X +H) +e; X% +H+H"+e  Sl+single projectile excitation (SI+SPEX)
X®* +Hy! X% +Hj +e; X% +H+H" +e  SlI+double projectile excitation (SI+DPEX)
X0 +Hy ! X@D* + HY +2e; X@*D* + H+ H* +2e S|+ single stripping (SI+SS)

X0 +Hy ! X@2* + 1Y +3e; X92* + H+H" +3e Sl + double stripping (SI+DS)

X% +Hy! X% +H" +H" +2e double ionization (DI)
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DI+SPEX
DI+DPEX
DI+SS
DI+DS

transfer ionization (TI)
TI+SPEX

TI+DPEX

TI+SS

TI+DS

double capture autionization (DCAI)

DCAI+SPEX
DCAI+DPEX
DCAI+SS
DCAI+DS

single electron capture (SC)
SC+SPEX

SC+DPEX

SC+SS

SC+DS

double electron capture (DC)
DC+SPEX

DC+DPEX

DC+SS



X% +Hy! X9 + HY + HY + 2e DC+DS

X +Hy! X% +H, target excitation (TEX)
X0 +Hy ! X0 +H, TEX+SPEX

X0 +Hyl X9 +H, TEX+DPEX

XI +Hy ! X@D* +H, +e TEX+SS

X0 +Hy ! X@2* + H, +2e TEX+DS

where X stands for the projectile, either O orSs the charge state and depends on the number of
electrons bound to the iog;runs from O to 8 for O and from O to 16 for S. Some processes are not
possible for neutral or singly ionized atoms or, similarly, for fully stripped éf @nd S°* ions
(e.g., for neutral O and S, SC and DC are not possible, or féra&hd S, SS and DS are not
considered).

Because the calculation of the cross-sections is not my work, nor the emphasis of this project,
| will not go into great detail of the procedure necessary to provide these cross-sections. Rather, |
will brie y explain the methodology and motivation behind their calculations and leave the ner
details to the references therein.

Very few experimental cross-section measurements exists for oxygen and sulfur collisions with
a molecular hydrogen gas and such a comprehensive experiment is currently too large of an under-
taking; therefore, Schultz et al. (2019) and Gharibnejad et al. (2019) generate their cross-section
data computationally, using the classical trajectory Monte Carlo (CTMC) method. Collisions are
simulated with the CTMC method by an iterative solution of Hamilton's equations of motion for the
motions of the particles and sampling electron trajectories from a large ensemble of con gurations
of initial electronic orbits. Using this method, the energy and angle of secondary elécirens
able to be recorded and are described by a data set of singly differential cross-sections (discussed
further in the following section). After several million iterations, at various initial ion energies

and every ion charge state, the likelihood of each NSIM process can be determined by the integral

2Electrons that have been removed from the projectile or target particle
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cross-section produced. The CTMC model has been tested against other collisional systems where
more experimental data exists to assess the accuracy of the results, including the comparison of
stopping powers, shown in Figure 2.1 (Schultz et al., 2017).

In calculating the NSIM cross-sections, the CTMC method is only able to analyze either pro-
jectile electrons or target electrons at one time, not both at the same time, lest the destabilization of
the classical model occurs. Therefore, when treating target processes the projectile electrons were
considered inactive, and similarly, in the treatment of the projectile processes the target electrons
were considered inactive and a multi-electron CTMC model was used. Therefore, calculation of
the simultaneous (SIM) cross-sections has to be done independently (Schultz et al., 2017, 2019;
Gharibnejad et al., 2019).

The model developed by Schultz et al. (2019) is to partition the NSIM integral cross-sections
with respect to all possible SIM processes. The NSIM target processes are calculated without
any regard to what is happening to the projectile; that is to say, the target process is achieved
without knowing which fraction of collisions also result in a projectile process occurring. The
NSIM integral cross-sections for the target processes are therefore partitioned into fractions that
describe what happens to the projectile process as well. For example, double ionization (DI)
can be split into fractions where it can occur with single projectile excitation (DI+SPEX), with
double projectile excitation (DI+DPEX), with single stripping of a projectile electron (DI+SS),
with double stripping of a projectile electron (DI+DS), or with nothing happening to the projectile
(DI). Ultimately, the fraction of each SIM process is determined by the overlap of probability
between the NSIM target processes and projectile processes as a function of impact parameter.
The details of these calculations can be found in Schultz et al. (2017, 2019); Gharibnejad et al.
(2019) and the references therein. Examples of the oxygen SIM cross-sections for S| and DC+SS
are shown in Figures 2.2 and 2.3, and sulfur cross-sections associated with DI and Tl are displayed
in Figures 2.4 and 2.5.

Figure 2.1 demonstrates the agreement in oxygen stopping power between Schultz et al. (2019)

and Ziegler et al. (2013). | also produce a stopping power for both oxygen and sulfur with my

34



Figure 2.2: SIM single ionization cross-section as a function of energy for collision$"oiinH,.
Each curve corresponds to a different charge state, g = 0 — 8. Note the dominance of the single
ionization cross-section at high oxygen ion energies. Data taken from Schultz et al. (2019).

Figure 2.3: SIM double capture + single stripping cross-section as a function of energy for colli-
sions of @ in H,. Each curve corresponds to a different charge state, q = 2 — 7. Data taken from
Schultz et al. (2019).
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Figure 2.4: SIM double ionization cross-section as a function of energy for collision$ ohS
H,. Each curve corresponds to a different charge state, g = 0 — 16. Data taken from Schultz et al.
(2019).

Figure 2.5: SIM transfer ionization cross-section as a function of energy for collisiorf§ ghS
H,. Each curve corresponds to a different charge state, g = 1 — 16. Data taken from Schultz et al.
(2019).
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model that | compare with Ziegler et al. (2013) in Figures 2.6 and 2.7. It is evident that the
stopping power of oxygen with the references are in fair agreement, especially at high ion energies.
However, my stopping power for sulfur does not agree nearly as well as oxygen. The upper energy
tail of my precipitation model shows a larger stopping power than what SRIM predicts, and there
is a drastic turn to lower stopping power at the middle energy range. This discrepancy is largely
because of the error in the sulfur cross-section data at high energies. When sulfur ions become
highly ionized, it is harder for Gharibnejad et al. (2019) to model them accurately because of the
low cross-sections and the fewer counts their model produces. The poor quality of the stopping

power will ultimately be re ected in the charge state distributions, discussed in Chapter 4.

2.2 Energy Loss

After an ion collides with an B molecule there is a certain amount of energy lost (or gained)
depending on the type of collision that occurred and the secondary electron energy and angle. The
energy change is determined by an energy loss model as described by Schultz et al. (2019) and is
shown in Table 2.1. I1P>(Hy) is the rst or second ionization potential (15.43 eV and 16.43 eV,
respecitvely) of hydrogen and 4B(q) is the rst or second ionization potential of% or St
shown in Table 4.1.nD€/(E)i is the average energy loss for procé$SC, DC, Tl, SPEX, and
DPEX) at ion impact energlf and is given in Appendix A for oxygen and Appendix B for sulfur.
hEL(E)i is the average ejected electron energy from procéSk DI, Tl, and DCAI) at a given
ion impact energyE, and can be determined by sampling the singly differential cross-section
(SDXS) data. On average, the sampling of the SDXSs will return the average ejected electron
energy. The same sampling is also true for ejected electron angle, which is important for the SS
and DS processes.
I"EESDS(E)i is the average ejected electron energy transformed from the target frame into the
projectile frame, since the energy loss of the projectile comes from the electron energy in the
projectile frame. The cross-section data for SS and DS are in the target frame, so a straightforward

transformation must be done to calculate the correct energy loss (given in Appendix B of Schultz
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Figure 2.6: Comparison of the stopping power produced by my oxygen precipitation model and
the accepted electronic+nuclear stopping power values from SRIM 2013 (Ziegler et al., 2013).

et al. (2019)).

2.2.1 Ejected Electron Energy Transformations

Firstly, let the electron energy in the target frame (i.e., the electron energy sampled with SDXSs)

be denoted as¥and the electron's velocity in the projectile framevagvy; W, V7), given by

E0= %[v§+ V4 (Vo Vprop) ] 2.2)
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Figure 2.7: Comparison of the stopping power produced by my sulfur precipitation model and the
accepted electronic+nuclear stopping power values from SRIM 2013 (Ziegler et al., 2013).
wherevyyoj is the velocity of the projectile. The angle the electron is ejected in the target frame

(i.e., the electron angle sampled with SDXSg),is given by

Vz+ Vproj (2.3)

qd= cos ! o
[V + V32/+(Vz+ Vproj)?]2

Next, if we solve both Equation 2.2 and 2.3 for the square of the velocity of the ejected electron,

V2 (= Vg+ V5 + V2), we obtain
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Table 2.1: The energy loss model for each process considered as given in Schuliz et al. (2019).
For the SIM processes (e.g., DI+SS), the energy loss is the sum of the energy loss of the target and
projectile process. »(H>) is the rst or second ionization potential of hydrogen ang ) is

the rst or second ionization potential of%® or $* .

Reaction| Energy loss |

TEX DeFX = 7.7 eV

Sl De>' = IP1(Hy) + hEZ'(E)i

DI DeP' = IP1(Hy) + IPy(Hy) + hES'(E)i
SC DeSC = hDeSYE)i

DC DePC = hDEPC(E)i

TI De™ = IP1(H,) + hEL(E)i + hDe™ (E)i
DCAI DePCAT = hEDCAT(E)i

SS De>>= 1Py(q) + NESXE)i

DS DePS = 1Py(q) + IP(q) + hESS(E)i

SPEX | De°PEX= rDe’PEX
DPEX | DePPEX= rDePPEXi

V= 2B VVpioj Vo] (2.4)
- _(VZ;’O;F;;ZJJ')Z 2Vproj Vo) (2.5)

Equating these two equations leaves us with the following
2E0= (vt Vproi)® (2.6)

cogq?

We are now left with an expression with all but one known varialeSolving forv; yields
P -5 0 :
v;=  2E%c09g  Vproj : (2.7)

Because we are able to deriwewith all known variables, we obtain the electron ejection energy;
and although not needed in my ion precipitation model, for completeness we now also have the

angle in the projectile frame
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Eoz Sma? (2.8)

Ge=cos ! pZ (2.9)

wherev? can be calculated from Equation 2.4. Thus, the transformation of electrons from the target
frame into the projectile frame by sampling &ndqlis accomplished and SS and DS energy loss

values can be calculated.

2.3 Neutral Atmospheres

All of the planets in the solar system, along with some satellites, have an atmosphere that is con-
sidered to be in hydrostatic equilibrium or hydrostatic balance. That is to say, the force of gravity

on the atmosphere is balanced by the pressure gradient force, or

Np=rg (2.10)

whereNp is the gradient of the atmospheric pressurds the atmospheric density, agds the
acceleration due to gravity and can be writtergas gz. Now, with all quantities as a function

of altitude,z, and with the equation of state € mp=kgT), Equation 2.10 can be written as

=
©

mg
ke T

= rg= (2.11)

=
N

wherekg is the Boltzmann constantyis the appropriate mean mass of the molecules that make up
the given uid under consideration, aridis the temperature. Equation 2.11 can easily be solved

such that
Z mgd?
2 kT (D)

wherepg andzy are reference points for a given pressure and altitude, respectively. When consid-

P(2) = poexp (2.12)

ering a limited altitude range, one can assume an isothermal atmosphere;Twheomstant, and
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that gravity is constant. Thus, Equation 2.12 becomes

P(2) = poe * 7 (2.13)
whereH is the scale height,
knB]—;: (2.14)

The scale height is theefolding length and describes the increase in height with which the pressure
decreases exponentially. It is a useful tool for the upper atmosphere, where one can approximate
atmospheric isothermality on the order of multiple scale heights. (Note: The scale heights for
Earth and Jupiter are roughly 8 km and 30 km, respectively.)

An important consideration for the model is the atmospheric pro le. The density of atmo-
spheric constituents and the scale height determine how far an ion will move before undergoing
a collision and the column density dictates the amount of photoemission escapes the atmosphere.
The more atmosphere an ion or photon travels through, the higher probability of a collision or
photoabsorption.

Because all of the ion impact cross-sections | use are ion-neutral collisions with molecular
hydrogen, the primary constituent in the atmosphere of Jupiter, | often show gures that are with
respect to H density, with altitude as a secondary axis. This negates the necessity of having to
know the exact K distribution in the Jovian atmosphere, the exact altitude can be adjusted when
there are better measurements of the polar atmosphere. However, this becomes more dif cult
when considering alternate species that need to be adjusted based on how they react chemically
in the atmosphere, especially above the homopause. | resolve this by proposing two atmospheres,

discussed in the following section.

2.3.1 Jupiter

Houston et al. (2018) used a neutral atmosphere originally presented by Maurellis & Cravens

(2001) based on Galileo probe data (Seiff et al., 1996, 1997) and remote observations (Sada et al.,
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1998). The same atmosphere is used here, only | have extended the depth from 200 km to -88
km, where 0 km is set to where the pressure is equal to 1 bar (Fig. 2.8). The atmosphere below
200 km has been generated using temperature-pressure pro les retrieved from NASAs Infrared
Telescope Facility and the Texas Echelon Cross Echelle Spectrograph Instrument (IRTF-TEXES)
(Sinclair et al., 2018). Using the temperature and pressure, the ideal gas law is then solved to obtain
the total number density. Because this is below the homopause, where a well-mixed atmosphere
is present, the mixing ratios from 200 km are extended down to -88 km to calculate the number

density of each species.

Figure 2.8: Atmospheric density pro les ofHHe, CH,;, and H based on data shown in Maurellis
& Cravens (2001) and Sinclair et al. (2018), referred to as atmosphere 1. Also shown is the neutral
temperature pro le as a function of altitude and pressure.

Thein situ measurements of the Galileo probe were taken when it plummeted into the equa-
torial atmosphere, not the polar atmosphere. Thus, there has been much speculation about the

composition of the atmosphere over the polar caps (see Section 5.2 of Clark et al. (2018), Gérard
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et al. (2014), and Parkinson et al. (2006)). To help combat this, | generate a second atmospheric
pro le (Figure 2.9) by taking the mixing ratio of molecular hydrogen to helium and methane at
the bottom of the density pro le in Figure 2.8 and then redistribute the helium and methane from
the top of the atmosphere with that same mixing ratio. This allows for a completely well-mixed
atmosphere that ignores a de ned homopause; rather, the entire atmosphere is homogeneous. The
H» distribution of this atmosphere remains the same as that in Fig 2.8, thus ion precipitation will
not be effected because only ion collisions in a hydrogen gas are considered. However, when
photoemission is discussed, the well-mixed atmosphere will have greater photoabsorption effects.
Atomic hydrogen is ignored in the well-mixed atmosphere because of how chemically active it
tends to be (as can be seen in the original atmosphere, below the homopause) and it is not un-
reasonable to think the column density of H will have negligible effects on the opacity of X-ray
emission, as it does in the original atmosphere. | will refer to the atmosphere displayed in Figure

2.8 as “atmosphere 1" and the well-mixed atmosphere in Figure 2.9 as “atmosphere 2.
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Figure 2.9: Atmospheric density pro les of31He, and CH in my well-mixed atmosphere, re-
ferred to as atmosphere 2. Also shown is the neutral temperature pro le as a function of altitude
and pressure.
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Chapter 3

Electron Precipitation

3.1 Introduction

Several types of precipitating particles and atoms play key roles in the Jovian auroral atmosphere.
For example, ion precipitation is the major contributor to X-ray emission coming from high alti-
tudes over the polar caps. However, electrons are the dominant species in the Jovian magnetosphere
and are responsible (along with protons) for the main auroral oval. They also contribute to soft X-
ray production through electron bremsstrahlung, but, more importantly, electrons are the primary
current carriers into the top of the atmosphere and in the ionosphere.

There are several mechanisms for electron generation in the auroral atmosphere. First, electrons
are produced through photoionization of atmospheric constituents. This is the main contributor to
the ionosphere at Earth; however, at Jupiter this plays much less of a role due to the large number
of electrons produced by particle precipitation and the relatively low solar photon ux at 5.2 AU.
There are photoionized electrons in the Jovian ionosphere, but due to their low density compared
to other sources, | do not consider them in this model.

A second method of electron production in the atmosphere is from precipitating magneto-
spheric electrons, referred to as electron precipitation. This mechanism is responsible for the
extremely intense UV aurora shown in Figure 1.4 and also produces soft X-rays from electron
bremsstrahlung. The X-rays emitted from electron precipitation are very different than those gen-
erated by heavy ion precipitation. The X-ray spectrum due to bremsstrahlung is a continuum rather
than discrete line emission, and it is primarily associated with the main auroral oval, not the polar

caps.
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A third method of electron generation is secondary electron production from the precipitation
of either electrons or ions into the atmosphere. Many of the ion-neutral collisions listed in Section
2.1 produce one or multiple electrons. These are the resulting electrons referred to as secondary
electrons and | book-keep every one produced, including the energy and angle of said electrons.
To simulate the consequences of both electron precipitation and secondary electron production, |

use a two-stream model.

3.2 Two-Stream Model

lon precipitation produces secondary electrons from ionization or stripping collisions and this is
included in the ion Monte Carlo simulation. The heavy ion model tracks secondary electrons,
recording their energy, the altitude where they were produced, and the direction in which they
were ejected (downward deeper into the atmosphere or upward escaping it). The secondary elec-
trons, some of them rather energetic, also interact with the neutral atmosphere. | model the electron
uxes with a two-stream approach adapted to include the appropriate cross-sections for the Jovian
atmospheric composition. The two-stream model yields electron uxes, ion production rates, Ly-
man and Werner band emission rates, and escape-electron energy and power spectra. Originally,
the two-stream model was used for photoelectron interactions at Earth (Banks & Nagy, 1970; Nagy
& Banks, 1970). Since then it has been further developed for modeling of electron transport for
various comets, Saturn's moon Titan (Cravens et al., 2008; Gan & Cravens, 1992; Gan et al., 1993;
Robertson et al., 2009), and Enceladus (Ozak et al., 2012). | use a modi ed two-stream code that
was directly adapted for Jupiter's polar region (Ozak Munoz, 2012; Ozak et al., 2013).

In this research, | primarily use the two-stream model for analysis of secondary electron pro-
duction from heavy ion precipitation. However, it can be used for low (non-relativistic) electron
precipitation, which | will show results for here. Electron precipitation of course includes the
production of secondary electrons, which are taken into account by the two-stream model. The
secondary electron production associated with heavy ion precipitations is discussed later in Chap-

ter 4.
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3.2.1 Physical Process

For the two-stream method electrons are considered to move only up (with*Jyor down (ux
F ) the magnetic eld line, as a function of energy,and path lengths. The equations used are

as follows (Banks & Nagy, 1970; Nagy & Banks, 1970):
—— = Anm(sKa* PSSHF (:9+ A (IPSSEF (69+ dpred&;9)+ q (819 (3.1)
k k

whereny is the neutral density of the atmospheric speciess X, is the total inelastic cross-
section for a neutral species, apfl andsX are the electron backscatter probability and cross-
section, respectively. The rst term of the equation calculates the loss of electrons from the ux
in each direction due to absorption or backscatter. The second péremds, are the elastic
probability and cross-section. The third temgsed(€;S), is the secondary electron production rate
provided by the ion precipitation model. The nal terip, (e;s), is the electron production rate

due to cascading from higher energies by inelastic collisions, which involves keeping track of every
electron as they move from one energy bin to another. Variable energy bins are used with widths
ranging from 0.5 eV for low electron energies below 10 eV and increasing to 200 eV wide bins for

energies near 10 keV.

3.2.2 Electron Impact Cross-Sections

The electron impact cross-section data has been compiled from multiple sources by Ozak Munoz
(2012). | have largely taken the work done by her, and reused it in the two-stream model. Al-
though not my work, | will discuss her motivation here. The cross-sections for electron impact
with molecular hydrogen have been adapted from a compilation done by Yoon et al. (2008) (Y08),
who recommend the best available experimental values at the time the paper was written. When-
ever available, Ozak Munoz (2012) prioritized the use of experimental data over theoretical data.
However, to have the cross-section information in a form compatible with the code and to have the

cross-section values where experimental data was missing, she tted the available data with analyt-
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ical functions commonly used for the computation of cross-sections. For the electioetéktic
collisions she tted the data with the analytical function adapted from Green & Dutta (1967); Miles
et al. (1972); Garvey et al. (1977). For the ionization cross-sections, she used the approximation
given by Green & Sawada (1972) to t the YO8 data. For the electron impact excitation cross-
sections for the singlet states'®, and CP, she based computation on the measurements done
by Liu et al. (1998). For the E}ISa state she used the data obtained by Liu et al. (2003). For the
remaining singlet excitation states, she adapted the values given by Dalgarno et al. (1999). Cross-
sections for H Lya emission by dissociation have been obtained from data reported by Ajello
et al. (1995) and tted by an analytical function given by Shemansky et al. (1985). The electron
ionization cross-section for Hwas tted to the recommended values measured by Straub et al.
(1996).

Electron impact cross-sections for He were obtained by Jackman et al. (1977), electron-H
cross-sections for electron energies below 3 keV were taken from Olivero et al. (1973) and from
Stone & Kim (2002) for energies higher than 3 keV. Total ionization cross-sections for electron
impact with atomic H were tted to data from Shah et al. (1987). Finally, electron-dhbact
cross-sections were adapted from Gan & Cravens (1992) and Gan et al. (1992). An example from
Ozak Munoz (2012) of the impact cross-sections can be seen in Figure 3.1 which shows the cross-
section for the excited singlet staté%, in Hp, the state responsible for the Lyman excitation band.

For the ner details on the tting parameters for the analytical functions to all the cross-sections

computed | refer the reader to Ozak Munoz (2012).

3.2.3 Results

Juno has measured electrons with energies up to 1 MeV in the polar aurora region (Connerney
etal., 2017; Clark et al., 2018). An electron with energy of 100 keV travels at abautAs2oted

above, the two-stream model is inadequate at modeling electron precipitation at high energies be-
cause it does not take into account relativistic effects. This is perfectly suitable for secondary

electron production, because they are not produced at relativistic energies and certainly not above
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Figure 3.1: Lyman band () excitation cross-sections inoHrom electron impact. Compared

here are the cross-sections produced by Yoon et al. (2008) and the two-stream code. The vertical
bars associated with the YO8 data represent an experimental error of 20%. This gure has been
taken directly from Ozak Munoz (2012).

100 keV. Thus, to see a comprehensive electron precipitation model of the main auroral oval, |
refer the reader to Gérard et al. (2014), but here | present results associated with low energy elec-
tron precipitation to provide an idea of the implications. | input monoenergetic electron beams at
energies of 5, 10, 20, 50, 100, and 200 keV with an input power of 1 n&ifrd an isotropic dis-
tribution of incident pitch angles. Every run through the two-stream model is through atmosphere
1, rather than the well-mixed atmosphere, atmosphere 2, unless explicitly stated.

The B+C volume emission rate for each electron beam is displayed in Figure 3.2, which also
shows the location in the atmosphere of the energy deposition. When comparing this to Figure
6 of Gérard et al. (2014) one sees a difference 60% and 30% in volume emission rate and

penetration depth, respectively, for electron beams over 20 keV, with my electron beams produc-
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