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Abstract

The far ultraviolet (FUV) aurora on Jupiter’s largest moon, Ganymede, is cha-

racterized by two distinct ovals in the northern and southern hemisphere, which

have been investigated by several campaigns of the Hubble Space Telescope

(HST) in the past two decades (e.g., Hall et al. (1998), Feldman et al. (2000)

and McGrath et al. (2013)). The aurora is generated by electron-impact disso-

ciative excitation of atomic and molecular oxygen in Ganymede’s tenuous atmo-

sphere. The most likely acceleration mechanism for the high energetic electrons

triggering the auroral emission are field aligned electric currents (FAC) accele-

rating electrons along the open-closed magnetic field lines boundary (OCFB) of

Jupiter’s and Ganymede’s magnetic field towards the moon’s atmosphere (Evia-

tar et al. 2001a). This acceleration mechanism is consistent with the locations

of the observed ovals being close to the intersection lines of the OCFB, predic-

ted by numerical modeling, with Ganymede’s atmosphere (Feldman et al. 2000;

Eviatar et al. 2001a; McGrath et al. 2013). The compression of Ganymede’s mini-

magnetosphere due to the impinging Jovian magnetospheric plasma flow on the

upstream side shifts the OCFB and accordingly the auroral ovals to elevated pla-

netographic latitudes (between 40◦ and 55◦) on the trailing side (Neubauer 1998;

Feldman et al. 2000; McGrath et al. 2013). On the downstream side, the mini-

magnetosphere is stretched which shifts the OCFB to lower latitudes (between

10◦ and 30◦) on the leading side. Furthermore, the aurora on Ganymede is ex-

pected to be time-variable since the moon is exposed to the time-periodic plasma

and magnetic field of Jupiter’s magnetosphere. The influence of periodically chan-

ging local plasma conditions on the morphology and brightness of Ganymede’s

aurora has not been analyzed yet. In this thesis we systematically analyze the

spatial structure and the temporal variability of Ganymede’s FUV auroral ovals as

a function of its time-variable magnetospheric environment. We analyze spectral

images obtained between 1998 and 2011 by the Space Telescope Imaging Spec-

trograph (STIS) on-board of HST. The observations cover the satellite at eastern

and western elongation, observing Ganymede’s leading and trailing side. The ob-

servations also cover various magnetic latitudes of Ganymede within the Jovian

plasma sheet. As a result of our study, we find both, asymmetries in the spatial

distribution of auroral brightness on the observed moon disk and temporal varia-
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tions correlated to Ganymede’s changing position relative to the Jovian current

sheet. We find a hemispheric dichotomy of the total disk averaged brightness

between the leading side (95.4 ± 2.1 R) and the trailing side (67.2 ± 2.9 R), i.e.,

the plasma downstream side is significantly brighter than the plasma upstream

side. Furthermore, the Jupiter-facing side of the moon disk is brighter than the

anti-Jovian side by a factor of 1.81 ± 0.06 on the leading side and by a factor

of 1.41 ± 0.14 on the trailing side, indicating local inhomogeneities in the cur-

rent systems associated with the generation of the aurora. We demonstrate, that

the auroral brightness is clearly correlated to Ganymede’s position relative the

to Jovian current sheet, as we see an increased brightness on the leading side

and a decrease of brightness on the trailing side, when Ganymede is inside the

current sheet compared to elevated magnetic latitudes. At the same time, the au-

roral ovals shift on the leading side towards Ganymede’s planetographic equator

by an average of 4.1◦ ± 0.7◦ latitude, and on the trailing side towards the poles

by an average of 2.9◦ ± 1.5◦ latitude when Ganymede is at the center of the cur-

rent sheet. The brightness variations and the ovals’ movements are a response

to the changing local plasma conditions inside the current sheet as Ganymede’s

mini-magnetosphere is exposed to a stronger interaction with the Jovian magne-

tospheric plasma. By calculating the center between the northern and southern

oval we are able to derive further constraints on the orientation of Ganymede’s

magnetic equator. We find that Ganymede’s dipole magnetic moment is oriented

further westward at approximately 47◦ (+58◦/-43◦) planetographic west-longitude

compared to previous estimates. Finally, by analyzing the amount, the size and

structure, and the longitudinal distribution of bright auroral spots along the ovals,

we find that the occurrence of the spots is rather randomly than systematically

ordered, which might be due to the intermittent magnetic reconnection at Gany-

mede’s upstream side (Eviatar et al. 2001a).



Zusammenfassung

Das im fernen ultravioletten Wellenlängenbereich (far ultraviolet, kurz: FUV) sicht-

bare Polarlicht des größten Mondes Jupiters, Ganymed, zeichnet sich durch sei-

ne beiden Polarlichtovale in der Nord- und Südhemisphäre des Mondes aus.

Das Polarlicht bei Ganymed wurde in den vergangenen zwei Jahrzehnten mit

zahlreichen Kampagnen des Hubble Weltraumteleskops (Hubble Space Teles-

cope, kurz: HST) untersucht (z.B. in Hall et al. (1998), Feldman et al. (2000)

and McGrath et al. (2013)). Das Polarlicht entsteht durch dissoziative Elektro-

nenstoßanregung atomaren und molekularen Sauerstoffs in Ganymeds dünner

Atmosphäre. Der wahrscheinlichste Beschleunigungsmechanismus für die hoch-

energetischen Elektronen, die die Polarlichtemission anregen, sind feldparallele

elektrische Ströme (field aligned currents, kurz: FAC), die die Elektronen ent-

lang der Grenzfläche zwischen offenen und geschlossen Magnetfeldlinien Gany-

meds und Jupiters (open-closed magnetic field lines boundary, kurz: OCFB) in

Richtung der Atmosphäre Ganymeds beschleunigen (Eviatar et al. 2001a). HST

Beobachtungen bestätigten, dass die Lage der Polarlichtovale mit der durch nu-

merische Modellierungen theoretisch berechneten Schnittlinie der OCFB mit Ga-

nymeds Atmosphäre nahezu übereinstimmt (Feldman et al. 2000; Eviatar et al.

2001a; McGrath et al. 2013). Ganymeds Mini-Magnetosphäre ist dem ständigen

Strom von Plasma aus der Jupiter-Magnetosphäre ausgesetzt, wodurch die Mini-

Magnetosphäre auf der angeströmten Seite, die zugleich Ganymeds orbital hin-

terher hinkende Hemisphäre ist (in Folge als Rückseite des Mondes bezeichnet),

komprimiert wird (Neubauer 1998). Auf der abgeströmten Seite, die zugleich Ga-

nymeds orbital führende Hemisphäre ist (in Folge als Vorderseite des Mondes

bezeichnet), wir die Mini-Magnetosphäre gestreckt. Kompression und Streckung

der Mini-Magnetosphäre bewirken, dass die OCFB und damit auch die Polar-

lichtovale auf der Rückseite Ganymeds zu höheren Breiten (zwischen 40◦ und

55◦) und auf der Vorderseite zu niedrigeren Breiten (zwischen 10◦ und 30◦) ver-

schoben sind (Feldman et al. 2000; McGrath et al. 2013). Ferner unterliegt das

Polarlicht auf Ganymed zeitlichen Variationen, da der Mond dem zeitlich varia-

blen Plasma und Magnetfeld Jupiters ausgesetzt ist. Da der Einfluss zeitlich ver-

änderlicher, lokaler Plasmabedingungen auf die Morphologie und die Helligkeit

von Ganymeds Polarlichtern noch nicht hinreichend untersucht wurde, untersu-
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chen wir in der hier vorgelegten Doktorarbeit systematisch die räumliche Struk-

tur und zeitliche Variabilität von Ganymeds Polarlichtovalen im fernen ultraviolet-

ten Wellenlängenbereich als Funktion der zeitlich veränderlichen magnetosphä-

rischen Umgebung des Mondes. Dazu analysieren wir einen großen Satz von

spektroskopischen Bildern, die mit dem Space Telescope Imaging Spectrograph

(kurz: STIS) an Bord von HST im Zeitraum von 1998 bis 2011 aufgenommen

wurden. Die Beobachtungen decken Ganymed bei östlicher als auch bei westli-

cher Elongation und damit die Vorder- und Rückseite des Mondes ab. Ebenfalls

decken die Beobachtungen Ganymed bei verschiedenen magnetischen Breiten

innerhalb der Plasmaschicht Jupiters ab. Als Ergebnis unserer Studie beobach-

ten wir sowohl Asymmetrien in der räumlichen Verteilung der Polarlichthelligkei-

ten auf der Mondscheibe als auch zeitliche Variationen dieser Helligkeiten als

Funktion von Ganymeds wechselnder Lage bezüglich der Stromschicht. Wir er-

kennen eine Dichotomie der gemittelten Scheibenhelligkeit zwischen der Mond-

vorderseite (95.4 ± 2.1 R) und der Mondrückseite (67.2 ± 2.9 R), d.h. die vom

Plasma abgeströmte Seite ist signifikant heller als die vom Plasma angeström-

te Seite. Außerdem ist der Teil der Mondscheibe, der dem Jupiter zugewandt

ist, auf der Mondvorderseite um den Faktor 1.81 ± 0.06 und auf der Mondrück-

seite um den Faktor 1.41 ± 0.14 heller als der Teil der Mondscheibe, der dem

Jupiter abgewandt ist, was auf lokale Inhomogenitäten im Stromsystem, das mit

der Entstehung der Polarlichter verknüpft ist, hinweist. Die Polarlichthelligkeiten

sind eindeutig mit der Lage Ganymeds bezüglich der Stromschicht Jupiters ver-

knüpft, was sich in einem Anstieg der Helligkeit auf der Mondvorderseite und

einem Abfall der Helligkeit auf der Mondrückseite zeigt, wenn Ganymed von ho-

hen magnetischen Breiten in die Stromschicht eintritt. Gleichzeitig verschiebt sich

die Lage der Ovale auf der Mondvorderseite um durchschnittlich 4.1◦ ± 0.7◦ pla-

netographischer Breite hin zum planetographischen Äquator Ganymeds und auf

der Mondrückseite um durchschnittlich 2.9◦ ± 1.5◦ planetographischer Breite hin

zu den Polen Ganymedes, wenn sich Ganymed in der Stromschicht befindet.

Sowohl die Variationen der Helligkeiten als auch das Wandern der Polarlichtova-

le sind eine Reaktion auf veränderte lokale Plasmaeigenschaften innerhalb der

Stromschicht, wo Ganymeds Mini-Magnetosphäre einer stärkeren Wechselwir-

kung mit dem magnetosphärischen Plasma Jupiters ausgesetzt ist. Durch die

Berechnung der Mittelpunkte zwischen den Nord- und Südpolarlichtovalen sind

wir darüber hinaus in der Lage, weitere Randbedingungen für die Berechnung der

Orientierung von Ganymeds magnetischem Äquator abzuleiten. Unsere Berech-



nungen ergeben eine im Vergleich zur vorangegangenen Abschätzungen westli-

cher orientierte Lage von Ganymeds Dipolmoment bei etwa 47◦ (+58◦/-43◦) pla-

netographischer Länge. Am Ende unserer Studie untersuchen wir das Auftreten

heller Polarlichtflecken entlang der Polarlichtovale hinsichtlich ihrer Anzahl, Grö-

ße, Form und Verteilung als Funktion planetographischer Länge. Wir entdecken

ein vielmehr zufälliges als systematisches Auftreten der Polarlichtflecken, was

möglicherweise durch die diskontinuierlich erfolgende Rekonnektion von magne-

tischen Feldlinien auf der angeströmten Seite der Mini-Magnetosphäre hervorge-

rufen wird.
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Chapter 1Introduction

In this chapter we briefly introduce into the subject of this thesis, the aurora on

Jupiter’s largest moon, Ganymede. We explain the motivation for our study and

present the structure of the thesis.



2 CHAPTER 1. INTRODUCTION

In 1621, Galileo Galilei (1564-1624) witnessed a great auroral outburst in Veni-

ce, Italy, which marks one of the first recorded observations of auroral emission

in Central Europe (Falck-Ytter and Torbjorn 1999). Five years earlier, Galilei and

his student Mario Guiducci (1585-1646) published an essay in 1616, in which the

term aurora borealis is used for the first time to describe the polar lights on the

northern hemisphere1 (Siscoe 1978). The term is a combination of the name of

the Roman goddess of dawn, aurora, and the Greek name for the north wind, bo-

reas. The polar lights on the southern hemisphere are called aurora australis, as

australis is the Latin name for the south wind. Today, the term aurora is commonly

used to describe the polar lights.

About one decade prior to his aurora observations, on January 7, 1610, Galilei

made one of his first observations of the night sky with his newly invented optical

instrument, the telescope. He observed Jupiter which was accompanied by three

bright dots strung on a line going through the planet. He originally considered

these dots as stars and sketched them together with Jupiter on a notepad (Barker

2004). Excerpts of these sketches are shown in Figure 1. During the following

days, Galilei continued observing Jupiter and sketched the accompanying ”stars”.

He noticed that the observed bright dots kept their alignment on a line through

Jupiter, but moved from day to day (panels 2 and 3 in Figure 1) and from hour

to hour (not shown in the figure). On January 13, 1610, Galilei saw a fourth star

appearing. He continued his observations until March 2, 1610, and concluded that

the bright dots, which continued to change their positions relative to each other

but always remained close to Jupiter, must be planetary bodies orbiting around

Jupiter (Barker 2004).

Galilei published his findings in Sidereus Nuncius in 1610 (Galilei 1610), which

was dedicated to his Grand Duke Cosimo de’ Medici and, therefore, he called the

newly discovered moons of Jupiter the Medicean planets I, II, III and IV. This

nomenclature was used for centuries until they had been renamed to the Galilean

satellites Io, Europa, Ganymede and Callisto, the Greek names of the lovers of the

Roman god Jupiter (Marazzini 2005). Today, we know that the Galilean satellites

are the four largest moons of Jupiter among numerous small-sized and irregular

moons.

1Galilei and Guiducci used the Italian term boreale aurora. It was the French scientist Pierre
Gassendi (1592-1655) who introduced the Latin term aurora borealis for the first time in 1621
(Falck-Ytter and Torbjorn 1999).
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Figure 1 – Galileo Galilei’s sketches of Jupiter (circle) and the Galilean satellites
(stars) made in Januar 1610. ”Ori.” (abbreviation for the Latin word orient) means
East and ”Occ.” (occident) West. Each panel is taken from Galilei (1610) and is
enhanced in contrast and brightness.

The homemade telescope of Galileo Galilei was a groundbreaking invention at

that time and a milestone in the development of optical instruments. Of course,

the accuracy of telescopes has been steadily improved over the years and centu-

ries. Today, we are able to observe the Galilean satellites with a higher resolution

than at Galilei’s time. With advanced spectrographs aboard space telescopes like

the Hubble Space Telescope (HST) we are able to observe targets at wavelengths

beyond the visible light. Due to the improvements of optical-spectroscopic instru-

ments over the past decades, we discovered that the auroral outburst seen by

Galilei in 1621 is not an exclusive phenomenon at Earth. Auroral emission also

occurs at other planetary bodies in our solar system such as Jupiter (see, e.g.,

Clarke et al. (2004) and Figure 2B), Saturn (see, e.g., Kurth et al. (2009)) or Ura-

nus (see., e.g., Lamy et al. (2012) and Figure 2C). The most recent observation

of auroral emission on a brown dwarf (Hallinan et al. 2015; Kao et al. 2016) is the

first detection of aurora on an extrasolar object outside of our solar system.

Even though the aurorae of all these planetary bodies describe the same phy-

sical phenomenon, they differ from body to body in morphology, i.e., in location,
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A Aurora australis at Earth: UV false-
colour image observed ny the satellite
IMAGE and overlaid on an image at vi-
sible wavelengths (NASA 2005).

B Aurora at Jupiter: FUV auroral oval
observed with HST (NASA 1998).

C Aurora at Uranus: Composite image
of HST aurora observations at visible
and ultraviolet wavelengths, Voyager 2
photographs of Uranus’ disk at visible
wavelengths, and Gemini Observatory
observations of the Uranus’ ring system
at infrared wavelengths. (NASA 2012).

D Aurora at Ganymede: The two FUV
auroral ovals at frontal view on Gany-
mede’s plasma downstream side, obser-
ved with HST (McGrath et al. (2013),
excerpt from their figure 2).

Figure 2 – Auroral ovals at Earth (A), Jupiter (B), Uranus (C) and Ganymede (D).
Note that additionally to the main oval at Jupiter the so-called footprints (indicated as
”spots” in the image) of the Galilean satellites are also visible, caused by magnetic
flux tubes which connect Jupiter’s ionosphere to the moons. The two FUV auroral
ovals at Ganymede go around the moon’s north and south pole as they do at Earth,
but at lower planetographic latitudes.
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extension and shape, in brightness and in their generation processes (compare

the panels in Figure 2). Today, our understanding of the physical processes of

auroral phenomena is still incomplete. Generally speaking, an aurora is a light

display which occurs when charged particles hit the atmosphere of a celestial bo-

dy. At Earth, auroral emission mostly occurs above 60◦ latitude on the northern

and southern hemisphere (Figure 2A). Originating as a stream of plasma partic-

les from the sun, the solar wind interacts with the Earth’s magnetosphere. The

magnetosphere is the region around a planetary body which is controlled by the

body’s magnetic field. The interaction leads to an acceleration of charged partic-

les (electrons and ions). These particles propagate along Earth’s magnetic field

lines towards the atmosphere where they collide with neutral atoms and molecu-

les (mostly oxygen and nitrogen). Due to the collisions, the atmospheric particles

get excited and, after a short time, they deenergize which results in the emission

of light. This emission of light is being called aurora.

In principal, three components are necessary to trigger an aurora: a generator for

acceleration, accelerated charged particles and a neutral atmosphere. At Earth,

the acceleration is driven by the interaction between the solar wind and Earth’s

magnetic field. Another example for solar wind triggered aurora is Mars. Mars pos-

sesses no global magnetic field but has only multiple magnetic field spots distri-

buted over the southern hemisphere. These spots are correlated with magnetized

material in the crust of the planet. In 2004, the ESA mission Mars Express dis-

covered auroral emission in the far ultraviolet wavelength range (FUV) coinciding

with the magnetic field spots. Although the acceleration process is still unclear,

it was thought to be energetic solar wind electrons which propagate along the

Martian magnetic field lines colliding with neutral gas of the Martian atmosphere

(Leblanc and Chicarro 2008). However, ten years later in 2014, the NASA mission

MAVEN observed auroral emission for the first time on the northern hemisphere

(Phillips 2015; Brown et al. 2015). It is unclear how the solar wind interacts with

the Martian atmosphere under the lack of magnetic fields on that hemisphere,

but the observed aurora in that region indicates a direct interaction of solar wind

particles with the neutral atmosphere.

The aurora on Jupiter demonstrates that the solar wind interaction is not a ne-

cessary condition to auroral emission. At Jupiter, the energy of the solar wind is
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weaker than at Earth and the Jovian magnetic field strength is much stronger2

(Khurana et al. 2004). Since the observed aurora of Jupiter is a hundred times

more energetic and ten times brighter compared to the aurora at Earth (Clarke

et al. 2004), a different acceleration process has to be present. Unlike Earth’s

magnetosphere, Jupiter’s magnetosphere is not dominated by the solar wind in-

teraction but by the planet’s super fast rotation period of ∼10 h. Jupiter’s intrinsic

magnetic field and the magnetospheric plasma roughly corotate with this rotation

period at the inner part of the magnetosphere (<10 RJ, where RJ = 71,492 km

is the radius of Jupiter). At the middle part of the magnetosphere (10-40 RJ ) this

corotation breaks down since Jupiter’s ionosphere can not transport sufficient an-

gular momentum to the outflowing plasma. A radial current system develops to

maintain (quasi) corotation (Khurana et al. 2004). These radial currents accele-

rate electrons into the Jovian ionosphere and generate auroral ovals around both

poles of Jupiter (Khurana et al. (2004); Figure 2B). This is an almost continuous

process and nearly independent of the time-variable solar wind activity.

Auroral emission is not only confined to planets and their dense atmospheres,

though. Aurora has been observed also on the Galilean satellites. Embedded

within the Jovian magnetosphere, the velocity of the corotating Jovian magne-

tospheric plasma is much higher than the orbital velocity of the satellites. The

magnetospheric plasma impinges the satellites and their tenuous, neutral atmo-

spheres, triggering the auroral emission. The morphology and brightness of the

aurora is individual for each planet and for each satellite. They depend on the

local planet- or moon-plasma interaction as well as on the composition of their

atmospheres. Studying their aurora is therefore a valuable diagnostic tool for ex-

ploring their magnetospheric environment and atmospheres. In this thesis, we

study the morphology and brightness of the aurora on Ganymede, the largest

Galilean satellite. The aurora on Ganymede shares several key features with the

aurora on Earth, but there are also huge differences between the bodies besides

the size and the internal composition. Both bodies have two distinct auroral ovals

aligned around their north and south poles (compare Figure 2A and D; Hall et al.

(1998); Feldman et al. (2000); McGrath et al. (2013)). Unlike at Earth, where the

auroral ovals can be also observed at visible wavelengths, the auroral ovals at

Ganymede have been detected only in the far ultraviolet range until now. Ano-

2e.g., the equatorial magnetic field strength at Earth lies around 30,000 nT and at Jupiter at
400,000 nT (Khurana et al. 2004).
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ther particularity of Ganymede is that it is the only moon known so far having its

own magnetic field (Kivelson et al. 1996). This magnetic field is strong enough to

maintain a region of closed magnetic field lines shielding the moon from the Jovi-

an magnetic field and plasma flow in which Ganymede is embedded. This mini-

magnetosphere can roughly be compared with Earth’s magnetosphere which is

embedded within the solar wind. But as the Jovian magnetospheric plasma flow

is sub-Alfvénic and sub-sonic, the corotating plasma can interact directly with

Ganymede’s mini-magnetosphere without being modified by a bow shock, which

usually forms upstream of a planetary magnetosphere like at Earth (Jia et al.

2008). Therefore, Ganymede’s mini-magnetosphere roughly forms a cylindrical

shape, while Earth’s magnetosphere exhibits a bullet-like shape.

1.1 Purpose of this thesis

In the past decades, we gained a basic understanding of Ganymede’s aurora by

several spacecraft missions and HST observations discussed by several authors.

The focus of this thesis is the further investigation of Ganymede’s aurora under

its time-varying components. A common feature of all Galilean satellites is that

their orbital plane and the Jovian magnetospheric equator are tilted by ∼10◦ due

to the misalignment of Jupiter’s rotation and dipole axis. As the Jovian magnetic

field corotates with the planet’s synodic rotation period of 10.5 hours, Ganymede

changes its position relative to the magnetic equator within 5.25 hours and tran-

sits through the current sheet, a thin layer with increased plasma density in the

magnetic equatorial plane. Above and below the current sheet, Jupiter’s magnetic

field orientation changes. Inside the current sheet, Ganymede is exposed to in-

creased plasma density and thermal pressure compared to outside of the current

sheet (Kivelson et al. 1997; Khurana et al. 2004). However, the influence of these

periodically changing local plasma conditions on the morphology and brightness

of Ganymede’s aurora has not been analyzed yet. We therefore analyze sets

of HST campaigns which consecutively observe Ganymede’s transit from high

elevated magnetic latitudes towards the current sheet. Due to the asymmetry of

Ganymede’s magnetosphere on the plasma upstream and downstream side, we

compare the auroral brightness on the upstream and downstream side separately

at different positions of Ganymede within the Jovian plasma sheet. We analyze
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if and how the location of the ovals varies depending on Ganymede’s magnetic

latitude. We also analyze the symmetry between the northern and southern oval

in order to derive further constraints on the orientation Ganymede’s magnetic di-

pole moment. Finally, we investigate the patchiness of the auroral emission along

the ovals in order to investigate any possible correlation between the occurrence

of bright auroral spots and the intermittence of the magnetic reconnection on the

upstream side of Ganymede’s mini-magnetosphere.

1.2 Structure of this dissertation

First, we give in Chapter 2 a brief overview of the basic parameters of Gany-

mede such as the moon’s orbital, surface and interior parameters as well as its

intrinsic magnetic field and magnetospheric environment. We provide all infor-

mation necessary to get a basic understanding for the subsequent discussion of

Ganymede’s aurora. We present the first observations of the aurora and discuss

several theoretical works explaining the generation process of Ganymede’s auro-

ra. In Chapter 3, we introduce the HST data sets used in our analysis, the criteria

for choosing them and how they are processed. We then present and discuss

the results of our study in Chapter 4. Finally, we summarize our main findings

conclusions and give a short outlook of possible further studies in Chapter 5.



Chapter 2Ganymede and the
discovery of its aurora

In this chapter, we present all previous observations and modeling of Ganymede’s

aurora, which are relevant for the purpose of this thesis. First, we briefly introduce

key properties of Ganymede regarding its interior and surface composition, its

atmosphere, and its subsurface ocean. We provide all necessary key features

for a basic understanding of Ganymede’s magnetospheric environment including

a description of Ganymede’s intrinsic magnetic field. In the second part of this

chapter, we discuss the discovery and all previous spectroscopic observations of

the aurora on Ganymede. At the end of this chapter, we present works by several

authors which theoretically describe the excitation process of Ganymede’s aurora.
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2.1 Ganymede and the Jovian System

In the past decades, Ganymede, as well as the Jovian system, have been inves-

tigated by several space missions including short time surveys during stop-over

flybys, e.g., the Pioneer (1973/1974) and Voyager (1979) missions, as well as

long time surveys. By far the longest in-situ observations were obtained by the

Galileo spacecraft (1989-2003) which entered the Jovian system on December

7, 1995 and orbited Jupiter and the Galilean satellites for almost eight years. In

the following, we present basic facts about Ganymede and its environment ob-

tained by these space missions (supplemented by ground based observations or

observations during flybys of other spacecrafts).

2.1.1 Ganymede’s surface structure, interior compo-
sition, and subsurface ocean

Ganymede is by far the largest moon of the Galilean satellites. Basic orbital

and physical parameters of Jupiter and the Galilean satellites are summarized

in Table 1 (Bagenal et al. 2004). Having a radius of RG = 2,634 km, Ganymede

not only is the largest moon among all moons of our solar system (e.g., Earth’s

Moon has a radius of 1,737 km = 0.65 RG) but is even larger than the innermost

planet Mercury, which has a radius of 2,440 km (= 0.93 RG). Being tidally locked,

Ganymede takes 7 days, 3 hours and 42.6 minutes for a full rotation around Jupi-

ter. Preceded by Io and Europa and followed by Callisto, Ganymede is the third of

the Galilean satellites and orbits Jupiter with a low inclination�1◦ at an average

distance of∼1,070,400 km or∼15 Jupiter radii (1 Jupiter radius RJ = 71,492 km).

The orbital velocity of Ganymede is 11 km/s and the eccentricity of Ganymede’s

orbit, 1.5 × 10−3, is very small.
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Table 1 – Orbital and physical parameters of Jupiter and the Galilean satellites. (Ba-
genal et al. 2004)

body radiusa) mass distanceb) to orbital avg. orbital ic) rotation

[km] [kg] Sun/Jupiter period velocity period

Jupiter RJ = 71,492 1.9×1027 5.2 AUd) 11.7 yr 13.1 km/s 1.3◦ 9.93 h

Io RI = 1,822 8.9×1022 5.9 RJ 1.8 d 17.3 km/s 0.1◦ syn.e)

Europa RE= 1,561 4.8×1022 9.4 RJ 3.6 d 13.7 km/s 0.5◦ syn.e)

Ganymede RG = 2,634 1.5×1023 15.0 RJ 7.2 d 10.9 km/s 0.2◦ syn.e)

Callisto RC = 2,401 1.1×1023 26.3 RJ 16.7 d 8.2 km/s 0.2◦ syn.e)

a) equatorial radius
b) average between apo- and pericenter
c) inclination relative to the ecliptic (for Jupiter) and Jupiter’s equatorial plane (for the moons)
d) 1 AU = 1 Astronomical Unit = 149,597,870.7 km
e) synchronous rotation, i.e., tidally locked

Surface and albedo

The surface temperature varies between 70 K on the nightside and 152 K on the

dayside. The average surface temperature is 110 K (Orton et al. 1996; Delitsky

and Lane 1998). Ganymede’s surface consists mostly of frozen water but also

contains minor components of carbon and sulfur dioxide (CO2, SO2) as well as

organic compounds (McCord et al. 1998; Pappalardo et al. 2004). Most charac-

teristic for Ganymede’s surface is its division into two major terrain types. Forty

percent of the surface is a relatively old and dark terrain, while the rest consists

of younger and brighter terrain (Showman and Malhotra 1999; Pappalardo et al.

2004). Figure 3A shows a composite image of Ganymede’s trailing hemisphere.

The false color image is a composition of images at different wavelengths taken

by the Solid State Imaging system (SSI) on board the Galileo spacecraft and

enhances the contrast between the dark and bright terrain. The dark terrain is

geologically very old and highly cratered, indicated by the white dots in Figure 3A

and 4. It contains clays and organic materials which darkens the water ice in that

terrain (Pappalardo et al. 2004). Estimated from the crater density, the dark ter-

rain is approximately four billion years old (Zahnle et al. 1998). The bright terrain

is less cratered and relatively smooth. Observations by the Galileo spacecraft

indicate that the craters in the bright area have been smoothed out due to resur-

facing, which indicates that this terrain is geologically younger than the dark ter-
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A False color image of Ganymede’s trailing hemis-
phere centered at 306◦ west-longitude (North is at
the top). The image is a composition of green, vio-
let, and micrometer filtered images taken on March
29, 1998 by the Solid State Imaging system on board
the Galileo spacecraft.

B A 25×10 km cut-out of the
trailing hemisphere (306◦ west-
longitude and −14◦ latitude,
North is on the right side), sho-
wing parts of Nicholson Regio
(top, dark terrain) and Harpa-
gia Sulcus (bottom, bright ter-
rain).

Figure 3 – Surface of Ganymede: Global view of Ganymede’s trailing hemisphere
(A) and a zoom on Ganymede’s surface structure (B). (Pappalardo et al. 2004,
supplementary material)

rain (Pappalardo et al. 2004). The bright terrain is also characterized by arrays of

grooves and ridges (Pappalardo et al. 1998). Figure 3B shows the harsh contrast

between the dark and bright terrain. Shown is a 25×10 km2 cut-out of Ganyme-

de’s trailing hemisphere that contains parts of Nicholson Regio (top, dark terrain)

and Harpagia Sulcus (bottom, bright terrain) (Pappalardo et al. 2004). The two

specific regions are also indicated in Figure 4 (see blue text annotations). The

mechanism for the formation of the grooved terrain is still unclear. Tectonic acti-

vity is supposed as the main heating mechanism, but also cryovolcanism might

have played a role for the formation of Ganymede’s surface structure (Pappalardo

et al. 1998, 2004).

The mosaic of high- and mid-resolving images from the Voyager 1 and 2 and the

Galileo missions in Figure 4 provides a global view of Ganymede’s surface in the
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Figure 4 – Mosaic of high- and mid-resolving photographs from Galileo and Voyager
1 and 2, mercator projected on a sphere of Ganymede’s radius for planetographic
latitudes up to ±56◦ (modified; for further processing details read USGS (2003)).
The planetographic central/0◦ longitude is defined by the Jupiter-facing meridian
(thick vertical dashed yellow line). Leading and trailing hemispheres are also indica-
ted. Names of regions on this map are approved by the International Astronomical
Union (IAU). A larger version of this image is available in Figure 53 in Appendix S9.
(USGS 2003)

latitudinal band between ±56◦ (USGS 2003). The brightness of each individual

image is adjusted to provide a seamless composite image at visible wavelength

range. We have modified the original image from USGS (2003) by adding additio-

nal annotations. We indicate the central Jupiter-facing meridian, which defines the

0◦ planetographic longitude. The image uses the planetographic west-longitude

system, i.e., the longitude is counted in clockwise direction. Unless otherwise in-

dicated, we use this definition for Ganymede’s planetographic coordinate system

throughout this work. The orbital leading and trailing hemisphere as well as their

corresponding central meridian, i.e., 90◦ and 270◦ longitude, are also indicated.

In this broad overview of Ganymede’s surface, we see that the leading side seems

to be brighter than the trailing side. Pappalardo et al. (2004, and references the-

rein) created a global map of Ganymede’s albedo at the visible wavelength of

5600 Å (1 Å = 10−1 nm), shown in Figure 5. The authors derived a synthetic light

curve (solid line) from Voyager and Galileo observations and adjusted it in order

to fit various observations from ground-based1 telescope observations (circles

1i.e., Earth-based
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Figure 5 – Albedo map of Ganymede at 5600 Å (visible light). A synthetic light curve
(solid line, derived from Voyager and Galileo observations) is adjusted to various
telescope observations (circles and triangles). (Pappalardo et al. (2004, their figure
16.24) and references therein)

and triangles). The light curve confirms a hemispheric albedo dichotomy for that

wavelength range. Similar to Europa, the reflectance is higher on the leading side

than on the trailing side (Calvin et al. 1995; Pappalardo et al. 2004). A possi-

ble explanation for the dichotomy could be an enhanced reservoir of SO2 on the

trailing side (Domingue et al. 1996, 1998; Pappalardo et al. 2004).

Polar caps

As frozen ice particles scatter light at shorter wavelengths, the violet enhance-

ments at the poles in Figure 3A are possibly caused by Ganymede’s frosty polar

caps (Pappalardo et al. 2004). On average, Ganymede’s polar caps have a very

vast latitudinal extension as they extend down to 40◦ latitude, at some locations

they can even reach 25◦ latitude (compared to Earth: e.g., Cologne lies at 50◦

north latitude). There are different theories about the origin of Ganymede’s polar

caps. The most common explanation is an enhanced bombardment of the surface

by plasma particles due to Ganymede’s intrinsic magnetic field, which has been

discovered by the Galileo mission (Kivelson et al. 1996; Khurana et al. 2007). The

surface sputtering leads to a redistribution of water molecules and frozen particles

can migrate into the colder areas of the polar region (Khurana et al. 2007).
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Interior composition

Even though Ganymede’s surface is dominated by frozen water (50–90%, Show-

man and Malhotra (1999), Pappalardo et al. (2004)), its density of 1.936 g cm−3

suggests a nearly equal portion of ice and rocky material for Ganymede as a

whole (Showman and Malhotra 1999). Ganymede has a mass of 1.482 · 1023 kg

(Showman and Malhotra 1999). This is only 0.025 times the mass of Earth but

nearly twice the mass of the Moon. Although Ganymede is slightly larger than

Mercury, its mass is only half of that of Mercury. Ganymede’s moment of inertia,

derived from observations during close flybys by the Galileo spacecraft, is with

C/MR22 = 0.3105 ± 0.0028 the smallest measured value for a solid body in our

solar system (Anderson et al. 1996; Showman and Malhotra 1999). For example,

Earth has a moment of inertia of C/MR2=0.3307 and Mercury C/MR2=0.346. A

moment of inertia lower than 0.43 indicates an increasing density with increasing

depth. The model for Ganymede’s interior by Bland et al. (2008), where Ganyme-

de is differentiated into three different layers, is so far the best explanation for the

measured moment of inertia. As shown in Figure 6, this model includes a central

iron sulfide (FeS) core, a silicate mantle, and an outer layer of mostly frozen wa-

ter. In order to sustain the intrinsic magnetic field, Showman and Malhotra (1999)

suggest the existence of a metallic core and Anderson et al. (1996) and Schubert

et al. (1996) propose that the radius of such a core lies between 0.15 and 0.5 RG.

In the Bland et al. (2008) model, the core has a radius of 700 km and consists

of an outer solid mantle and a liquid inner core. The surrounding silicate mantle

has a thickness of 1020 km. The outer layer, with a thickness of 914 km, consists

of water shells of different types of ice4 and possibly one (Schubert et al. 2004)

or more layers (Vance et al. 2014) of liquid water oceans of unknown thickness

and depth. Possible heating sources of a subsurface ocean on Ganymede are

tidal forces and the orbital resonance of Ganymede with Europa (1:2) and Io (1:4)

(Showman et al. 1997). According to the model by Bland et al. (2008), the subsur-

face ocean must have a minimum thickness of 22 km. In contrast, Kivelson et al.

(2002) derive a minimum thickness of 10 km from their magnetic field model. The

depth of the ocean is assumed to lie between 150 and 170 km beneath the icy

2C: polar moment of inertia of the body; M: mass of the body; R: mean radius of the body.
3C/MR2 = 0.4 is the moment of inertia of a sphere with uniformly density distribution.
4In Figure 6, two different types of ice are indicated: crystalline ice (ice I) and high pressure ice
(HP ice). Ice is classified according to its temperature and pressure, which defines the phase
state of the ice.



16 CHAPTER 2. GANYMEDE AND THE DISCOVERY OF ITS AURORA

Figure 6 – Sketch of Ganymede’s interior composition according to a three-layer
model by Bland et al. (2008).

surface Kivelson et al. (2002). We discuss Ganymede’s subsurface ocean in the

following section in more detail.

Subsurface ocean

First indications of a subsurface ocean at Ganymede were found by Kivelson et al.

(2002) who analyzed magnetic field measurements taken by the Galileo space-

craft. However, the interpretations of these magnetometer data are not conclusi-

ve, i.e., they can be explained with two different models for Ganymede’s internal

magnetic field at the same time (Saur et al. 2015). The first model includes a

dynamo dipole field with additional quadrupole moments. The second model in-

cludes a dynamo dipole field with an induced field within a saline subsurface

ocean. In the second model, preferred by Kivelson et al. (2002), the time-variable

component of Jupiter’s magnetic field at Ganymede’s orbit is responsible for the

induction in the electrically conductive subsurface ocean. The major disadvanta-

ge of the reported magnetometer measurements is the fact that they were taken

during several flybys and the individual flyby trajectories are not identical. The-

refore, it is not possible to distinguish between spatial variations and temporal
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variations, i.e., between magnetic moments of higher order or induction effects in

a subsurface ocean. As a consequence, the magnetic field measurements alone

are ambiguous and they rather suggest than prove the existence of an ocean at

Ganymede.

Saur et al. (2015) use a different approach to verify the existence of the ocean.

They analyzed the response of Ganymede’s auroral ovals to the time-varying

component of the Jovian magnetospheric field in Ganymede’s vicinity. They

used temporally and spatially resolved HST observations of Ganymede’s auroral

ovals which do not suffer from the mentioned ambiguity of the magnetometer

measurements. As sketched in Figure 7, in the absence of an ocean, Jupiter’s

time-variable magnetic field would cause an oscillation of the auroral ovals by

5.8◦ ± 1.3◦ (Saur et al. 2015). Saur et al. (2015) showed that the observed am-

plitude of the oscillation is only 2.0◦ ± 1.3◦ . As a conductive subsurface ocean

partly compensates Jupiter’s time-variable fields through electromagnetic induc-

tion, Saur et al. (2015) relate the reduced oscillation to the induction in a saline

subsurface ocean within Ganymede. At the same time, when induction signals at

Ganymede are present, the inferred quadrupole coefficients of Ganymede’s dyna-

mo field must be particularly small (Kivelson et al. 2002; Christensen 2015; Saur

et al. 2015). This is the first conclusive proof of a subsurface ocean by measuring

the location of the auroral ovals on a solar system body. Prior to Saur et al. (2015),

Roth et al. (2014b) found potential evidence for a subsurface ocean at Europa,

i.e., they found erupting water vapor plumes at the moon’s surface, also by using

spectroscopic HST observations5. Saur et al. (2015) also suggest that Ganyme-

de’s ocean lies between 150 and 250 km beneath the surface or, alternatively, its

top edge lies at a maximum depth of 330 km.

2.1.2 Atmosphere

First indications for an atmosphere at Ganymede come from stellar experiment

observation by Carlson et al. (1973). The authors estimate an atmospheric sur-

face pressure of around 1 µbar6. Observations by the Voyager Ultraviolet Science

5As the magnetospheric configuration and properties at Europa are different compared to Gany-
mede, Roth et al. (2014b) used a different approach: They detected water vapor plumes above
the limb of the observed disk of Europa. For more details, please read Roth et al. (2014b, a)
and Roth et al. (2016).

61 microbar = 0.1 Pascal (Pa) = 0.1 N m−2
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oceanocean nooceannoocean

rocking of the 
oval within 5.2 h

rocking of 
magnetospheric 
field within 5.2 h

Jupiter

OCFB

Figure 7 – Sketch of the ”rocking” auroral ovals at Ganymede taken from Saur et al.
(2015, their figure 1). Within 5.25 hours, Ganymede transits from above to below
the Jovian current sheet and experiences a change of orientation of the Jovian ma-
gnetospheric field (simplified, blue thin lines). Shown is the case when Ganymede
is above (dashed lines) and below the current sheet (solid lines), respectively. The
auroral ovals, whose location coincide with the location of the open-closed field line
boundary (OCFB, further details see Section 2.1.3), respond to this time-varying
magnetic field by a ”rocking”, i.e., an oscillation of the ovals. Without induction in
a subsurface ocean this oscillation is stronger (blue lines) than with induction (red
lines) as the induction in an ocean partly compensates Jupiter’s time-variable field.

telescope (UVS) five years later could not confirm an atmosphere and placed an

upper limit on the surface pressure. This value is five times lower in magnitude

than the value suggested by Carlson et al. (1973) and corresponds to a surface

particle number density of 1.5 × 109 cm−3 (Broadfoot et al. 1981). Around two

decades later, Hall et al. (1998) finally find new evidence for an atmosphere on

Ganymede from spectroscopic Hubble Space Telescope Goddard High Resoluti-

on Spectrograph (HST/GHRS) observations. Hall et al. (1998) observe emission

at the FUV wavelengths at OI λ1304 Å and OI λ1356 Å (Figure 13) which is as-

sociated to an airglow of atomic oxygen. The excitation of this airglow, in turn, is

associated with dissociation of neutral molecular oxygen by electron impact, indi-

cating that a tenuous neutral oxygen atmosphere must be present at Ganymede.
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Figure 8 – Heating map of Ganymede’s dayside from Orton et al. (1996, their figure
1; reprinted with permission from AAAS, see Appendix S9 for further details). Top
axis is in Ganymede local time (e.g., 12 h = local noon), bottom axis is in plane-
tographic west-longitude. y-axis is in planetographic latitudes. Color coded is the
temperature range from 90 to 150 K.

Implied from the intensity ratio of the two oxygen lines, this atmosphere predomi-

nantly consists of molecular O2 (Hall et al. 1998). Hall et al. (1998) calculate an

O2 column density lying between 1014 and 1015 cm−2.

Two sources for Ganymede’s atmosphere are suggested: sublimation and sputte-

ring of the frozen water on the surface (Eviatar et al. 2001b; Turc et al. 2014).

Sublimation is predominant in the region around the sub-solar point, i.e., the

equatorial and tropical region on the dayside. Here, water vapor and hydroxyl

(HO) are able to survive in the atmosphere (Eviatar et al. 2001b). Since this re-

gion is shielded from magnetospheric energetic electrons by closed field lines

of Ganymede’s magnetic field, photodissociation is the main process for splitting

the water molecules into hydrogen and oxygen (Budzien et al. 1994; Eviatar et al.

2001b). The volatile hydrogen escapes the atmosphere due to the low energy,

which is required to escape from Ganymede’s surface (Eviatar et al. 2001b). The

heavier oxygen remains gravitationally bound to Ganymede, forming the atmo-

sphere. Atomic oxygen is created by photodissociation of O2 molecules (86%)

and H2O (14%) (Eviatar et al. 2001b). In the polar region and on the nightside,



20 CHAPTER 2. GANYMEDE AND THE DISCOVERY OF ITS AURORA

the temperatures are too low for sublimation (Eviatar et al. 2001b; Turc et al.

2014) as shown in Figure 8 (taken from Orton et al. (1996)). The heating map for

Ganymede’s dayside in Figure 8 shows a vast temperature gradient from∼ 150 K

around the subsolar point to ∼ 90 K at higher latitudes and in the pre-dawn region

(Orton et al. 1996). O2, H2 and H are produced by sputtering of surface water ice

in the magnetospheric unprotected polar region, i.e., the region of open magnetic

field lines without magnetospheric shielding effects (Bar-Nun et al. 1985; Eviatar

et al. 2001b). Sputtered water vapor and OH recondense at once in the low tem-

perature region at the poles and nightside. The hydrogen (atomic and molecular)

escapes rapidly, again due to the low escape velocity required at Ganymede. On-

ly molecular oxygen can survive in gaseous state at temperatures above 80 K

(Johnson 1996) forming the atmosphere in these colder regions (Eviatar et al.

2001b).

The two different atmospheric production processes lead to a strong atmospheric

dichotomy between polar and subsolar equatorial regions (Turc et al. 2014). This

atmospheric dichotomy also impacts Ganymede’s ionosphere. The existence of

an ionosphere at Ganymede is implied by its indigenous, neutral atmosphere as

neutral oxygen (atomic and molecular) gets ionized by magnetospheric energe-

tic electrons and solar extreme ultraviolet (EUV) radiation (Paranicas et al. 1999;

Eviatar et al. 2001b). Eviatar et al. (2001b) report that the ionosphere is domi-

nated by molecular oxygen ions in the polar and by atomic oxygen ions in the

equatorial region. In addition to the ionospheric plasma outflow, i.e., an outflow

of oxygen ions at the polar caps, Eviatar et al. (2001b) expect an oxygen corona

above the limb of Ganymede from neutral, (low) excited oxygen atoms escaping

the polar cap region. A corona of escaping hydrogen has been already detected

by Feldman et al. (2000) with the Space Telescope Imaging Spectrograph (STIS)

on board of HST. Feldman et al. (2000) actually confirmed the previous discovery

of a Lyman-α emission from a hydrogen exosphere by Barth et al. (1997) from

Galileo UVS observations.

2.1.3 Ganymede’s intrinsic magnetic field and ma-
gnetospheric environment

One major finding of the Galileo mission regarding Ganymede is the discovery

of the intrinsic magnetic field of the moon (Kivelson et al. 1996). So far, Gany-
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mede is the only known moon which possesses its own permanent magnetic

field embedded within a planetary magnetosphere. The magnetic field is strong

enough to shield Ganymede from the Jovian magnetic field and a so-called mini-

magnetosphere develops. In the following, we briefly describe the individual com-

ponents of Ganymede’s magnetic field and its interaction with the surrounding

Jovian magnetic field.

Discovery and main characteristics

From magnetic field measurements by the Galileo spacecraft during the six clo-

se flybys at Ganymede, G17, G2, G7, G8, G28 and G29, from 1996 to 2000,

Ganymede’s magnetic field topology has been analyzed at significant different

locations in the magnetospheric environment of the moon. In first-order, Gany-

mede’s magnetic field can be approximated by a dipole magnetic field (Kivelson

et al. 1996, 1998) with an equatorial field strength of 719 nT8 (Kivelson et al.

2002). The magnetic moment of the dipole is tilted by 176◦, i.e., the magnetic

north pole lies in the southern hemisphere and is rotated by −24◦ planetographic

west-longitude (Kivelson et al. 2002). Higher moments, e.g., quadrupole moments

are very small compared to the dipole moment (Kivelson et al. 2002).

Shortly after the discovery of Ganymede’s magnetic field, Kivelson et al. (1996)

developed a first-order approximation of the magnetic field topology at Ganyme-

de. Adopted by Neubauer (1998), this simplified model is shown in Figure 9. It

consists of a vacuum-superposition of Ganymede’s magnetic dipole field and the

ambient Jovian background magnetic field (both fields are oriented in anti-parallel

direction). Even though this model neglects the local plasma interaction and in-

ternal induced fields, it demonstrates very well the different magnetospheric re-

gions emerging at Ganymede. Region I is defined by the closed magnetic field

lines starting and ending in the ionosphere of Jupiter. Open field lines at the po-

les connect Ganymede with the Jovian ionosphere and define Region II. Finally,

Region III is defined by the region of closed Ganymedean field lines around Ga-

nymede’s equator, i.e., they start and end on Ganymede. The open-closed field

line boundary (OCFB), sometimes also called separatrix, separates the individual

regions from each other.

7the number refers to the orbit of the close flyby at Ganymede
81 Tesla (T) = 1 kg s−2 A−1
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Figure 9 – First-order approximation of the magnetic field topology at Ganymede
(taken from Neubauer (1998)): A vacuum-superposition of a parallel Ganymedean
dipole magnetic field and ambient Jovian background magnetic field. Viewing geo-
metry see Figure 10. RS is the radius of Ganymede. Region I to III indicate the
region of closed field lines originating and ending on Jupiter (I), open field lines
connecting Ganymede with the Jovian ionosphere (II) and closed Ganymedean
field lines (III), respectively.

As the background magnetic field of Jupiter at Ganymede’s orbit with 120 nT

is low compared to Ganymede’s equatorial field strength, Ganymede’s intrinsic

magnetic field is strong enough to carve out space in the Jovian magnetosphe-

re, creating a so-called mini-magnetosphere around Ganymede with a diameter

between 4 to 5 RG (Kivelson et al. 1998; Neubauer 1998). In agreement with Ga-

nymede’s oxygen atmosphere (see Section 2.1.2), the main ion species of this

mini-magnetosphere are O+ and O+
2

9 (Eviatar et al. 2001b). At Ganymede’s ma-

gnetic equator, both, the Jovian and Ganymedean magnetic field, are oriented

in anti-parallel direction and magnetic reconnection might occur at points where

both fields intersect (Neubauer 1998).

On its orbit around Jupiter, Ganymede always remains in the Jovian magnetos-

9The low latitude region is dominated by O+, while in the polar cap region the main ion species
are O+ and O+

2 (Eviatar et al. 2001b).
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Figure 10 – Schematic view of Ganymede’s magnetic field taken from Kivelson et al.
(2004, their figure 21.4, modified), viewing onto the two-dimensional plane which
contains the Jovian plasma flow and Ganymede’s orbital trajectory (x-direction) and
Ganymede’s rotation axis (z-direction). The view points into the direction towards
Jupiter (y-direction, not shown here, see coordinate system definition for further
details). Indicated are the three different magnetic field lines regions: closed field
lines originating and ending on Jupiter (violet), open field lines connecting Gany-
mede with the Jovian ionosphere (red) and closed Ganymedean field lines starting
and ending on Ganymede (blue). The open-closed field boundary (OCFB, dashed
line) separates the individual regions form each other. The OCFB’s intersection with
Ganymede’s surface/ionosphere is sketched as the two thick curves on the moon
disk.

phere. Furthermore, Ganymede is exposed to the steady flow of the Jovian ma-

gnetospheric plasma. At Ganymede’s orbit, the plasma flow slightly sub-corotates

with the Jovian magnetic field with a flow velocity of 150 km/s which is much hig-

her than Ganymede’s orbital velocity of 11 km/s (Kivelson et al. 1998, 2002; Mc-

Grath et al. 2013). Hence, Ganymede is constantly overtaken by the bulk plasma

flow. The plasma impinges the upstream side, i.e., Ganymede’s trailing hemisphe-

re, and distorts the dipolar shape of Ganymede’s magnetosphere. This forms the

bullet-like shape which can be observed for many other planetary magnetosphe-

res in the solar system like at Earth, where the solar wind hits and distorts Earth’s

magnetosphere in the same way. Unlike at Earth, where the incoming plasma flow

is super-sonic, the bulk plasma flow at Ganymede is sub-sonic and no bow shock
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forms on the upstream side. Under these circumstances, Ganymede’s magneto-

sphere has a more cylindrical shape rather than the typical bullet-like shape.

In addition to the simple vacuum-superposition shown in Figure 9, Figure 10

shows Ganymede’s magnetic field environment under the influence of the im-

pinging plasma flow. We have modified this figure from Kivelson et al. (2004, their

figure 21.4) and indicated the three different magnetospheric regions from abo-

ve with colors: closed Jovian magnetic field lines (violet shaded area), open field

lines connecting Ganymede with Jupiter’s ionosphere (red) and the region of clo-

sed Ganymedean field lines (blue). The plasma flow velocity is in x-direction and

the z-axis contains Ganymede’s rotation axis. The viewer looks into the direc-

tion towards Jupiter (see coordinate system definition in that figure for a better

understanding). The OCFB is indicated by the dashed line. The OCFB’s intersec-

tion with Ganymede’s surface is sketched as the two thick curves on the moon

disk. The points of reconnection are actually points where two separatrices inter-

sect (indicated by a black circle and square in that figure). In a three-dimensional

interpretation, the reconnection points form a ring surrounding Ganymede (Neu-

bauer 1998; Duling et al. 2014). Figure 10 also demonstrates the influence of

an additional magnetic field due to the plasma interaction (Kopp and Ip 2002; Ip

and Kopp 2002; Jia et al. 2009b). On the upstream side, this additional magnetic

field is oriented anti-parallel to the ambient Jovian magnetic field and counter-

acts the background field, i.e., it weakens the background magnetic field. Due to

the slight weakening of the background magnetic field, Ganymede’s intrinsic field

becomes more effective and is able to expand the mini-magnetosphere on the

upstream side. This expansion leads to a shifting of the OCFB towards higher

latitudes on Ganymede. On the downstream side, the opposite is the case and

the mini-magnetosphere gets stretched into the plasma flow direction and hence

the OCFB shifts down towards lower planetographic latitudes.

Origin of the intrinsic magnetic field

Overall, Ganymede’s magnetic field consists of a superposition of the satellite’s

intrinsic magnetic field, the Jovian background field, the induced field in a subsur-

face ocean (see Chapter 2.1.1), and the magnetic field due to the local plasma

interaction. Ganymede’s magnetosphere and its interaction with the local plasma

has been modeled by several authors, e.g., Kivelson et al. (2002), Kopp and Ip
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(2002), Ip and Kopp (2002), Paty and Winglee (2004), Jia et al. (2008), Jia et al.

(2009b) and Duling et al. (2014). These theoretical works were able to reproduce

and explain the Galileo magnetic field measurements. In contrast, the origin of

the measured Ganymedean magnetic field is still controversially discussed. For

example, Crary and Bagenal (1998) suggest remanent ferromagnetism hold in an

outer layer which is enriched with iron-bearing minerals and magnetite. The sour-

ce of this remanent ferromagnetism would be Jupiter’s magnetic field in the past,

when Ganymede was closer at Jupiter, or a paleomagnetic field originating from

a dynamo which would have become inactive today. On the other hand, due to

the measured weak quadrupole moments, Kivelson et al. (2002) suggest a con-

vectively driven dynamo in Ganymede’s liquid iron-sulfide (FeS) core (Figure 6).

Additional contribution to the dynamo driven magnetic field comes from the so-

called iron snow (Zhan and Schubert 2012; Christensen 2015). On top of the core,

liquid iron crystalizes as the core temperature decreases below the melting tem-

perature of iron. The solidified iron becomes heavier than the surrounding liquid

iron and sulfur and sinks down to deeper core regions. At deeper core regions,

the temperature increases and the iron snow remelts again and enriches the core

fluid with iron, driving compositional convection (Christensen 2015).

Variability of the magnetospheric environment

The Jovian magnetic field can be described in a first-oder approximation as a di-

pole magnetic field (Krupp et al. 2004). Its dipole moment is tilted by 9.6◦ relative

the rotation axis. A simplified representation of the Jovian magnetospheric field

lines is shown in Figure 11 after the model by Engle (1992). Shown is the periodi-

cal variation of the Jovian magnetic field orientation relative to Jupiter’s equatorial

plane within 10.5 hours, the synodic rotation period of Jupiter. This global model

of the Jovian magnetosphere includes a thin current sheet layer constrained to

the dipole magnetic equator (not shown in the figure). The current sheet (CS),

also called plasma sheet, is a layer of magnetospheric plasma which is constrai-

ned to the magnetic equator due to centrifugal forces from the corotating plasma

(Khurana 1997; Khurana et al. 2004). However, Engle (1992)’s model does not in-

clude hinging and delaying of the current sheet due to internal and external forces

on the Jovian magnetic field configuration (Khurana et al. 2004). Figure 12 shows

a more realistic geometry of the current sheet after Khurana et al. (2004).
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A Magnetic dipole axis tilted 10◦ towards
the sun.

B Magnetic dipole axis tilted 10◦ away
from the sun.

Figure 11 – Two-dimensional noon-midnight plane (positive x-direction points to-
wards the sun) of Jovian magnetic field lines after Engle (1992, their figures 2
and 3) for two different magnetic field orientations relative to Jupiters rotation
axis/equatorial plane.

Figure 12 – Schematic view of the Jovian current sheet (CS) after Khurana et al.
(2004, their figure 24.5) for three different magnetic field configurations. Left: CS
as a rigid disk constrained to the dipole magnetic equator, Center: CS hinged by
stresses due to the magnetospheric plasma, Right: CS hinged due to solar wind
forcing on the night side.

Due to the very low eccentricity, Ganymede nearly orbits in Jupiter’s equatorial

plane. But due to the tilt of the Jovian magnetic field, Ganymede changes its po-

sition relative to the current sheet every 5.25 hours, i.e., Ganymede transits from

above to below the Jovian current sheet. During this transit, Ganymede experi-

ences a change of the Jovian magnetic field lines orientation as well as changing

local plasma conditions. Correspondingly, the configuration of the Ganymedean
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mini-magnetosphere varies with the periodically varying orientation of the Jovi-

an background field (Kivelson et al. 1998; Kopp and Ip 2002; Ip and Kopp 2002;

Jia et al. 2008, 2009b; Saur et al. 2015). This periodic variation is sketched for

selected magnetic field lines in Figure 7 and is discussed in Section 2.1.1. The

simplified magnetic field in Figure 7 contains Ganymede’s intrinsic magnetic field,

the Jovian time-variable background field, induction in a subsurface ocean, and

a simplified proxy for the magnetic field due to the plasma interaction (Saur et al.

2015). Figure 17 also shows Ganymede’s magnetic field configuration for diffe-

rent background field orientations according to the MHD model of Kopp and Ip

(2002),

2.2 Ganymede’s aurora

In the previous section, we presented main aspects and facts regarding Gany-

mede which are required to understand the moon’s aurora. Here, we present the

first and subsequent observations of the FUV aurora at Ganymede. We also dis-

cuss theoretical models by several authors, who analyzed the aurora and gave

possible explanations for the underlying generation processes of the aurora.

2.2.1 Discovery of Ganymede’s FUV aurora

The first observation of Ganymede’s aurora was made by the Hubble Space Te-

lescope (HST), which orbits Earth within ∼96 minutes at an altitude of around

560 km. First evidence for auroral emission was found in the mid-1990s: together

with the discovery of Ganymede’s tenuous oxygen atmosphere, Hall et al. (1998)

detected a non-uniform spatially distributed FUV emission in the north and south

polar regions of Ganymede. Hall et al. (1998) analyzed spectral observations ta-

ken with the HST Goddard High Resolution Spectrograph (HST/GHRS) in 1996

(HST campaign ID 6758, principal investigator (PI): Doyle Hall), where Ganyme-

de’s trailing hemisphere and both hemispheres of Europa have been observed in

the FUV range. The resulting one-dimensional spectra are shown in Figure 13.

The top panel of that figure shows the spectrum of Ganymede (thin line, taken on



28 CHAPTER 2. GANYMEDE AND THE DISCOVERY OF ITS AURORA

June 21, 199610), plotted together with the modeled solar spectrum according to

the day of the observation. Three distinct peaks at OI λ1304 Å, CII λ1335 Å and

OI λ1356 Å clearly stand out of the observed spectrum. After subtraction of the

solar spectrum (not shown in the figure), only the peaks at 1304 Å and 1356 Å

remain, originating from Ganymede’s atmosphere (Hall et al. 1998). The carbonic

CII λ1335 Å emission is part of the reflected solar spectrum and vanishes after

the subtraction. The Lyman-α emission at HI λ1216 Å has a flattened emission

shape in the spectra (not shown in Figure 13), which indicates a uniform hydrogen

airglow at Ganymede. In contrast, the two double peaks at the oxygen lines (more

pronounced at OI λ1356 Å) indicate a non-uniformly distributed oxygen airglow.

Hall et al. (1998) constrain oxygen airglow to the polar regions extending between

40◦ to 50◦ planetographic latitude. At Europa instead, after subtracting the reflec-

ted solar light, a (more or less) uniform, single-peak emission pattern remains at

OI λ1356 Å, which indicates a global oxygen airglow at that moon.

The observation and analysis of Hall et al. (1998) delivered additional evidence to

previous Galileo findings for an oxygen atmosphere as well as first indications for

auroral emission at Ganymede. According to Section 2.1.2, Ganymede’s atmos-

phere contains both atomic and molecular oxygen, where the molecular form is

the dominant one. The detected emission is, however, emitted from atomic oxy-

gen (Hall et al. 1998). Electron-impact excitation as defined by Equation 2.1,

e+ O→ e+ O∗, (2.1)

as well as electron-impact dissociative excitation given by Equation 2.2,

e+ O2 → e+ O + O∗, (2.2)

are according to Hall et al. (1998) the two11 most probable generation processes

10The day of observation coincides with the week of the first Ganymede encounter by the Galileo
spacecraft (Hall et al. 1998).

11A third possible process based on a model including resonance scattering is discussed in Hall
et al. (1998).
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Figure 13 – HST/GHRS FUV spectra of Ganymede (top panel) and Europa (remai-
ning panels) from Hall et al. (1998, their figure 1, reproduced by permission of the
AAS; for further details see Appendix S9). The spectrum (thin lines) is taken from
Ganymede’s trailing side on June 21, 1996. Also plotted is the modeled solar spec-
trum reflected from the satellite. After subtracting the solar spectrum (not shown),
the emission at OI λ1304 Å and OI λ1356 Å clearly remain.

for the detected emission. O∗ indicates an oxygen atom in excited state, subse-

quently emitting a photon (i.e., emitting the wavelength dependent energy hc/λ,

where h is Planck’s constant, c is the speed of light and λ is the wavelength.

The ratio of the emission at the two oxygen lines, F(1356 Å)/F(1304 Å) = 1.3 ±
0.3 (Hall et al. 1998, their table 1), is diagnostic for dissociative electron-impact

excitation of O2 according to Hall et al. (1998).

The HST/GHRS observations provide reliable evidence for Ganymede’s atmos-

phere and allow rough assumptions about the location of the aurora. However,
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the HST/GHRS observations have two disadvantages. First, GHRS is only able

to take a spectrum without spatial resolution of the observed emission. Second,

in campaign 6758, Ganymede did not fit completely into the slit of HST. The aper-

ture used for the observation was 1.74×1.74 arcsec2 large and Ganymede’s disk

extended 1.72 arcsec in diameter. Due to an acquisition failure, Ganymede was

∼0.1 arcsec off the aperture center and, thus, not the entire Ganymedean emis-

sion was measured. These observational disadvantages vanished when GHRS

was exchanged with the new and improved Space Telescope Imaging spectro-

graph (HST/STIS) in 1997 (one year after campaign 6758). STIS has the capa-

bility of observing with spectroscopic as well as spatial resolution simultaneously,

providing two-dimensional resolved images of a target at individual wavelengt-

hs. We further explain STIS and its functionality in the next Chapter 3. The first

STIS observations of Ganymede’s trailing side were made in 1998 (October 30,

campaign ID 7939, PI: H. Moos) using the 2 arcsec wide slit of HST. The ob-

servations are analyzed by Feldman et al. (2000). Figure 14 shows spatially re-

solved OI λ1356 Å images of Ganymede’s oxygen emission taken from Feldman

et al. (2000) (each with a 82×82 pixel resolution). The four images correspond

to the four orbits of campaign 7939 and show color coded brightness in the unit

of Rayleighs from low (dark, 0 R) to high brightness (white, >300 R). The images

confirm the previously by Hall et al. (1998) proposed airglow constrained in the

polar regions. The emission is auroral, analogous to the auroral ovals at Earth,

as the images in Figure 14 show two distinct auroral ovals around the north and

south pole at latitudes above ±40◦ (Feldman et al. 2000). Peak brightnesses lie

in the range of ∼100 R to ∼400 R. Since the individual images of Figure 14 show

snapshots during Ganymede’s migration through the current sheet, Feldman et al.

(2000) notice temporal variation of brightness from one orbit to another due to

changing local plasma conditions. They also observe a difference in brightness

between the northern and southern hemisphere.

Further HST observations followed. STIS as well as other HST cameras have

been used. Table 2 (Chapter 3) lists HST observations of Ganymede’s aurora in

the FUV range, i.e., auroral emission at the two oxygen lines. STIS and ACS

(Advanced Camera of Survey ) observations until 2007 are analyzed by McGrath

et al. (2013). They provide the first comprehensive study of several observati-

ons of the aurora on Ganymede. Feldman et al. (2000) notice that the latitudinal

locations of the auroral ovals coincides with the intersection line of the OCFB
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Figure 14 – HST/STIS images of Ganymede’s oxygen emission at OI λ1356 Å (trai-
ling side only) from Feldman et al. (2000, their figure 3, reproduced by permission
of the AAS; for further details see Appendix S9).

with Ganymede’s atmosphere (Figure 10). They suggest enhanced conductivi-

ty and current in Ganymede’s atmosphere due to magnetic reconnection along

the OCFB as a possible acceleration of electrons, which generate the observed

auroral emission. This has been analyzed in more detail in theoretical works by

several authors, which we discuss in detail in the subsequent Section 2.2.2. As

the most important contribution to that discussion, Eviatar et al. (2001a) propo-

se that magnetic field-aligned electric fields cause local acceleration of electrons

along the OCFB, which excite neutral atmospheric O2. McGrath et al. (2013) take

a set of HST campaigns observing Ganymede’s trailing as well as leading side

and both hemispheres partially, when Ganymede was in eclipse. They compare

the location of the auroral ovals on both hemispheres with the model-predicted

OCFB location on Ganymede.

Figure 15 shows the OI λ1356 Å emission images of the HST campaigns cho-
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Figure 15 – HST/STIS images of Ganymede’s oxygen emission at OI λ1356 Å from
McGrath et al. (2013, their figure 2). Shown is the emission on the leading side
(campaign ID 8224, A-column), half of the leading and trailing side (campaign ID
9296 and 10871, B-column) and the trailing side (campaign ID 7939, C-column,
superposition of images in Figure 14).

sen by McGrath et al. (2013): leading side (campaign ID 8224 (PI: Melissa M.

McGrath), left), half of the leading and trailing side (campaign ID 9296 (PI: Hol-

land Ford) and 10871 (PI: John Spencer), middle) and the trailing side (campaign

ID 7939 (PI: H. Moos), right). Note that McGrath et al. (2013) take the super-

position of all orbits of a campaign in order to increase the signal-to-noise ratio,

e.g., the right image in Figure 15 is a superposition of Feldman et al. (2000)’s

images in Figure 14. By extracting the location of peak auroral brightnesses from

Figure 15, which is shown in Figure 16, McGrath et al. (2013) find that on the

trailing side the brightest emission reaches planetographic latitudes between 40◦

and 55◦ on each hemisphere (i.e., in the north and south). This is in agreement

with previous findings by Feldman et al. (2000) and Hall et al. (1998). On the

leading side, the peak brightness lies between 10◦ and 30◦ latitude. The peak
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Figure 16 – Location of peak auroral brightnesses from McGrath et al. (2013, their
figure 3).

brightnesses lie between 100 to 400 R. The average oval location is long-term

stable in time, but significant brightness variations occur form one HST orbit to

another (McGrath et al. 2013). The different hemispheric locations of the peak

brighthnesses indicate a compression of the ovals on the plasma upstream si-

de (trailing side) towards higher planetographic latitudes and a stretching on the

downstream side (leading side) towards the planetographic equator. This is in

agreement with the compression of the OCFB on both hemispheres as described

in Section 2.1.3 and shown in Figure 10 (McGrath et al. 2013). At Earth, as well

as at Jupiter, the magnetospheres and the auroral ovals are also compressed on

the upstream and stretched on the downstream side due to the impinging solar

wind. At Ganymede, it is the magnetospheric plasma impinging on the moon’s

mini-magnetosphere. McGrath et al. (2013) find a good match between the ob-

served locations of the brightness peaks with the location of the OCFB predicted

by the Jia et al. (2008, 2009b) model (see McGrath et al. (2013), their figure 7).
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2.2.2 Previous modeling of the aurora and compari-
son with the observations

The observations discussed in the previous section show a coincidence of the lo-

cation of the auroral ovals with the intersection line of the OCFB with Ganymede’s

surface/atmosphere. The comprehensive study by McGrath et al. (2013) verified

this coincidence by approving the correlation between the auroral ovals’ locati-

on and the OCFB modeled by several authors, which we present in this section.

However, the actual excitation process of the observed auroral emission is still

unclear. As the emission is thought to be generated by electron-impact dissocia-

tive excitation (Equation 2.2), Eviatar et al. (2001a) calculate the energy required

to generate auroral emission with the observed brightness by this process. They

find that magnetospheric plasma at Ganymede’s orbit alone has not sufficient

energy (20 eV) to generate the observed aurora. Compared to the brightness

peaks of 100 to 400 R reported by McGrath et al. (2013), the thermal component

of the Jovian magnetospheric plasma is able to generate emission of only 10 to

40 R (Eviatar et al. 2001a). Hence, the authors conclude that a local acceleration

is needed to generate an electron population which is characterized by a Max-

wellian distribution with temperatures between 75-300 eV. Eviatar et al. (2001a)

analyze two possible acceleration mechanisms: First, stochastic acceleration by

electrostatic waves, and second, magnetic field-aligned electric fields associated

with sufficiently intense field aligned currents (FAC, also called Birkeland cur-

rents). The authors favor12 the latter mechanism over the first since the concept

of FAC along the OCFB is similar to Birkeland current system at Earth proposed

by Straus and Schulz (1976). Furthermore, the location of the aurora coincides

with the location of OCFB on Ganymede (Feldman et al. 2000). Eviatar et al.

(2001a) state that local acceleration by FAC would be plausible along the OCFB.

The Ganymedean Birkeland current system, on the other hand, is generated by

magnetic field reconnection at the upstream magnetopause of Ganymede’s mini-

magnetosphere (Eviatar et al. 2001a; Ip and Kopp 2002; Kopp and Ip 2002). This

reconnection occurs at intersection points of the anti-parallel oriented Jovian and

Ganymedean magnetic field lines as discussed in Section 2.1.3 (Figure 10). The

study by Payan et al. (2015) recently confirmed that regions of energetic electrons

12Eviatar et al. (2001a) admit that the first suggested mechanism, the collective plasma accele-
ration through electrostatic waves, could play a role as a (minor) contributing factor for the
acceleration process.



CHAPTER 2. GANYMEDE AND THE DISCOVERY OF ITS AURORA 35

Figure 17 – Results of the Kopp and Ip (2002, their figure 3) MHD model. Shown are
selected Ganymedean magnetic field lines in the y-z plane for different orientations
of the background field. Their MHD model reproduces the G2 (left), G7 (right) and
G8 (center) Galileo flyby.

accelerated due to parallel electric fields coincide with regions of brightest auroral

emission.

The magneto-hydrodynamic (MHD) model by Ip and Kopp (2002) and Kopp and

Ip (2002) was one of the first theoretical studies of the mini-magnetosphere inter-

acting with Ganymede’s magnetospheric environment. It includes contributions

from Ganymede’s internal and the external Jovian field as well as magnetic fields

caused by the local plasma interaction - but without induction in a subsurface

ocean. They use a resistive MHD model to study the variation of Ganymede’s

magnetosphere under changing Jovian background field orientations. They are

able to reproduce the magnetospheric configuration measured during three spe-

cific Galileo flybys, G2, G7 and G8, shown in Figure 17. During the G2 flyby (left),

the background field was oriented ∼50◦ outward (positive y-axis points towards

Jupiter, same coordinate system as in previous sections). In contrast, during the

G7 flyby (right) the background field was oriented inward. During the G8 flyby

(center), the background field was oriented nearly parallel to Ganymede’s rotation

axis (y-axis). The three different flybys roughly represent snapshots of Ganyme-

de’s transit through the current sheet, i.e., when Ganymede is above, inside and

below the current sheet center. The MHD model confirms the variability of Gany-

mede’s magnetospheric topology under changing background field orientations.

Also the intersection line of the OCFB with Ganymede’s surface varies accordin-

gly (as sketched in Figure 10). In addition, the Ip and Kopp (2002) MHD model

is able to establish a Birkeland current system associated with the OCFB. These
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FAC originate at Ganymede’s magnetopause and connect to the ionosphere in

Ganymede’s polar region. Ip and Kopp (2002) furthermore calculate the energy

charged particles gain through magnetic reconnection. They find, that the ener-

gies are sufficient (max. 2.9 - 48 keV) to produce energetic electrons which are

able to generate the enhanced ionization of Ganymede’s oxygen atmosphere.

Hence, their model supports the acceleration mechanism via FAC proposed by

Eviatar et al. (2001a). However, McGrath et al. (2013) compare the calculated lo-

cation of the OCFB from the Ip and Kopp (2002) model with the measured auroral

oval locations and only find a weak correlation between both, indicating that their

MHD model does not satisfy all components of Ganymede’s mini-magnetosphere

and its interaction with its environment.

A three-dimensional multi-fluid model by Paty and Winglee (2004) provided an

improved modeling of the currents and electromagnetic fields within the mini-

magnetosphere as well as the interaction with the local plasma environment. Un-

fortunately, McGrath et al. (2013) were not able to compare these model results

with the measured oval locations as further quantitative information, e.g., of the lo-

cation of the OCFB calculated by Paty and Winglee (2004) were unavailable. An

additional model of the mini-magnetosphere by Khurana et al. (2007) included

only a superposition of the internal and external field without plasma interaction

similar to the Kivelson et al. (1997) or Neubauer (1998) models. The model by

Khurana et al. (2007) was also not able to reproduce a good match between the

location of the OCFB and the auroral ovals (McGrath et al. 2013). However, the

model confirms the correlation between the OCFB location and the boundary of

Ganymede’s polar caps. Due to this correlation, the authors associate the polar

caps with charged particle effects.

So far, the best agreement between the theoretical OCFB position from model

calculations and the measured oval location is provided by the Jia et al. (2008)

resistive MHD model and its subsequent improvements (Jia et al. 2009a, 2010).

According to McGrath et al. (2013), the Jia et al. (2008, 2009b) MHD model

OCFB appropriately reproduces the location and the shape of the ovals. Another

three-dimensional MHD model developed by Duling et al. (2014), which introdu-

ced new spherical boundary conditions describing the insulating nature of the

moon, also includes Ganymede’s internal magnetic field, the Jovian background

field, induction in a possible subsurface ocean as well as elastic collisions, and



CHAPTER 2. GANYMEDE AND THE DISCOVERY OF ITS AURORA 37

Figure 18 – Results of the Duling et al. (2014, their figure 15) MHD model for the
Galileo G8 flyby, showing the structure of Ganymede’s magnetosphere. Blue surfa-
ces: boundary of field lines connected and not connected with Ganymede. Green
surfaces: OCFB. Coordinate system as introduced in the previous sections.

photo-ionization with the moon’s atmosphere. The predicted location of the OCFB

fits very well with the observed oval locations (Saur et al. 2015) even for chan-

ging background field variations, i.e., changing orientation of the Jovian magnetic

field during Ganymede’s transit through the current sheet. Like the previous au-

thors, Duling et al. (2014) reproduce several Galileo flybys. Exemplarily shown

for the G8 flyby (also shown in Figure 17 (mid panel) for the Ip and Kopp (2002)

MHD model), Figure 18 shows the three-dimensional representation of Ganyme-

de’s magnetosphere. The modeled OCFB (represented by the green surface in

that figure) reproduces very well the upshifted location of the OCFB near to the

poles on the plasma upstream side and its downshifted location on the plasma

downstream side towards Ganymede’s equator.

Another aspect of the reconnection processes at Ganymede is its intermittence.

In their work, Ip and Kopp (2002) already mention the possibility that the FAC pro-

jected back to Ganymede’s auroral ovals could be highly filamentary. Indeed, the

emission pattern of Ganymede’s aurora is not that of a constantly emitting ribbon

going around both poles (see Figure 14 and 15). Instead, the emission shows pat-

chy, i.e., spot-like structures. The ovals consist of spots of increased brightness,
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separated by gaps of lower brightness (McGrath et al. 2013). The correlation bet-

ween the patchiness of the aurora and the intermittence of the reconnection is

still unclear. Jia et al. (2010) analyze the reconnection process at Ganymede in

more detail with their improved MHD simulations. They increase the temporal re-

solution of the dynamic processes at the magnetopause with time-scales shorter

than the time the local plasma needs to convect across the mini-magnetosphere.

They find that even under the steady upstream plasma conditions at Ganymede

(compared to Earth, where the reconnection is coupled to the fluctuating solar

wind conditions), the reconnection at Ganymede’s upstream magnetopause is in-

termittent, i.e., it occurs in a bursty manner with periodicities between 20 and 50

seconds (see, e.g., figure 9 in Jia et al. (2010)). The reconnection events they

find are impulsive in nature and limited in spatial extent. Unfortunately, HST ob-

servations which were available to Jia et al. (2010), had a minimum temporal

resolution of 10 minutes. Hence, they were not able to compare their findings to

aurora observations. For example at Earth, Panov et al. (2016) most recently find

a correlation between the reconnection process at the Earth’s magnetotail and

brightness fluctuations of the Earth’s aurora. They analyze Themis13 data and

identify plasma jets in Earth’s magnetotail, triggered by solar wind activity and ac-

celerated towards Earth, impacting Earth’s dipolar magnetic field and triggering

oscillation of Earth’s magnetic field lines. This oscillation, on the other hand, ge-

nerates electric currents which accelerate electrons towards Earth’s atmosphere

where they trigger auroral emission. The authors show that both, the oscillation

period of the magnetic field lines and the period of aurora brightness fluctuations

are identical.

2.3 Summary

Ganymede is the largest moon of the solar system and even larger than the in-

nermost planet, Mercury. It is also the only known moon so far which possesses

an intrinsic magnetic field embedded within a planetary magnetic field, similar to

Earth’s magnetosphere being embedded within the solar wind. Another similari-

ty to Earth are the two distinctive auroral ovals around the north and south pole

observed in the FUV with the Hubble Space Telescope (HST) at wavelengths

13Since 2007, the NASA mission Themis investigates Earth’s magnetotail with five satellites.
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of emitting atomic oxygen. Several HST observations followed after the first de-

tection in order to investigate the overall morphology of the aurora. And several

theoretical studies analyzed the generation process(es) behind Ganymede’s au-

roral emission. The morphology of the emission seems to be controlled by the

interaction between Ganymede and its surrounding plasma environment, by the

variability of its environment, and by the induction in a subsurface ocean. The

overall pattern of the ovals is relatively stable. The most likely acceleration me-

chanism for the energetic electrons, which generate the observed bright aurora, is

the acceleration of electrons along the OCFB towards Ganymede by field aligned

currents. This acceleration mechanism is consistent with the location of the ob-

served ovals as predicted by numerical modeling being close to the OCFB . The

reconnection process at Ganymede’s magnetopause is intermittent and bursty in

nature.

However, the influence of changing local plasma conditions on the morpholo-

gy and brightness of Ganymede’s aurora has not been sufficiently analyzed yet.

Due to the tilt between Ganymede’s orbital plane and the Jovian magnetospheric

equator, the satellite changes its position relative to the magnetic equator within

5.25 hours and transits through the Jovian current sheet. During that transit, Ga-

nymede experiences a varying orientation of Jupiter’s magnetic field lines as well

as changing local plasma conditions like ram and thermal pressure of the ma-

gnetospheric plasma. The response of the aurora on this change of conditions is

still an open research question. In this thesis, we therefore analyze sets of HST

campaigns which consecutively observe Ganymede’s transit through the Jovian

current sheet. We focus on the influence of changing local plasma conditions on

the morphology of Ganymede’s aurora. Unlike the comprehensive study of HST

observations by McGrath et al. (2013), we do not superimpose individual orbits

of each HST visit, but we analyze each orbit with its ∼25 to ∼40 minutes of ob-

servations separately, in order to maintain temporal resolution of the HST visit.

This is necessary to cover Ganymede’s transit through the current sheet. Another

difference is that we use a set of HST observations which was not available to

McGrath et al. (2013) at that time. This set consists of two visits observing Ga-

nymede’s leading side (HST 12244 (PI: Joachim Saur), see Table 2), each with

a ∼ 6 hour coverage of Ganymede moving through the current sheet. In the fol-

lowing chapter, we explain the data sets used in our study and our methods to

process this data.





Chapter 3Observations and
data processing

In this chapter, we discuss the available set of HST campaigns observing Ga-

nymede’s aurora in the far ultraviolet (FUV). We present cirteria for choosing

those HST campaigns that are appropriate for the purpose of our study. As all

chosen observations are made by HST Space Telescope Imaging Spectrograph

(HST/STIS), we outline the principal concept of the instrument. We then explain

the single steps of processing HST/STIS data sets in order to study the auroral

morphology, brightness and variability.
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3.1 Selecting HST campaigns

Table 2 gives a summary of all HST campaigns mentioned in the previous

Chapter 2. We further added all other campaigns, whose primary target was the

observation of Ganymede’s auroral emission in the FUV range, i.e., focussed on

the spectrum containing the two oxygen lines OI λ1304 Å and OI λ1356 Å. In the

table, we indicate the cameras used and the hemispheres observed, i.e., trailing

or leading hemisphere or parts of both hemispheres (i.e., when Ganymede was

in eclipse). To monitor changes of Ganymede’s aurora due to changing local plas-

ma conditions, we need to track Ganymede’s transit through the Jovian current

sheet. Therefore, we only analyze HST observations where at least two conse-

cutive HST orbits of observations are available. Campaigns 10871 and 133281

do not fulfill this condition. We also only use observations where the emission

was resolved spatially and spectrally. This limits the set of appropriate HST cam-

paigns to HST/STIS observations as campaigns 6758, 9296, 10871 and 13328

do not fulfill this condition. In order to distinguish between effects due to the plas-

ma interaction on the upstream and downstream side, we only take observations

into account which observed Ganymede’s trailing or leading side separately. This

condition is not met by campaigns 9296 and 10871. The HST/STIS campaigns

7939 (year 1998), 8224 (year 2000) and 12244 (years 2010 and 2011) meet all

conditions mentioned above (indicated as used in Table 2).

1HST campaign 13328 consists of more than two orbits, but they were not obtained consecutively.

Table 2 – Overview of HST campaigns observing Ganymede’s aurora in the FUV.

campaign ID year hemisphere camera orbits used

6758 1996 trailing GHRS 6 no

7939 1998 trailing STIS 8 yes

8224 1999/2000 leading STIS 2 yes

9296 2003 trailing/leading STIS/ACS 2/3 no

10871 2007 trailing/leading ACS 1 no

12244 2010/2011 leading STIS 10 yes

13328 2014 leading STIS/COS 4/3 no
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Figure 19 – Orbital coverage of HST campaigns used in this work. A: elongations
of Ganymede for each orbit of HST (compare with Table 3). Jupiter is in the center,
180◦ points towards the observer, 90◦ is the eastern elongation (observing the lea-
ding side of Ganymede, indicated by L) and 270◦ is the western elongation (trailing
side, T ). B: magnetic latitude and sub-observer longitude of the observations, whe-
re 90◦ and 270◦ sub-observer longitude are the center of the leading and trailing
side, respectively. We define the area between -5◦ to +5◦ magnetic latitude as insi-
de the current sheet (ICS), and any latitude above or below as outside the current
sheet (OCS). Note that all chosen campaigns have sufficient and consecutive ma-
gnetic latitudinal coverage in order to track any auroral variability during a full transit
of Ganymede through the current sheet.

Ganymede’s sub-observer longitudes and magnetic latitudes covered by these

campaigns are displayed in Figure 19. Figure 19A shows the orbital coverage,

i.e., observed orbital elongations of Ganymede for each orbit. At eastern elon-

gation (90◦), HST observes the leading hemisphere of Ganymede (indicated by

L), and at western elongation (270◦) the trailing hemisphere (T ). The chosen

HST campaigns cover these hemispheres with twelve and four orbits, respec-

tively. Figure 19B shows the observational coverage of magnetic latitude, ϑmag,

and the sub-observer longitude, λobs. Almost centered around the leading and

trailing side central meridian (90◦/270◦), the chosen HST campaigns provide an

adequate coverage of both hemispheres. The magnetic latitude ϑmag is related to

Ganymede’s system III longitude λmag according to Dessler (1983) and Conner-

ney et al. (1998) by

ϑmag = 9.5◦ cos (λmag − 200.8◦). (3.1)
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At ϑmag=0◦, Ganymede is located in the densest part of the Jovian magnetosphe-

re, the current sheet, and at |ϑmag| ≈10◦ at the location, where the upstream plas-

ma density is the smallest (see, e.g., Figure 35). In order to determine any varia-

tion of Ganymede’s auroral emission as a function of varying plasma conditions,

we define the magnetic latitudinal area of |ϑmag| <5◦ as inside the current sheet

(ICS) and any latitude above or below as outside the current sheet (OCS). Inside

the current sheet, the plasma density and thermal pressure are increased (Kivel-

son et al. 1997; Khurana et al. 2004). Campaign 12244 with its ten orbits provides

the best coverage of magnetic latitudes for the leading side (see Table 3). Cam-

paign 8224 complements the leading side observations with two observations

when Ganymede was inside the current sheet. Campaign 7939 consists of four

consecutive orbits. The three chosen HST campaigns have a sufficient number

of consecutively observed magnetic latitudes to monitor Ganymede’s movements

through and out of the Jovian current sheet.

Detailed information about these campaigns is listed in Table 3. Note that one

HST orbit is a superposition of two consecutive exposures, which are not listed

separately. Campaign 12244 consists of two visits in 2010 and 2011. The mean

diameter of the Ganymede disk for all campaigns is 1.7 arcsec and the obser-

ved disks perfectly fit into the 2 arcsec wide slit of HST. The average exposure

time of each orbit is 33.3 minutes and the average time between each orbit of a

visit lies around 40 minutes which approximately corresponds to half of the time

HST takes to complete one orbit around the Earth. During one orbit, which takes

95.8 minutes, HST can observe its target only when HST is inside the shadow

of the Earth. This limits each observational part of the orbit (in the following just

called HST orbit) to a maximum time of around 40 minutes. During each visit,

the sub-observer latitude, ϑobs, shows no significant variation. ϑobs is overall ve-

ry small, meaning that HST observed Ganymede’s equator nearly perpendicular.

During one visit the sub-observer longitude, λobs, though, varies by around 10◦.

The chosen campaigns provide sufficient planetographic as well as magnetic la-

titude coverage and fulfill the criteria explained above. In the next section, we

briefly introduce the concept of HST/STIS and explain in detail our applied data

processing.
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Table 3 – Observational parameters of HST/STIS campaigns ID 7939, 8224 and
12244. All specifications refer to the center of the exposure time.

ID V/Oa) Date Timeb) ∆tc) λobs
d) ϑobs

d) λs3
e) ϑmag

e) λorb
f) ϕsol

g) Øh)

(UTC) [s] [◦] [◦] [◦] [◦] [◦] [◦] [arcsec]

7939 V1O1 1998-10-30 08:21 1700 289.8 1.7 234.5 7.9 287.7 8.6 1.71

7939 V1O2 1998-10-30 09:40 2410 292.9 1.7 283.8 1.2 291.0 8.6 1.71

7939 V1O3 1998-10-30 11:16 2225 296.2 1.7 338.0 -7.0 294.7 8.6 1.71

7939 V1O4 1998-10-30 12:53 2330 299.5 1.7 32.6 -9.3 298.4 8.6 1.71

8224 V1O1 2000-12-23 03:45 1480 104.8 3.0 268.5 3.6 106.4 5.4 1.75

8224 V1O2 2000-12-23 05:00 2200 107.7 3.0 316.1 -4.1 109.0 5.4 1.75

12244 V1O1 2010-11-19 20:11 1596 98.0 1.9 181.7 9.0 96.0 10.3 1.64

12244 V1O2 2010-11-19 21:25 2358 100.9 1.9 228.8 8.4 99.2 10.3 1.64

12244 V1O3 2010-11-19 23:01 2358 104.2 1.9 283.4 1.2 102.9 10.3 1.64

12244 V1O4 2010-11-20 00:37 2358 107.6 1.9 338.1 -7.0 106.6 10.3 1.64

12244 V1O5 2010-11-20 02:13 2358 110.9 1.9 32.7 -9.3 110.2 10.3 1.64

12244 V2O1 2011-10-01 09:38 1626 91.1 3.4 172.4 8.4 94.7 5.9 1.78

12244 V2O2 2011-10-01 10:55 2388 94.1 3.4 221.2 8.9 97.7 5.9 1.78

12244 V2O3 2011-10-01 12:47 1626 97.8 3.4 280.3 1.7 101.3 5.9 1.78

12244 V2O4 2011-10-01 14:07 2388 100.9 3.4 330.3 -6.0 104.3 5.9 1.78

12244 V2O5 2011-10-01 15:43 2418 104.2 3.4 24.4 -9.5 107.5 5.9 1.78
a) Visit and orbit number.
b) Start time of HST-exposure.
c) Exposure time.
d) Sub-observer longitude (λobs) and latitude (ϑobs).
e) System III longitude (λs3) and magnetic latitude (ϑmag) after Jovian coordinate
convention according to Dessler (1983) and Connerney et al. (1998).

f) Orbital phase angle, i.e., angle between Ganymede- and Earth-Jupiter line, according to
Nelson et al. (1987).

g) Solar phase angle, i.e., angle between Jupiter-Earth/observer and Jupiter-Sun line (angle
between incident light onto and reflected light from Ganymede), according to Nelson et al. (1987).

h) Diameter of observable Ganymedean disk.
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3.2 Processing of HST/STIS data

All data sets we analyze throughout this thesis are obtained with the Space Teles-

cope Imaging Spectrograph on board the Hubble Space Telescope (HST/STIS).

STIS uses three different high resolving 1024×1024 pixel detectors: a Charge

Coupled Device (CCD) with a 52×52 arcsec2 field of view (FOV) covering the

spectrum between 1640 and 10300 Å and two Multi Anode Multichannel Arrays

(MAMA) detectors, each with a FOV of 25×25 arcsec2, covering the wavelength

range of 1600 to 3100 Å (near ultraviolet, NUV) and 1150 to 1700 Å (far ultravio-

let range, FUV), respectively (Ely et al. 2011). The latter MAMA detector is used

in the HST campaigns presented in Section 3.1 due to the targeted wavelength

range (FUV) of Ganymede’s aurora. A sketch of STIS’ observational concept is

shown in Figure 20. Note that this sketch is simplified and not to scale2. A spe-

ciality of STIS is that the spectrograph is able to obtain spectrally as well as spa-

tially resolved images when operated in the spectroscopic mode. As indicated in

Figure 20, the detector coordinate system contains an ordinate axis parallel to the

slit, yd, with spatial resolution (in the unit of pixels), and an abscissa perpendicular

to the slit, xd. While the xd-axis is in the unit of pixels and has spatial resolution,

the same axis can be converted in the unit of wavelengths (i.e., in Angström),

λd, with spectral resolution (see Equation 3.2 below). The xd-axis is also called

dispersion axis, and the yd-axis cross-dispersion axis.

A set of different apertures and gratings is available, each specific for the targeted

wavelength range and providing both spatial and spectral resolution. In order to

obtain a fully resolved disk of Ganymede, the 52×2 arcsec2 aperture slit (called

52X2) is used for almost all chosen HST/STIS campaigns. Using the 52X2 aper-

ture, the target is positioned in the vertical center of the slit. For campaign 12244,

the pseudo aperture 52X2D1 has been applied. STIS’ pseudo apertures are phy-

sically identical to the 52X2 aperture, but the target is placed at different locations

along the slit (Ely et al. 2011). The 52X2D1 pseudo aperture places the target in

the lower part of the slit in order to prevent contamination by dark current counts

at the region with large detector noise (also called the ”blotch”). Note that due to

the FOV of the used MAMA detector, the effective length of the slit is limited to
2A technical drawing and further details can be found in Ely et al. (2011) and on https://www.
spacetelescope.org/about/general/instruments/stis.

https://www.spacetelescope.org/about/general/instruments/stis
https://www.spacetelescope.org/about/general/instruments/stis
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Figure 20 – Sketch of HST/STIS’ principle functionality. Note that the content of this
sketch is greatly simplified and not to scale.

25 arcsec.

The used HST observations are taken in the first-order spectroscopy mode using

the G140L grating. As indicated in the sketch in Figure 20, the grating disperses

the incident light of the emitting source by spatial separation of the light into its

different wavelength components. This is represented by the dispersion of the in-

cident light into different colors in the sketch. The detector records the spatially

resolved target, i.e., the Ganymede disk, at each diffracted (and so far emitted)

wavelength, representing distinct images of the target for individual emission li-

nes. The individual images may overlap if the separation between the emissions

is lower than the target’s extent, i.e., the Ganymede disk.

The choice of the detector and aperture mode determines the applicable set of

gratings (a complete list of gratings is available in Ely et al. (2011, page 288ff.)).

From this set, the G140L grating has its throughput maximum at around 1300 Å

(Ely et al. 2011, their figure 13.39) and is therefore suitable for the targeted wa-

velengths at 1304 Å and 1356 Å. The relation between xd and λd is determined
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by the dispersion of the grating, which is ∆λ = 0.584 Å per pixel for the G140L

grating:

λd = λr + (xd − xr)∆λ

⇔ xd = xr +
λd − λr

∆λ
,

(3.2)

where xr and λr are reference coordinates stored in the scientific header of

each HST/STIS data file. In Equation 3.2, xd determines the horizontal center

pixel of the extended target, i.e. the center of the Ganymede disk, at a given

wavelength λd.

Another speciality of STIS is, that it can be operated in the so-called time-tag mo-

de. Operated in that mode, the position (xd, yd) and the arrival time t of the photon

on any detector pixel is recorded with a temporal resolution of 125 microseconds.

One HST orbit consists of two exposures, each usually lasting 15 to 20 minutes.

An exposure is the smallest time interval which is available by default. If required,

the time-tag mode allows a further temporal splitting of the exposure into shorter

time intervals at the expense of reduction of the signal-to-noise ratio (SNR) of a

pixel.

The raw data, which consists of the stored electron counts triggered by incoming

photons at the detector pixel (xd, yd), is processed by the so-called calstis pipeli-

ne. Further details of the pipeline software can be found in Bostroem and Proffitt

(2011). The general steps of the pipeline procedure are a pixel quality check, sub-

traction of dark signal and a flat-field correction. The output after these steps is a

flat-field corrected data file, called flt-file. Each flt-file consists of three extensions:

1 an array of the stored electron counts for each pixel, c(xd, yd),

2 an array of the statistical errors for each pixel, σ0(xd, yd), and

3 a data quality array, flagging suspicious pixels.

Additionally, there is a scientific file header for the entire flt-file and for each ex-
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tension. Each header contains important keywords and specifications which cha-

racterize the observation and its processing (e.g., applied grating and aperture,

reference pixels, exposure time, throughput specification). Further details of the

file structure can be found in Bostroem and Proffitt (2011, e.g., their figure 2.2 and

chapter 2.3.1). The flt-files can be further processed by the calstis pipeline soft-

ware, e.g., conversion into photon flux and rectification of the image (then called

for example x2d-files). Throughout our study, we use flt-files in order to operate

on the least processed data format. Thus, we are able to process the data step by

step on our own (e.g., flux conversion) when they are required, avoiding reverse

processing of pipeline steps. In the following, we describe each of our processing

steps in detail.

3.2.1 flt-files and background subtraction

The different pipeline processed data files are available through the online Mi-

kulski Archive for Space Telescopes3 (MAST). In order to increase the SNR, we

superpose the two exposures of each orbit (also see Table 5). During two expos-

ures of one HST orbit (∼40 minutes), Ganymede travels 0.4% of its entire orbit

around Jupiter. This corresponds to a rotation of 1.4◦ which is very low. Hence,

the change of sub-observer longitude from the beginning of the first exposure

until the end of the second exposure is negligible. Exemplary for one visit, we

show in Figure 21A the image containing electron counts per seconds for the su-

perposition of all orbits of visit 2 of the HST/STIS campaign 12244. The image

is generated with the data stored in the corresponding flt-file divided by the ex-

posure time for the entire visit. The dispersion-axis is converted into wavelength

units according to the dispersion of the G140L grating. We indicate the part of

the detector where the target is located (target area, trace along the dispersion-

axis around yd = 100 pixel). The prominent emissions at HI λ1216 Å, OI λ1304

Å, and OI λ1356 Å are indicated by white dashed lines. The horizontal extent of

each emission has the size of the 2 arcsec wide slit. The resolution of a pixel is

defined by the plate scale ms, which is stored in the scientific header of the flt-

file. For the MAMA detector operated in the FUV range with the G140L grating,

each pixel has the resolution of ms=∼0.0246 arcsec per pixel in both detector di-

3https://archive.stsci.edu/hst/search.php

https://archive.stsci.edu/hst/search.php
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Figure 21 – 1024×1024 detector image containing electron counts per seconds (A)
and background subtracted image (B) for the superposition of all orbits of visit 2
from HST/STIS campaign 12244. Emission at HI λ1216 Å, OI λ1304 Å, and OI
λ1356 Å are indicated. The target area (area on the detector where Ganymede
is placed) and the background area (used to calculate the background subtracted
image in B) are indicated in A.

rections4 (Ely et al. 2011). Hence, the slit width corresponds to approximately 82

pixels. Each emission line is interrupted by a blank stripe at around yd = 850 pixel.

This stripe is caused by the so-called fiducial bar, a physical part of the slit which

can be used for occultation experiments. The highest count rate is at HI λ1216

Å, which mostly results from the Lyman-α emission in the geocorona. The blotch

area of faulty counts due to hot pixels is also indicated in the image. As discussed

in the previous section, the target, Ganymede, is located below that area in the

newer HST campaigns.

The detector image is contaminated by background emission due to the geo-

coronal scattered light, interplanetary emission, and noise by the detector. We
4Hence, one pixel on the detector corresponds on average for all chosen HST campaigns to
∼76 km × 76 km on the Ganymede disk. The spatial resolution of a pixel on the moon disk
varies from one HST visit to another due to the changing distance between HST and Ganymede.
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remove this background emission by summing along pixels above and below the

moon disk (target area in Figure 21A) in yd-direction for each xd/λd value. The

background area in Figure 21A spans two times of the slit width (i.e., 164 pixels)

in yd-direction above and below the target area. To avoid contamination of the

background area by the signal from the target area, a buffer area of 10 pixels in

yd-direction separates both areas from each other. When Ganymede is located

near the upper or lower edge of the detector image and summing over twice the

slit-width is not possible, we take all available pixels up to the physical detector

limitation. This is the case, for example, in campaign 12244. We then remove

the average of the two sums above and below the target from the disk emissi-

on. The resulting background corrected image is shown in Figure 21B, where the

emission in shape of the Ganymede disk at the three prominent emission lines

becomes more distinct. The background subtraction is provided to all flt-files, i.e.,

for each exposure of each orbit. The background corrected detector image, which

becomes the reference for all subsequent calculations, is still superimposed by

reflected solar radiation. This effects the disks at the three emission lines as well

as the in Figure 21B as reflected solar light continuum indicated area along the

trace. This area contains no Ganymedean emission and is due to reflected solar

light. We discuss the subtraction of the solar light in Section 3.2.4.

3.2.2 Locating the Ganymede disk on the detector

The location of Ganymede’s disk on the 1024×1024 pixel detector image can be

determined by a reference pixel (xr, yr) recorded in the scientific header of the

data files. Sometimes, there is a discrepancy of up to 10 pixels in both directions,

xd and yd, between the real disk position and the header reference as will be

shown below. In order to obtain the best estimate for the real disk position, we

apply two independent methods for locating the Ganymede disk.

With the first method, we identify the center of the disk at 1216 Å, which we con-

volve with an artificial idealized disk of the same size as Ganymede. The idea of

the first method is to find the disk center by searching for the minimum deviation

between the convolved disk from the data and the convolution of two idealized

disks using a least squares fit. In all selected HST campaigns, Ganymede’s disk

diameter is not larger than 73 pixels (Table 3). Under the assumption of the idea-

lized case of homogeneously reflected solar Lyman-α from Ganymede’s surface,
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we cut out a box around the disk position at 1216 Å (calculated according to the

header reference) with edge lengths of 82 pixels, which is slightly larger than Ga-

nymede’s disk and which corresponds to the 82 pixel wide slit. Due to systematic

and stochastic variability, the Ganymede disk inside this 82×82 pixels data box

D(x, y) differs from an ideal disk and a least squares fit with an artificial idealized

disk of the same size as Ganymede is not suitable. Instead, we convolve D(x, y)

with an artificial idealized disk:

C(x, y) = D ∗K =

82∫
0

82∫
0

D(x′, y′)K(x− x′, y − y′) dx′dy′. (3.3)

We normalize D(x, y) by dividing the array by its maximum value so that the new

maximum value of D(x, y) equals 1. K is the convolution kernel containing the

artificial disk:

K(x, y) = {(x, y) ∈ R2 : (x− x0)2 + (y − y0)2 ≤ RG}. (3.4)

The kernel K has the same size as D. The coordinates x0 = y0 = 41 pixel de-

termine the center of the disk inside the kernel box. To allow for a comparison

with D(x, y), any pixel inside the circle of the radius lower or equal than Gany-

mede’s radius RG is assigned the value of 1, any pixel outside of RG the value

of 0. Figure 22A and B show the resulting normalized convolution C(x, y) as a

two-dimensional and three-dimensional contour plot, respectively, again for the

superposition of all orbits of visit 2 of campaign 12244. C(x, y) exhibits a rather

oval than circular shape. The emission pattern at 1216 Å is not that of an iso-

lated disk, but it is embedded in a weak residual background noise which is not

subtracted by the background calculation method (see Figure 21B). This residual

background emission causes the stretching of the convolution result in cross-

dispersion direction. We indicate the center of the disk at 1216 Å according to

the header reference with two black lines in Figure 22A. A qualitative compari-

son of the disk center coordinates and the location of the intensity maximum of

C suggests a mismatch between them. However, C(x, y) has a distinct intensity
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Figure 22 – Disk detection method 1: two-dimensional convolution of the Ganymede
disk at 1216 Å (here: for the superposition of all orbits of campaign 12244, visit 2).
A: 82×82 pixel cut-out box around the disk center at 1216 Å according to the header
reference, convolved with ideal disk (C). B: three-dimensional representation of A.
C: analytical solution of the convolution of two ideal disks (C∗=K*K). D: resulting
Chi-squared (χ2) of the least squares fit between C and C∗. E: two-dimensional
contour plot of D. Disk center coordinates according to the header reference and
the least squares fit are indicated (black lines) in A and E, respectively.

maximum as shown by the flat peak in the three-dimensional representation of

Figure 22B. In order to determine the location of the peak, we calculate the least

squares fit between C(x, y) and the convolution C∗(x, y) of two idealized disks of

the same size as Ganymede:

C∗(x, y) = K ∗K =

82∫
0

82∫
0

K(x′, y′)K(x− x′, y − y′) dx′dy′. (3.5)

The convolution between two circles corresponds to the calculation of the overlap-

ping area between two circles of equal radius expressed in terms of the distance
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d = (x′2 +y′2)
1
2 between them (Williams and Bocklung 1989, e.g., their figure B.10

and corresponding chapter). Half of this overlapping area corresponds to the seg-

ment area Asec of one circle, which can be expressed according to Williams and

Bocklung (1989):

Asec = R2
G cos−1

(
d

2RG

)
− d

2

(
R2

G −
(
d

2

)2
) 1

2

. (3.6)

Thus, Equation 3.5 follows:

⇒ C∗(x, y) = 2Asec (3.7)

= 2 R2
G cos−1

(√
x′2 + y′2

2RG

)
−
√
x′2 + y′2

2

(
R2

G −
x′2 + y′2

4

) 1
2

. (3.8)

C∗ is shown in Figure 21C and has a cone shape with a clear peak at the center.

The least squares fit is provided by minimizing Chi-squared (χ2):

χ2(xf , yf ) =
∑
x,y

[C(x, y)− C∗(xf − x, yf − y)]2
!

= min . (3.9)

The two fit parameters in Equation 3.9 are xf and yf . Geometrically interpre-

ted, we move C∗(x, y) over the entire array C(x, y) by varying xf and yf in

C∗(xf − x, yf − y). For the specific pair of (xf = xf−m1, yf = yf−m1), where

χ2(xf−m1, yf−m1) has its minimum, C and C∗ have the highest correspondence

and the peak location, i.e., the disk center, is determined. χ2(xf , yf ) for all va-

riations of (xf , yf ) is shown in Figure 22D. The coordinates (xf−m1, yf−m1) of the

minimum of χ2 are indicated by the two black lines in Figure 22E, which is the

two-dimensional contour plot of D. By setting xr = xf−m1 and λd = 1216 Å, we

recalculate the dispersion axis according to Equation 3.2 and correct any existing

discrepancy in xd-direction caused by inadequate header x-references.
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The second method is an independent calculation of the reference in yd-direction

using the long wavelength trace. As indicated in Figure 21B, in the trace for wa-

velengths greater than λ ≥1450 Å we expect no further emission originating from

Ganymede’s atmosphere but only solar light reflected by the moon disk. The idea

of the second method is to integrate the signal S(λd, yd) (counts per second) for

each yd inside the trace along the dispersion axis from λ = 1450 Å to 1550 Å:

Iobs(yd) =

∫ 1550Å

1450Å
S(λd, yd) dλd. (3.10)

For the ideal case of a uniform reflecting disk, the resulting profile follows

Iideal(yd) = I0

√
1−

(
yd − yr

RG

)2

, (3.11)

where yr is the y-coordinate of the disk center, which we set to yf−m1 derived using

the first method. Iideal is zero for |yd − yr| > RG, i.e., outside the Ganymede disk.

In order to compare Iobs and Iideal, we set the amplitude I0 to 1 and normalize

Iobs so that the maximum value of Iobs equals 1. Iobs (black line) and Iideal (blue

line) are shown in Figure 23A for the same data set as discussed for method 1.

Note that for a better illustration of the subsequent convolution we plot Iideal for

yr = 36 (= RG in pixel). We also indicate the extent of the Ganymede disk and the

y-center coordinate from method 1 in red. Unfortunately, Ganymede’s surface is

not uniformly reflecting the solar light and due to additional scattering Iobs differs

from the profile of Iideal. Iobs is irregular and it is not possible to determine a distinct

peak maximum. Therefore, we apply the same procedure as in method 1 and

convolve Iobs with the profile of the idealized Ganymede disk:

Iconv(yd) = Iobs ∗ Iideal =

∫ 200

0

Iobs(y
′)Iideal(yd − y′) dy′, (3.12)

As can be seen in Figure 23B, the convolution in Equation 3.12 smoothes of the
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Figure 23 – Disk detection method 2: using the long wavelength trace (same data
set as in Figure 22). A: integrated signal Iobs along λd-axis for each yd inside the
long wavelength trace and signal Iideal of an ideal emitting Ganymede disk. B: Con-
volution Iconv = Iobs(yd) ∗ Iideal(y′ − yd) (blue arrow in A indicates the direction of
the convolution). C: Convolution Iconv,ideal = Iideal(yd) ∗ Iideal(y′ − yd) of two ide-
al emitting Ganymede disks. D: resulting Chi-squared (χ2) of the least squares fit
between Iconv and Iconv,ideal. yf−m2 indicates the minimum of χ2 and, therefore, the
y-coordinate of the disk center.

measured, irregular profile and simultaneously enhances the profile peak. We

then convolve the profile of two idealized Ganymede disks,

Iconv,ideal(yd) = Iideal ∗ Iideal =

∫ 200

0

Iideal(y
′)Iideal(yd − y′) dy′, (3.13)
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shown in Figure 23C. Similar to method 1, we provide a least squares fit bet-

ween Iconv and Iconv,ideal by minimizing χ2(yf ) =
∑

y [Iconv(y)− Iconv,ideal(yf − y)]2.

The resulting χ2(yf ) is plotted in Figure 23D, showing a distinct minimum at

yf = yf−m2. With the second method, we derive a second y-center coordinate,

yf−m2, of the Ganymede disk.

In Figure 23D we also see a discrepancy between yf−m2 and yf−m1. The ave-

rage discrepancy for all analyzed campaigns lies between 2 to 3 pixels. In the

flt-files, the dispersion is predominantly along the xd-direction with a slight shift in

yd-direction. This causes the center coordinates to be shifted in yd-direction as a

function of xd/λd. The difference between yf−m1 and yf−m2 is due to the so-called

trace drift, as method 1 and method 2 are applied at different wavelengths. In

order to compensate the shifting effect we determine the yd-drift with calibration

measurements of the stellar object WD2126+734 obtained with the HST/STIS

campaign 10040 by Proffitt et al. (2003). This reference campaign has a broad

coverage of applied aperture and gratings, including those used in the campaigns

we selected for our study. The observation with the pseudo aperture 52X2D1 and

grating G140L (as used, e.g., in HST campaign 12244) is shown in Figure 24A.

We limit the area for our calibration to xd =200 to 1024 pixel due to the gap

between xd =∼100 and ∼200 pixel. This range also contains a nearly symme-

trical distribution of the signal in yd-direction - except for the mentioned shift in

yd-direction as a function of xd. We show the signal profile exemplarily for xd =

300 pixel in Figure 24B (cut-out profile indicated with the dashed magenta line in

A). The extracted profile (red line) is irregular. To determine the location of the

peak maximum, we apply a least squares fit. Since the exact shape of the emit-

ting source is unknown, we use a Gaussian function (blue dashed line) which we

fit to the extracted profile. Again, the minimum of the resulting χ2 determines the

peak location of the profile. We repeat this fit for all remaining xd in the selected

calibration range and plot the resulting peak locations in Figure 24C (black line),

where the drift in yd-direction becomes clearly visible. The drift is almost linear for

the 52X2D1 aperture and can therefore be determined by fitting a polynomial of

first degree5 of the form

5Note that for the aperture 52X2 (e.g., applied in HST campaign 7939) the drift is not linear.
Hence, fits with polynomials of higher order have to be applied (see Figure 49 in the Appendix).
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Figure 24 – Determining the trace drift in y-direction using calibration measurements
of the stellar object WD2126+734 of HST/STIS campaign 10040 (Proffitt et al. 2003)
using the pseudo aperture 52X2D1 and grating G140L (flt-file o8tg02020_flt.fits).

ydrift(xd) = a0 + a1xd, (3.14)

with the two fit parameters a0 and a1. We find a0 = 8.25×101 and a1 = 2.93×10−3.

The corresponding function ydrift(xd) is plotted as the magenta line in Figure 24C.

We derive the disk center y-coordinate with method 2, yf−m2, by fitting insi-

de the range of λd = 1450 Å to 1550 Å. According to Equation 3.14, the

y-drift for a range of 100 Å (∼170 pixels) is lower than 1 and therefore ne-

gligible. Thus, we assign yf−m2 to the center of the fitting range, xf−m2 =

x(1450 Å) + (x(1550 Å) − x(1450 Å))/2 (the notation x(λd) refers to Equation 3.2

and means taking the xd value corresponding to the given λd.). Evaluating

Equation 3.14 for ydrift(xd = xf−m2) gives a discrepancy of
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Table 4 – Calculated disk-center coordinates of Ganymede at 1356 Å in pixel. Values
in brackets display the header reference.

Campaign ID xd yd

7939 399 (403) 620 (636)

8224 406 (405) 379 (387)

12244-1 404 (404) 102 (98)

12244-2 404 (404) 105 (88)

∆y = yf−m2 − ydrift(xf−m2) (3.15)

compared to the fitted disk center y-coordinate. Adding ∆y to Equation 3.14 cor-

rects this discrepancy and leads to a modified equation for the trace drift:

ydrift-m2(xd) = ydrift(xd) + ∆y

= yf−m2 + ydrift(xd)− ydrift(xf−m2).
(3.16)

Now, we evaluate ydrift-m2(xd) at xd = xf−m1, the disk center x-coordinate from

method 1. By averaging yf−m1 and ydrift-m2(xf−m1) we derive the new disk center

y-coordinate yf−m12, which becomes the final y-coordinate for the disk center at

1216 Å. Repeating the steps in Equation 3.15 and 3.16 for xf−m1 and yf−m12 gives

the final function ydrift-m12(xd), which can be used to calculate the correct disk

center y-coordinate for any specific xd or λd coordinate. For comparison, we list

in Table 4 the derived disk center coordinates for the Ganymede disk at 1356 Å

for each HST campaign together with the corresponding position according to the

header reference (values in brackets).

3.2.3 Flux conversion

The counts n(xd, yd) stored for each pixel (xd, yd) in the flt-files represent the elec-

tron counts on the MAMA detector triggered by incident photons reaching and
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passing through HST. For any further physical interpretations we need to convert

the electron counts on the detector into the photon flux density φ as they arrive

in front of the HST mirror. The photon flux density is defined as photons per time

per effective area per wavelength (Saleh et al. 1992; Tennyson 2005; Ely et al.

2011):

φ(xd, yd) =
n(xd, yd)

∆t

1

Aeff

1

∆λ
[photons/s/cm2/Å], (3.17)

with the exposure time ∆t and the dispersion ∆λ. The effective area Aeff is de-

fined by the product of the area A of the unobstructed telescope mirror and the

instrument specific and wavelength dependent throughput T (λd) of the telescope:

Aeff = AT (λd). (3.18)

We remember that according to Equation 3.2, the ix-th value of the wave-

length λd(ix) corresponds to the ix-th value of the pixel position xd(ix) with

ix = 1, 2, 3, . . . , 1024. The diameter of HST’s mirror is Ø= 2.4 m. The unobstruc-

ted area of the mirror follows A = π(Ø/2)2 · 0.85 = 38, 453.095 cm2. The correcti-

on factor 0.85 has to be applied in order to obtain the actual unobstructed area

of the mirror according to Paul D. Feldman (personal communication, April 1,

2013, Cologne). T (λd) is unitless and determines the fraction of incoming pho-

tons which actually reach the detector after their path through HST. Hence, by

dividing n(xd, yd) by T (λd) we convert the detector counts to photon counts in

front of the HST mirror. The throughput is stored in calibration tables specified

in the header of the flt-files. The throughput tables are available via the MAST

archive.

The photon flux density φ can also be expressed in terms of energy by multiply-

ing Equation 3.17 with the wavelength dependent photon energy Ep(λd) = hc/λd

in [erg],
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φEp(xd, yd, Ep) = Eq. 3.17 · Ep(λd)

=
n(xd, yd)

∆t

1

AT (λd)

1

∆λ

hc

λd

[photons erg/s/cm2/Å], (3.19)

where h is Planck’s constant and c the speed of light. Throughout our study we

use the photon flux density defined in Equation 3.17. The conversion of the pho-

ton flux φ(xd, yd) at HST to the surface brightness L(xd, yd) at Ganymede follows

L(xd, yd) = φ(xd, yd)∆λdΩ−1 [photons/s/cm2/arcsec2], (3.20)

with dΩ = msx × msy the FOV of a pixel, which is for the G140L grating dΩ =

0.0246 × 0.0246 arcsec2. We multiply by λd as L(xd, yd) is not expressed in

terms of the dispersion. L(xd, yd) describes the total amount of photons emit-

ted within a column of unity radius in direction of the line of sight of the pixel

(xd, yd). Usually, auroral brightness is expressed in the unit auf Rayleighs R with

1 R = 106 photons (4π)−1 cm−2 s−1 sr−1:

f(xd, yd) = L(xd, yd)
4π

106

(
360 · 3600

2π

)2

[R]. (3.21)

The factor ((360 · 3600)/(2π))2 is due to the conversion of arcsec−2 into Steradian

sr−1.

3.2.4 Modeling reflected solar light

As mentioned in Section 3.2.1, the background corrected image is still superim-

posed by solar light reflected from Ganymede’s surface (as exemplarily shown for

visit 2 of campaign 12244 in Figure 21B). In order to remove the reflected solar

light we use solar spectra φsol 1AU(λd) by the Solar Extreme Ultraviolet Experiment

(SEE) on-board the Thermosphere Ionosphere Mesosphere Energetics and Dy-

namics satellite (TIMED) for the specific day of the observation (Woods et al.
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2005). Measured roughly at the orbit of the Earth with the Sun-Earth-distance of

dSE = 1 AU, we scale fsol 1AU(λd) to the Sun-Ganymede-distance dSG (≈5 AU). To

calculate the part of the spectrum, which is reflected back to HST, we have to

take into account the distance between Ganymede and HST, dGH (≈4 AU). By as-

suming Ganymede as a uniform reflecting disk, the reflected solar flux reaching

HST follows

φsol, PS(λd) = a fsol 1AU(λd)

(
dSE

dSGdGH

)2

R2
G, (3.22)

with the geometric albedo a. φsol, PS(λd) is the one-dimensional reflected solar flux

for a point source reaching HST. In order to compare it with the measured photon

flux at HST, we express φ from Equation 3.17 in terms of wavelengths, φ(λd, yd),

and integrate it in cross-dispersion direction yd at each wavelength λd,

φ(λd) =

∫ ydrift-m2(λd)+∆s

ydrift-m2(λd)−∆s

φ(λd, yd) dyd ∀ λd(ix) with ix = 1, 2, 3, . . . , 1024. (3.23)

∆s is the slit width in pixel and ydrift-m2(λd) is the function of the corrected yd-

position of the disk center from Equation 3.16 expressed in terms of wavelength

λd. We show the integrated flux in Figure 25A as a function of wavelength, again

for the same example as in the previous sections (visit 2 of campaign 12244). In

grey we show φ(λd) and in black φ(λd) after applying a smoothing function6 for vi-

sual enhancement. This integrated one-dimensional flux is characterized by three

distinct peaks at 1216 Å, 1304 Å, and 1356 Å, which correspond to the previously

detected emission enhancements in the two-dimensional image (Figure 21A and

B). At wavelengths greater than ∼1410 Å, the spectrum increases almost linearly

without any further distinct peaks.

We fit φsol, PS(λd) to φ(λd) with a least squares fit with a as the free parameter.

We fit between 1410 Å and 1550 Å (area within the dashed turquoise lines in

Figure 25A), where we expect that the observed trace to consist only of reflec-

6We apply a moving average as defined in Equation 3.26, but only in one dimension. The size of
the moving average is set to 5 pixel.
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ted solar light. We assume a constant albedo as a function of wavelength for

λd ≤ 1700 Å. φsol, PS(λd) for the fitted albedo aPS is shown in red in Figure 25A.

Inside the fitting area (1410 Å to 1550 Å) and for greater wavelengths, the solar

spectrum shows linear behavior, increasing as a function of wavelength, and is in
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Figure 26 – Modeled disks convolved with the fitted reflected solar flux and with
HST’s point spread function at each wavelength.

the same range as the measured photon flux φ. For the extended emission regi-

ons of 1216 Å, 1304 Å, and 1356 Å (indicated by the black lines in Figure 25A;

distance between the lines equals the slit width), φ is greater than φsol PS except

for three peaks at 1335 Å and at the center of 1216 Å and 1304 Å. However, we

must bear in mind that we are comparing the signal from a spatially extended

source, the Ganymede disk, with the reflected solar flux for a point source. Thus,

under assumption that the fitted φsol, PS(λd, a = aPS) is uniformly emitted from a

disk of the size of Ganymede, we convolve artificially generated disks with radius

r = RG with φsol, PS. We then convolve the model disks with the point spread functi-

on (PSF) obtained by the TinyTim software package (Krist et al. 2011) in order to

account for scattering and diffraction of light in the optical systems of HST. The re-

sulting two-dimensional image containing the artificial disks is shown in Figure 26.

By integrating the model disks along the yd-axis for each wavelength, we obtain

the one-dimensional model spectrum of a spatial extended source, φsol, ES(λd).

Again, we fit this spectrum to the observed flux φ(λd) by a least squares fit, i.e.,

we minimize the function

χ2(ã) =
∑
λd

[ãφsol, ES(λd)− φ(λd))]
2 !

= min, (3.24)

with ã as the free fit parameter. The resulting ã is a correction factor to the pre-
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viously fitted albedo aSP in order to obtain the final fitted albedo afinal with

afinal = ã aSP. (3.25)

Using afinal in Equation 3.22 and repeating all subsequent steps for creating the

artificial model disks, we obtain the final two-dimensional model disks which we

subtract from the background corrected image. The final resulting image for our

example is shown in Figure 27. The integrated one-dimensional fluxes are shown

in Figure 25B with the measured photon flux φ(λd) in black, the fitted reflected

solar flux for an extended disk φsol ES(λd) in red, and the final corrected spec-

trum φ(λd) − φsol ES(λd) in green. After both subtractions, background emission

and reflected solar light, only the emission originating from Ganymede’s atmos-

phere itself remains. The magnification box in Figure 25B clearly shows this for

OI λ1304 and OI λ1356, indicating auroral emission at these two wavelengths.

Prior to the correction for reflected solar light, both emissions were overlapped

by reflected solar CII λ1335. However, this carbon emission vanishes after the

subtraction of reflected solar light and the two oxygen lines are clearly separa-

ted from each other as shown. The calculated reflected solar Lyman-α emission

at 1216 Å is slightly overestimated. As described in Section 3.2.1, we subtract

the background by measuring above and below the disk under the assumption

of an unobstructed line of sight. As neutral hydrogen of the interplanetary me-

dium backscatters solar Lyman-α emission (Ajello et al. 1994), with Ganymede

obstructing parts of the Lyman-α emission, we possibly overestimate the Lyman-

α background. It is also possible, that the Lyman-α albedo is different from the

albedo for the wavelength range which we chose to fit. However, this discrepan-

cy has no implications on the results of our work as we only use Lyman-α for

determining the location of the disk.

3.2.5 Generating spectral images

To obtain spatially resolved images of Ganymede’s auroral emission for a specific

wavelength as shown, e.g., in Figure 14 or Figure 15, we cut out a 82×82 pixel

image around the disk center for each desired wavelength from the background
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Figure 27 – 2D background emission and reflected solar flux corrected image for
visit 2 of campaign 12244.

and reflected solar light corrected and Rayleigh converted detector image. The

edge lengths of the new images correspond to the 2 arcsec wide slit which ensu-

res that the entire Ganymede disk of ∼1.6 to 1.7 arcsec fits into the image. For

the transformation of detector frame (xd, yd) into a new coordinate system, where

the y-axis of the new images is aligned with Jupiter’s rotation axis, we use the

software package SPICE provided by NASA’s Navigation and Ancillary Informa-

tion Facility7 (NAIF ). Using the reference ORIENTAT given in the scientific head

of the flt-file, which describes the angle between the detector’s cross-dispersion

axis (yd) and Celestial North (Bostroem and Proffitt 2011, their figure 2.6), we

align the detector’s yd-axis with the latter one and transform from the Celestial

into the desired coordinate system. We now introduce coordinates to describe

the position of each pixel in the new reference frame. The pixel positions in the

Jupiter north-south direction, i.e., the y-direction of the images, are indicated by

iy, and the pixel position in the perpendicular direction, i.e., in the x-direction,

are indicated by ix. The corresponding photon flux of each pixel, expressed in

terms of Rayleighs, is then described by f(ix, iy). In order to increase the visibility

7http://naif.jpl.nasa.gov/naif/

http://naif.jpl.nasa.gov/naif/
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Figure 28 – Spectral images of the oxygen emission for orbit 5, visit 1 of cam-
paign 12244 (2010). Prominent longitudes are indicated: the leading/trailing side
central meridian (i.e., 90◦/270◦ of planetographic west longitude) is plotted in yel-
low, and the sub-Jovian/anti-Jovian meridian (0◦/180◦ longitude) is plotted as a
dashed green line. The images are centered around the brightest emission line of
each multiplet (thick white circle), while the remaining dispersed disks are shown
as orange circles. Yellow arrows indicate the Jupiter and Ganymede north direction
(JN) and the direction towards Jupiter (J).

of the auroral structure, we smooth the images (similar to Saur et al. (2015) or

Roth et al. (2014a, b, 2015)) by using a two-dimensional moving average filter of

the size (2M+1)×(2N+1) (Glasbey and Horgan 1995; Bevington and Robinson

2003),

fsmoothed(ix, iy) =
1

M∑
k=−M

N∑
l=−N

wkl

M∑
k=−M

N∑
l=−N

wklf(ix + k, iy + l), (3.26)

where N and M determine the size of the smoothing box. We set N = M = 3

pixel, i.e., we apply a 3×3 moving average filter to the photon flux f(ix, iy) of the

pixel (ix, iy). wkl is the weighting factor, which we set to 1 for all k = −M, . . . ,M

and l = −N, . . . , N , i.e., all accounted pixels are equally weighted. fsmoothed(ix, iy)

is the resulting smoothed flux of the pixel (ix, iy). Note that Equation 3.26 is app-

licable for ix = (M + 1), . . . , (Mx −M) and iy = (N + 1), . . . , (Ny − N), where

Mx = Ny = 1024 is the size of the 1024×1024 pixel image, i.e., we apply the

smoothing prior to cutting out the 82×82 images. The reason for applying the
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filter to the entire detector image is that we assign to the pixels at the borders

of fsmoothed(ix, iy) the same values as those of f(ix, iy), i.e., the borders are not

smoothed (Glasbey and Horgan 1995). As the finally cut-out 82×82 images are

far away from these borders, they are not affected by the chosen border definition.

Note again, that smoothing the images is just for enhancement of visibility and for

a basic qualitative analysis of the spectral images, while all calculations in this

work refer to unsmoothed data.

The resulting image is exemplarily shown for orbit 5, visit 1 of campaign 12244 in

Figure 28. We indicate the Ganymede disk with the thick white circle and plot the

corresponding planetographic coordinate system as dashed longitude and latitu-

de lines. We indicate the leading/trailing side central meridian (i.e., 90◦/270◦ of

planetographic west longitude) by the yellow line, and the sub-Jovian/anti-Jovian

meridian (0◦/180◦ longitude) as the dashed green line. Due to the low offset of

the sub-observer longitude from the leading/trailing meridian, the sub-Jovian/anti-

Jovian meridian is hardly visible. Ganymede’s planetographic equator is indica-

ted by the thickest latitude line. The yellow arrows in the lower right corner of

each image indicate the Jupiter and Ganymede north direction (JN) and the di-

rection towards Jupiter (J). J points to the right for leading side campaigns and

to the left for trailing side campaigns. We show spectral images for both oxy-

gen emissions at 1304 Å (A) and 1356 Å (B), repsectively. Auroral emission is

apparent in both images. Both emissions are multiplets of atomic oxygen. The

emission at 1304 Å is the OI λ1304 Å triplet (2s22p4 3P←2s22p33s 3S0) with wa-

velengths at 1302.2, 1304.9 and 1306.0 Å, while the emission at 1356 Å is the

spin forbidden OI λ1356 Å doublet (2s22p4 3P←2s22p32s 5S0) with wavelengths

at 1355.6 and 1358.65 Å (Hall et al. 1998; Meier 1991). The intensity ratios of

the OI λ1304 Å triplet are f(1302.2 Å)/f(1304.9 Å)/f(1306.0 Å) = 5:3:1 (Mei-

er 1991). In Figure 28A, we show the dispersed emissions of each multiplet as

orange circles, while the image is centered around the disk with the strongest

emission, 1302.2 Å, which is plotted as the thick white circle. The spectral images

throughout this work are always centered around the brightest emission of the

specific multiplet. Note that due to the rotation of the images, also the dispersion

axis is rotated (for the chosen example HST orbit by around 45◦), which places the

remaining dispersed disks of the multiplet into the upper right direction of both cut-

out images in Figure 28. Due to the dispersion ∆λ of the applied G140L grating,

the dispersed disks in Figure 28A are only ∼5 and ∼6 pixels apart and the disper-
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sed disks overlap. Together with the intensity ratio of f(1302.2 Å)/f(1304.9 Å)

= 5:3, the emission at 1304 Å is partially blurred. The dispersed disks of the

OI λ1356 Å doublet are also just ∼5 pixels apart. Due to the intensity ratio of

f(1355.6 Å)/f(1358.5 Å) = 3.76:1 (Meier 1991), though, the brightness contrast

of the dispersed disks is higher which reduces the blur. Hence, auroral emission

patterns are more distinct in the OI λ1356 Å images, making them more prefera-

ble over the OI λ1304 Å images for studying the oxygen aurora at Ganymede.

Another reason for giving preference to the OI λ1356 Å images is the brightness

ratio between the emission at 1304 and 1356 Å. Approximately half of the emis-

sion at OI λ1304 Å induced by reflected solar light (compare magnification box in

Figure 25B). After subtracting the reflected solar radiation, the averaged bright-

ness at OI λ1304 Å is two times weaker than at OI λ1356 Å (Feldman et al. 2000;

Saur et al. 2015). Additionally, the signal-to-noise ratio is higher at OI λ1356 Å

due to lower geocoronal background (see Table 5). Hence, even though Ganyme-

de’s auroral ovals are visible in both images of Figure 28, they are more pronoun-

ced in the image of OI λ1356 Å. This also accounts for all orbits of the chosen

HST campaigns. Therefore, we focus our analysis on the OI λ1356 emission.

To enhance the visibility, we introduce a polynomial fit to the observed ovals.

For all subsequent quantitative analysis of the location of the auroral ovals in

Chapter 4 we do not use this polynomial fit but apply different calculation me-

thods. Similar to Saur et al. (2015), we determine the y-component yoval(ix) of the

location of the ovals for a given ix by using the brightest pixel of each column in

north-south direction of the spectral image:

yoval(ix) =

∑
iy
iyf(ix, iy)

κ∑
iy
f(ix, iy)κ

, (3.27)

where the exponent κ allows to differently weight the brightest pixels. We use a

very high κ = 30, taking the brightest pixel into account as the major contributor

for the oval localization, but still preserving the contribution of the pixels around

that pixel as co-contributor. The effective width of the oval follows
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σoval(ix) =

(∑
iy

(iy − yoval(ix))
2f(ix, iy)∑

iy
f(ix, iy)

)
. (3.28)

To compensate the stochastic and systematic variability, we additionally fit the

resulting jagged line of yoval(ix) by a second order polynomial,

yoval, fit(ix) = a0 + a1ix + a2i
2
x, (3.29)

where ai are the fit parameters. The fit is performed by taking into account the

error of every data point in yoval(ix), i.e., we weight every data point by the factor

w(ix) = 1
σ2

oval(ix)

(
1/N

∑
1

σ2
oval(ix)

)−1

(Bevington and Robinson 2003), where N is

the number of data points. The resulting polynomial fits are shown in the spectral

images of Figure 32 in the following Chapter 4.

3.2.6 Error propagation

We remove from the observed signal Sobs(ix, iy) = nobs(ix, iy)/∆t (expressed in

terms of counts per seconds) the background counts, Sbg(ix, iy) (described in

Section 3.2.1), and the counts of the reflected solar radiation, Ssol(ix, iy) (descri-

bed in Section 3.2.4), for each pixel (ix, iy), i.e.,

Sclear = Sobs − Sbg − Ssol. [counts/s] (3.30)

The statistical error of the counts associated with auroral photons on a pixel is

given by

σclear =
√
σ2

obs + σ2
bg + σ2

sol

=
√

(Sobs + Sbg + Ssol)∆t,
[counts] (3.31)
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where σobs corresponds to the square root of the detected and Poisson distri-

buted counts at the specific pixel, i.e., σobs =
√
Sobs ∆t. σsol =

√
Ssol ∆t and

σbg =
√
Sbg ∆t correspond to the square root of the counts of reflected sunlight

and background emission, respectively. The propagated total error σclear is subse-

quently converted to spectral flux and brightness as described in Section 3.2.3.

The signal-to-noise ratio SNR follows

SNR(ix, iy) =
Sclear(ix, iy) ∆t

σclear(ix, iy)
. (3.32)

In Table 5, we calculate the SNR for all pixels inside the Ganymede disk inside the

spectral images of both oxygen lines averaged for every visit of each campaign.

Even though the SNR for both emissions is generally greater than 1 for each

visit, we have to bear in mind that the calculated SNR accounts for the average

of the total disk. The SNR for individual disk parts may vary from the values

listed in Table 5 (see, e.g., Figure 39). Averaged over all visits, the average SNR

(SNR=17.5) of the spectral images at OI λ1356 Å is three times better than the

average SNR (SNR=5.6) of the spectral images at OI λ1304 Å.

3.2.7 Flux integration

The brightness values B discussed in this work are calculated by the integration

of the photon flux f(ix, iy) converted in Rayleighs inside the moon disk or specific

area A:

Table 5 – SNR averaged for the Ganymede disk in the spectral images of the
OI λ1304 Å and OI λ1356 Å emission for each visit.

HST campaign average SNR

OI λ1304 Å OI λ1356 Å

7939 5.2 12.5

8224 5.9 21.2

12244-1 6.8 15.5

12244-2 4.4 20.8
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B =

∫
A

f(ix, iy) dixdiy. (3.33)

In numerical practice, we evaluate this integral by summing over the flux of all

pixels inside the integration area:

B ≈ 1

NxNy

Nx,Ny∑
x=1,y=1

f(ix, iy) ∀ ix, iy in A, (3.34)

with the number of pixels in x- and y-direction, Nx and Ny, inside the integration

area A. We normalize the sum by the total number of pixels inside A similar to

previous works (e.g., Feldman et al. (2000), Roth et al. (2014b) or Saur et al.

(2015)) in order to obtain the average brightness inside A and to compare it with

averaged brightnesses of integration areas of different sizes.

Due to the discrete nature of the image array, i.e., the coordinate system is rela-

ted to the pixel position on the detector and, therefore, based on integer division,

no further sub-division of the x- and y-axis is possible. Integrating over pixels in-

side the area, e.g., of a circle or the moon disk, causes problems as area borders

overlap pixels. We demonstrate this problem on the basis of a simplified exam-

ple. In Figure 29A, we show an artificial 5×5 pixel image (random signal), where

we assigned random numbers as counts to each pixel. We plotted a circle of

the radius r = 1.5 pixel in red as the desired integration area A = πr2. Inside

that circle, only the pixel (5, 5) is fully inside A, while pixels at the borders of the

circle are overlapped by the integration area. Without further sub-division of these

pixels, the corresponding counts would be accounted for the weight of 1 by the

averaging method in Equation 3.34. In A, we also plotted the corresponding mask

(imprecise weights) including the weighting factor of each pixel for calculating the

average inside A. Unfortunately, the weights are of binary nature and only ha-

ve the value 0 or 1. For example, pixel (2, 4) with the weight of 1 would be fully

accounted in the average calculation, even though this pixel is only nearly half

inside A. For a large radius r (or generally speaking, for a large integration area),

the impact of this distortion effect by pixels overlapped by the border of A on the
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Figure 29 – Sub-pixel division scheme for a simplified example of an artificial 5×5
pixel image. A: problem description (incorrect weight assignment at the edges of
the integration area (red circle)). B: problem solution (searching for parts of the
pixels inside the integration area by implementing a moving scanner grid). C: image
showing the correct weights for each pixel.

average calculation becomes negligible. For small integration areas, however, the

impact is not negligible anymore.

We solve this problem by scanning the signal image pixel per pixel with a scanner

grid of the size of one pixel. The grid only consists of four points at the edges,

indicated by A, B, C and D in the first panel of Figure 29B. Note that the grid

shown in that panel contains additional grid points lying between the edge points,

but here we only discuss the four edge points8. The panel shows the grid for pixel

(2, 4). By checking if at least one of the grid points is not inside A as shown in the

second panel of B (here: grid points A, B and C are outside A, only D is inside),

8We actually also use these internal grid points in order to increase the sensitivity of our scanning
method.
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we establish a grid with higher resolution inside the scanner grid (blue dots in

the third panel of B). We use a grid point distance of ∆grid=0.025 pixel in both

directions for the higher resolved grid (for visual enhancement we show in the

third panel of B a grid with a higher grid point distance of 0.1). Again, we check

which grid points are inside A. In the fourth panel in B, we color grid points inside

A in green, outside in magenta. By using the outer edges of the area covered

by the green dots, we build a new, so-called sub-pixel polygon, which we use to

calculate the actual area Apix(ix, iy) covered by the current pixel (ix = 2, iy = 4)

inside A. Apix may have values between 0 and 1. For numerical reasons, we do

not start with the high-resolution scanner grid. In order to save computational

time, we establish such a grid only for the case, when at least one edge point of

the four-point scanner grid is outside A. For example for pixel (3, 3), all four edge

points lie inside A, hence, no sub-grid is established and the pixel area Apix(3, 3)

is assigned to 1. By repeating this scan for each pixel, we calculate a new mask of

weights as shown in Figure 29C. Pixel (3, 3) has the correct weight of 1, while pixel

(2, 4) is assigned the weight of ∼0.5. By accounting for the calculated weights, we

correct Equation 3.34 according to Bevington and Robinson (2003) to

B =

Nx,Ny∑
x=1,y=1

f(ix, iy)
Apix(ix, iy)

A0

(
Nx,Ny∑
x=1,y=1

Apix(ix, iy)

A0

)−1

, (3.35)

with A0 as the reference area of a full covered pixel with A0=1.

3.2.8 Spot detection method

To study the distribution of individual brightness peaks along the auroral ovals

disk, we now present a method to detect individual auroral spots. The main prin-

ciple of this method is to define a brightness threshold, remove any auroral emis-

sion below this threshold from the spectral image, and detect the remaining emis-

sion and identify individual auroral spots. In the following, we explain each step of

this method, exemplarily applied to the spectral image at 1356 Å of the first orbit

of visit 1 of campaign 12244.

The chosen 82×82 pixel spectral image f(ix, iy) is shown in Figure 30A, pro-
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cessed as described in Section 3.2.5 and converted into Rayleigh. We show the

contour lines of auroral brightness in steps of 100 R. Individual bright spots with

brightnesses >100 R are apparent in the image. For our example and as the first

step of our method, we set an adequate9 threshold of flim=120 R. In the second

step, we duplicate the spectral image into a new image, b(ix, iy) = f(ix, iy). Pixels

of b, which have a brightness below the threshold, are assigned to the value 0,

pixels with a higher brightness are assigned to the value 1,

b(ix, iy) =

0 for f(ix, iy) < flim

1 for f(ix, iy) ≥ flim

with ix = 1, . . . , 82, iy = 1, . . . , 82. (3.36)

The resulting binary image is shown in Figure 30B. In that figure, the previously

detected bright spots from Figure 30A are represented as binary masks (yellow

areas).

In the third step, we detect the outer perimeters of the yellow areas in Figure 30B.

We apply the function bwboundaries, which is implemented in MATLAB©. bwboun-
daries is based on the Moore-Neighbor tracing algorithm (Gonzalez et al. 2004).

The basic principle of this algorithm can be described (simplified) by the following

scheme according to Gonzalez et al. (2004) and Toussaint (2010):

1. Motivation: Search the contour of the area of interest inside an image. Pixels

inside the area of interest are assigned to the value of 1, any other pixels of

the image to 0.

2. Starting from the pixel in one edge of the underlying image, search row-by-

row and column-by-column for the first pixel, which has the value 1.

3. Set the identified pixel as the new start pixel, Pstart(ix,start, iy,start), and

go around that pixel, i.e., search in the neighboring eight pixels around the

new start pixel for the next pixel with the value 1. The direction for searching

around the new start pixel is not important (clockwise or counter-clockwise).

Once chosen, the direction should be kept for all subsequent steps.

9We discuss in Section 4.5 how to choose an adequate brightness threshold.
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4. When the next pixel with the value of 1 is found, Pmatch(ix,match, iy,match), back-

track to the previous pixel (with the value 0).

5. Search around the newly found pixel (with value 1) by repeating steps 2

and 3.

6. The algorithm stops, when Pstart(ix,start, iy,start) is found for a second time.

Figure 30 – Spot detection scheme (exemplarily shown for orbit 1 of visit 1 of cam-
paign 12244).
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The trace (ix,match, iy,match) of pixels Pmatch with values of 1 defines the contour of

the area of interest in the image (here: the yellow areas in Figure 30B). Since

there is more than one area of interest (i.e., spots) in the spectral images, the

Moore-Neighbor tracing algorithm is applied multiple times (every time the algo-

rithm stops, the currently detected area of interest is excluded from the search

in later iterations, and we re-apply the algorithm until no further spots are detec-

ted). With the extracted contours of the yellow areas (Figure 30C) we are finally

able, to locate and isolate the bright spots in the spectral image as shown in

Figure 30D. This enables us to calculate size, brightness, amount (red numbers

in Figure 30C), geometric (green crosses in Figure 30D) or brightness weighted

centroids (magenta crosses in Figure 30D) of the spot.





Chapter 4Results

In this chapter, we present and discuss the main findings of our study. We first

discuss the derived FUV albedo and compare it with the known albedo at other

wavelengths. Then, we present the spectral images of the 1356 Å oxygen emis-

sion generated as described in the previous chapter. We compare the auroral

brightnesses of each campaign and for different locations of Ganymede within

the Jovian plasma sheet for the total disk averaged brightnes. By analyzing the

latitudinal distribution of the auroral emission we are able to separate auroral oval

brightness from the residual disk brightness. We analyze the brightness of the

ovals and the residual disk for dependencies on Ganymede’s changing magnetic

latitudes. We introduce a method for determining the location of the auroral ovals

for tracking any variation of the oval locations during Ganymede’s transit through

the Jovian current sheet. We then compare the derived oval locations with the ma-

gnetic equator of Ganymede’s dipole magnetic field derived by Galileo magnetic

field measurements. Finally, we study the patchiness of the aurora by separating

individual bright spots along the auroral ovals.
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4.1 Ganymede’s albedo in the FUV range

A convenient by-product of the least squares fit, which we apply in Section 3.2.4

when we model the reflected solar light, is the geometric albedo a of Ganymede

in the FUV range. As described in that section, we assume the FUV albedo to

be constant over the wavelength range covering the two oxygen lines at 1304

and 1356 Å. We summarize all fitted albedos in Table 6 and additionally add the

albedo derived by Hall et al. (1998) for the trailing side. With 2.7 ± 0.4 %, the

albedo for the trailing side campaign 7939 derived by our fitting method is in

good agreement with the albedo of 2.3 ± 0.2 % previously derived by Feldman

et al. (2000) for this campaign. As already noticed by Feldman et al. (2000), the

albedo of campaign 7939 in 1998 is also in good agreement with the albedo

derived by Hall et al. (1998) for campaign 6758 in 1996. Being two years apart

and observing the same hemisphere, both derived albedos show no indication for

a significant variation which supports our initial assumption of a constant albedo

in the FUV range, at least for our chosen fitting range between 1410 Å and

1550 Å (Section 3.2.4 or see, e.g., Figure 25). This is also true for the leading

side, where all derived albedos for the three visits of the leading side campaigns

8224 (2000) and 12244 (2010/11) do not significantly vary over a period of roughly

ten years as their errorbars overlap. All trailing side campaigns show a significant

higher albedo than the leading side (except for campaign 8224). Compared to

Europa, where no pronounced albedo difference between both hemispheres in

the FUV has been observed so far (Roth et al. 2014a), the average albedo of

2.7 ± 0.4 % on Ganymede’s trailing side and 1.8 ± 0.4 % on the leading side

indicate a hemispheric albedo dichotomy for the FUV range, instead.

The mid ultraviolet range (MUV) from 2000 Å ≤ λ ≤ 3400 Å is already known for

the presence of a leading-trailing side albedo dichotomy (Hendrix et al. 1999).

Hendrix et al. (1999) confirmed this MUV dichotomy by using the Galileo Ultra-

violet Spectrometer (UVS). In Figure 31, we show the albedos for the MUV range

derived by Nelson et al. (1987) together with the FUV albedo derived from our

study. In the MUV range, the leading hemisphere (blue line) is much more reflec-

tive than the trailing hemisphere (red line) with increasing difference as a function

of increasing wavelength. As discussed in Section 2.1.1, the albedo is also hig-
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Figure 31 – Albedo for the observed FUV (1100 Å to 1700 Å) and MUV range (2000
Å to 3400 Å) on the leading and trailing side. Note that the derived FUV albedos
apply for the entire region inside the dashed green lines, i.e., the FUV fitting area.

her on the leading side than on the trailing side at the visible wavelength of 5600

Å (Figure 5; Pappalardo et al. (2004)). Furthermore, bright surface material is

correlated to locally increased albedo values at visible wavelengths, while dark

material correlates to lower albedo values (Pappalardo et al. 2004; Squyres and

Table 6 – Albedo in the FUV range. Summarized are all fitted albedo values for the
wavelength range observed by the chosen HST/STIS campaigns. Additionally, the
albedo derived by Hall et al. (1998) using HST/GHRS is also listed (HST campaign
6758). Letters T and L denote trailing and leading side observations.

Campaign ID Hemisphere Albedo [%]

6758 T 2.6 ± 0.3

7939 T 2.7 ± 0.4

8224 L 2.0 ± 0.5

12244-1 L 1.6 ± 0.3

12244-2 L 1.8 ± 0.3
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Veverka 1981). In the FUV range, though, the opposite case is indicated, i.e.,

bright and dark surface material are anticorrelated compared to the albedo in the

FUV range, since we observe the lower FUV albedo on the leading hemisphere.

4.2 Spectral images and general mor-
phology of Ganymede’s FUV aurora

In Figure 32, we show spectral images of the emission at 1356 Å for each HST

campaign processed as described in Section 3.2. Each panel shows the emission

converted in Rayleigh. The campaigns are grouped in columns, where we assign

the color red to campaign 7939, blue to visit 1 of campaign 12244, orange to vi-

sit 2 of campaign 12244, and violet to campaign 8224 (compare color shadings

in Figure 32). We keep this color assignment throughout this work. The spectral

images of each orbit are ordered from top to bottom by magnetic latitude ϑmag. As

introduced in Section 3.1, for all observations where Ganymede’s magnetic latitu-

de was below |ϑmag| < 5◦, Ganymede was inside the Jovian current sheet (ICS).

For |ϑmag| > 5◦, Ganymede was outside the current sheet (OCS). As described

in Section 3.2.5, the yellow arrows in each panel indicate the direction to Jupiter

North (JN) and towards Jupiter (J). White numbers in the upper right corner of

each image show the corresponding HST orbit number of the visit. The red lines

represent the polynomial fits to the locations of the auroral ovals as described in

Section 3.2.5. The color scale is limited to 240 R and each pixel with higher bright-

ness is colored in white. We smoothed the images (see Equation 3.26) in order to

increase the visibility of the auroral ovals. However, all quantitative analysis within

this work is done with unsmoothed data.

Each image shows two distinct auroral ovals surrounding the northern and

southern hemisphere, respectively. On the leading side, the ovals are located ne-

ar to Ganymede’s planetographic equator at low latitudes. On the trailing side, the

ovals are located near the poles at higher latitudes. This is in full agreement with

previous findings presented in Chapter 2. Along these ovals, the auroral emission

is not distributed homogeneously but shows stochastic and systematic variability.

The reconnection process at the open-closed field line boundary is expected to

be intermittent (Eviatar et al. 2001a; Jia et al. 2010) and causes together with
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the low photon counting rates stochastic variability. Hence, the auroral emission

along each oval is of spotty or patchy nature rather than a continuously emitting

band.

Campaigns 12244 (leading side) and 7939 (trailing side) cover a full 5.25 hour

transit of Ganymede through the Jovian plasma sheet (also see Table 3). Cam-

paign 8224 (leading side) additionally covers two orbits when Ganymede was

inside the current sheet. Qualitatively, we can observe already two major charac-

teristics of the aurora at Ganymede in the panels shown:

1 The change of auroral brightness with changing magnetic latitude.

2 The change of the location of the aurora with changing magnetic

latitude.

Starting from ϑmag > 5, i.e., above the current sheet, on the leading side (panels

2A, 2B and 3A, 3B) auroral brightness increases, when Ganymede is inside the

current sheet (−5 < ϑmag < 5, panels 2C, 3C, 4A and 4B). Simultaneously, the

fitted auroral ovals move towards the planetographic equator. When Ganymede

is below the current sheet, i.e., for ϑmag < −5, auroral brightness decreases again

and the ovals move to their previous planetographic position (panels 2D, 2E and

3D, 3E). On the trailing side, the opposite seems to be the case with decreasing

brightness inside the current sheet (compare panels 1A, 1C and 1D with 1B).

Also, the auroral ovals are located at inclined planetographic latitudes nearer to

the poles, when Ganymede is inside the current sheet. In the subsequent sections

of this chapter we examine both effects quantitatively, the variation of brightness

and the moving of the auroral ovals as a function of magnetic latitude.
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Figure 32 – Spectral images (82×82 pixels) of OI λ1356 Å oxygen emission in
Rayleigh. Panels of column 1 show all orbits of campaign 7939 (1998, trailing side),
panels of columns 2 and 3 show both visits of campaign 12244 (2010/2011, leading
side), and panels of column 4 show the two orbits of campaign 8224 (2000, leading
side). All panels are ordered from top to bottom by magnetic latitude ϑmag. Orbit
numbers according to Table 3 are indicated in the right upper corner of each panel.
Yellow arrows indicate the orientation of Jovian North (JN) and direction to Jupiter
(J). Red lines are polynomial fits to the auroral ovals (see Section 3.2.5). Dashed
circles indicate the off-limb area. The color scale is limited to 240 R (pixels with
higher brightness are white). Images are smoothed to increase the visibility of the
auroral ovals.
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4.3 Total disk averaged brightness

In this section, we analyze the integrated and averaged brightness for total moon

disk and we describe the general distribution of aurora along the disk.

4.3.1 Hemispheric brightness asymmetries

The spectral images in Figure 32 show both, auroral emission on the disk of Ga-

nymede and off-limb emission around that disk inside a radius of roughly 1.3 RG,

indicated by the dashed circles in each panel. Outside the dashed circles, there

are additional bright areas, mostly in the lower left corner of each image, origina-

ting from the neighboring OI λ1304 Å emission. Since there are no other known

sources (so far), the origin of the off-limb emission can only be Ganymede’s at-

mosphere itself and is, therefore, also part of the OI λ1356 Å auroral emission.

In order to account for all auroral emission at 1356 Å on the disk as well as in the

off-limb area, we calculate the disk-normalized total brightness (Equation 3.35)

by integrating the flux over all pixels inside the area A = π(1.3 RG)2. The chosen

radius of 1.3 RG is limited by the size of the cut-out spectral images and by the

borderline to the OI λ1304 Å emission. We normalize the integrated flux to the

size of the actual disk of Ganymede, i.e., to the number of pixels inside πRG
2

similar to previous studies (e.g., Hall et al. (1998), Roth et al. (2014b) or Saur

et al. (2015)). The total disk averaged brightness for each orbit of all campaigns

is shown in Figure 33A as a function of magnetic latitude. Visit 1 and 2 of cam-

paign 12244 are combined due to similar magnetic latitudinal coverage. The grey

vertical dashed lines separate the observations in the current sheet (ICS) from

the region of higher magnetic latitudes (OCS).

Both leading side campaigns 8224 (year 2000) and 12244 (years 2010 and 2011)

are roughly 10 years apart, providing two independent temporal snapshots of

Ganymede’s aurora. The latitudinal coverage of campaign 8224 only allows a

comparison of observations inside the current sheet. The total disk brightnes-

ses averaged for all ICS observations, 120.5 ± 4.0 R for campaign 8224 and

108.9 ± 3.7 R for campaign 12244, also show no overlap (see also Figure 34).

However, the two measurements alone, taken 10 years apart, are not sufficient to
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Figure 33 – Total disk averaged brightnesses of the OI λ1356 Å (A) and OI λ1304
Å (B) emission. Grey dashed lines separate the region inside (ICS) and outside
the current sheet (OCS). We average the brightness by integrating over the on-disk
and off-limb area (the emission inside the dashed white circles in Figure 32) and
normalizing it to the size of Ganymede’s disk (solid white circles in Figure 32).

draw a clear conclusion on the long term variability of the auroral emission. Turc

et al. (2014) expect energy variations of the Jovian plasma of one order of magni-

tude as they have been found by Paranicas et al. (2002) for Europa on time-scales

for different Galileo flybys at Europa. In their three-dimensional test-particle mo-

del, Turc et al. (2014) study the influence of varying local plasma conditions on

Ganymede’s neutral atmosphere. They find, that for a decrease of Jovian plas-

ma energy, the sputtering on Ganymede’s icy surface decreases as well. For a

weaker surface sputtering, also the amount of H2O, H2 and H in the atmosphe-

re decreases (Turc et al. 2014). Hence, the production of molecular oxygen as

described in Section 2.1.2 would also be affected. There exists no study yet, on

how a reduced amount of oxygen in Ganymede’s atmosphere would impact the

complex process of aurora generation at Ganymede. The comprehensive study

of HST observations of Ganymede’s aurora by McGrath et al. (2013) gives hints

for a long-term stability of auroral emission on time-scales of the HST campaigns

that were analyzed by the authors (∼10 years).
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Due to the lack of latitudinal coverage of campaign 8224, we focus on campaigns

12244 and 7939 to compare the total disk averaged brightness between the lea-

ding and the trailing side. By averaging the total disk brightnesses for individu-

al orbits of both campaigns shown in Figure 33, we see that the leading side

with a mean brightness of 95.4 ± 2.1 R is by a factor of 1.42 ± 0.07 significant-

ly brighter than the trailing side which has a mean brightness of 67.2 ± 2.9 R.

A possible explanation for the observed hemispheric brightness asymmetry bet-

ween the upstream and downstream side might be that more field aligned electric

currents (FAC) driven in Ganymede’s magnetosphere is closed in Ganymede’s

downstream ionosphere compared to the upstream part of the ionosphere. The

high-energetic electrons, which generate the auroral emission, are approxima-

tely aligned with the magnetic field lines, which carry the FAC into Ganymede’s

ionosphere (Eviatar et al. (2001a), also see Section 2.2.2). Stronger ionospheric

currents on the ionospheric downstream (leading) side compared to the upstream

(trailing) side might, therefore, cause brighter auroral ovals on the leading side.

On the other hand, the observed brighter downstream aurora does not imply that

currents, which are coupled to the ionosphere and generate the aurora, are com-

pletely driven on Ganymede’s magnetospheric downstream side.

For comparison, we also calculate the total disk averaged brightness for the

OI λ1304 Å emission1, shown in Figure 33B. As discussed in Section 3.2.4 and

quantitatively shown in Section 4.3.4, the OI λ1304 Å total disk averaged bright-

ness is two times weaker than the brightness at OI λ1356 Å. Furthermore, the

trends for changing magnetic latitudes identified in the OI λ1356 Å emission al-

so seem to be apparent in the OI λ1304 Å, but they are less pronounced. The

brightness slightly increases on the leading side (campaign 12244, blue line) and

slightly decreases on the trailing side (campaign 7939, red line), when Gany-

mede is inside the current sheet. But, due to the lower SNR of the OI λ1304 Å

images compared to the OI λ1356 Å (see Table 5), individual orbit values of the

total disk averaged brightness overlap due to large errorbars, making it impossi-

ble to identify any trend as a function of magnetic latitude. Hence, we focus on

the brightnesses of the OI λ1356 Å oxygen line only.

1The corresponding spectral images of the emission at 1304 Å are shown in Figure 50 in
Appendix S4.
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Figure 34 – Average ICS and OCS brightness for the total disk and anti-Jovian (a-
J)/sub-Jovian (s-J) northern (N) and southern (S) quadrant in addition to Figure 33
and 38.

4.3.2 Magnetic latitude dependency of total disk ave-
raged brightness

In Figure 33, we also see variability of the emission on time scales of Jupiter’s

rotation period. During half a rotation period (5.25 hours), Ganymede transits dif-

ferent regions within the Jovian plasma sheet. During this transit on the leading

side (campaign 12244), brightness is highest when Ganymede is inside the cur-

rent sheet and decreases for elevated magnetic latitudes (|ϑmag| > 5◦). Due to

similar local plasma conditions at high elevated magnetic latitudes, i.e., in nor-

thern and southern direction, we bin all observations outside the current sheet

(OCS) and compare them with the observations inside the current sheet (ICS) in

Figure 34. Outside the current sheet (circles), the average of the total emission wi-

thin the disk (total disk in that figure) on the leading side (campaign 12244 in blue,

82.0 ± 1.7 R) and trailing side (campaign 7939 in red, 76.4 ± 3.2 R) are relatively

similar, although not identical as the errorbars do not overlap. Inside the current

sheet (stars), there is a large difference between both hemispheres as the total

disk averaged brightness increases by a factor of 1.33 ± 0.05 to 108.9 ± 3.7 R

on the leading side, while the brightness on the trailing side decreases by a factor

of 0.76 ± 0.07 to 58.0 ± 4.8 R.



CHAPTER 4. RESULTS 89

The variability of the auroral emission with magnetic latitude coincides with chan-

ges of the local plasma conditions at Ganymede. We calculated the radial density

and scale height profile of the Jovian magnetospheric plasma in the equatorial

plane after Bagenal and Delamere (2011), shown in Figure 35A, and the radial

plasma temperature profile (not shown in the figure). At Ganymede’s orbit, we find

a plasma density of n0 = 1.65 cm−3, a scale height of H = 10.4◦ magnetic latitude

(or 2.8 RG) and a temperature for thermal ions of T= 390.8 eV. For these values,

we calculate the plasma density n(z) and pressure profile P (z) as a function of

magnetic latitude,

n(z) = n0 exp(−(z/H)2), P (z) = n(z)kBT, (4.1)

respectively, where kB is Boltzmann’s constant (see Appendix on page 161). Both

profiles are shown in Figure 35B. By comparing values at 10◦ and 0◦ of magnetic

latitude, we find a low/high altitude-ratio of 2.5 for both quantities. When Ganyme-

de moves into the current sheet, its magnetosphere is exposed to a much larger

plasma ram pressure, resulting into a higher compression of the magnetosphere

on the upstream/trailing side and a broader stretching on the downstream/leading

side. The effects of increased plasma pressure inside the current sheet possibly

drive larger currents (also see, e.g., Jia et al. (2009a)), which likely leads to a

stronger auroral emission.

The increase of total disk averaged brightness inside the current sheet is only

observed on the downstream side, while the brightness on the upstream side

decreases (Figure 33 and Figure 34). In Figure 32.1B, we see that the auroral

ovals on the trailing side are shifted to larger planetographic latitudes inside the

current sheet compared to outside of the current sheet (Figure 32.1, A, C and D).

This indicates that the ovals could be partially shifted towards the downstream

side when Ganymede is at the center of the current sheet and, as a result, a larger

fraction of the magnetospheric current closes in the downstream ionosphere of

Ganymede than in the upstream ionosphere.
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Figure 35 – Jovian magnetospheric scale height and plasma density at Ganymede.
A: Jovian plasma density and scale height as a function of radial distance (in units
of Jovian radii RJ) after Bagenal and Delamere (2011). B: Jovian plasma density
and pressure at Ganymede’s orbit. Dashed red lines in B separate inner current
sheet region (ICS) from the outer region (OCS).

4.3.3 Off-Limb emission and comparison with the
emission on the moon disk

The increase of total disk averaged brightness inside the current sheet is only ob-

served on the leading side. Additionally to the given reasons in Section 4.3.2 for

the absence of increased auroral brightness on the trailing side, we now compare

the on-disk and off-limb auroral emission. As introduced in the previous section,

we define the off-disk area (i.e., area between the thick solid and dashed circles in

Figure 32) as the anulus from 1.0 to 1.3 RG. The integrated and averaged bright-

ness is shown in Figure 36A as a function of magnetic latitude ϑmag. We averaged

again both visits of campaign 12244. In general, the off-limb emission is lower

than the total disk averaged emission discussed in the previous section. Even

though individual bright spots inside the off-disk area can reach brightnesses

of up to 100 R (see Figure 32), the averaged off-limb emission ranges between

12.0 ± 4.9 R and 33.5 ± 4.6 R (minimum and maximum values from Figure 36A),

which is consistent with the brightnesses derived by (Feldman et al. 2000).

We now average the off-limb emission specifically for each hemisphere. On

the leading side, the average off-limb emission of all orbits outside the cur-

rent sheet is with 17.8 ± 1.8 R significantly lower than inside the current sheet

with 26.8 ± 2.7 R. On the trailing side, the off-limb emission is almost con-

stant as the average off-limb emission of all orbits outside the current sheet,

25.6 ± 5.2 R, overlaps with the emission inside the current sheet, 24.9 ± 3.5 R.
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The average off-limb emission over all magnetic latitudes on the leading side,

20.8 ± 1.5 R, overlaps with the overall averaged off-limb emission on the trailing

side, 25.1 ± 3.0 R. Hence, there is no significant difference between the off-limb

emission of the leading and trailing side. In general, the off-disk emission is inde-

pendent of the observed hemisphere, since we observe the same emission just

from a different point of view. However, we also compare the off-limb emission

ratio for different time periods when we compare campaigns 7939 and 12244,

which are 12-13 years apart. In the following, we assume only weak temporal va-

riations of auroral brightness for each observed hemisphere on time-scales of a

single decade (also see Section 4.3.1).

By comparing the off-limb emission to the emission on the disk, the decrease

of auroral brightness on the trailing side inside the current sheet again becomes

apparent. With exceptions, the ratio of the off-limb/on-disk emission in Figure 36B

is almost constant over the observed range of magnetic latitude. The average off-

limb/on-disk emission ratio on the leading side, 0.26 ± 0.05, is lower than on the

trailing, 0.48 ± 0.11, which indicates a higher on-disk emission on the leading

side compared to the trailing side. On the trailing side, there is also a significant

increase of the off-limb/on-disk ratio inside the current sheet, which is consistent

with the previously observed decrease of total disk brightness inside the current

sheet on that hemisphere (see, e.g., Figure 33 or Figure 34).

4.3.4 Abundance of atomic and molecular oxygen
in Ganymede’s atmosphere from 1356/1304 Å
brightness ratios

As known from laboratory tests, the ratio of the auroral brightnesses at

OI λ1356 Å and OI λ1304 Å is diagnostic for the abundance of atomic and mo-

lecular oxygen in Ganymede’s atmosphere (Meier 1991). In Figure 37A, we show

the OI λ1356 Å/OI λ1304 Å ratios of total disk averaged brightnesses for each

orbit of the chosen HST campaigns as s function of magnetic latitude. Note that

we average the ratios of the two visits of campaign 12244. The brightness ratio

averaged over all orbits of each campaign is plotted as a dashed line (same co-

lor code as the campaign). The averaged ratio of 2.0 ± 0.2 for campaign 12244

(blue dashed line) and 1.7 ± 0.2 for campaign 7939 (red dashed line) indicate
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Figure 36 – Off-limb emission (A) and off-limb/on-disk brightness ratio (B).

that the abundance of molecular oxygen exceeds the abundance of atomic oxy-

gen (Meier 1991), which is consistent with previous findings by Hall et al. (1998)

and Feldman et al. (2000). The ratio for dissociative electron impact excitation of

O2 from laboratory tests is 2 (Meier 1991), which is consistent with our derived

ratio. Due to the overlapping errorbars, there is no indication for an atmospheric

leading/trailing side asymmetry of Ganymede’s oxygen atmosphere.

Unlike Feldman et al. (2000), who identify an orbit-to-orbit variation of the bright-

ness ratios of campaign 7939, we do not find such an indication as the error-

bars of individual orbits in Figure 37A overlap. This might be caused by a dif-

ferent integration method2 for calculating the brightnesses at OI λ1304 Å and

OI λ1356 Å, by differences in the model of the reflected solar light (as discussed

in Section 4.1, the derived albedo by Feldman et al. (2000) overlaps with the al-

bedo derived by our method within the errorbars, but they are not identical), or by

2Feldman et al. (2000) do not exactly specify how they calculate the brightness ratios summarized
in their table 1. We use the brightnesses integrated and averaged for the total moon disk as
described in the Data Processing Section 3.2.
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Figure 37 – OI λ1356 Å/OI λ1304 Å brightness ratio. The two visits of campaign
12244 are averaged. Dashed lines indicate the average ratio of each orbit. Panel A
shows on-disk ratio, B the off-limb-ratio. Note that the average ratios of campaigns
12244 and 7939 in panel B overlap.

the fact, that Feldman et al. (2000) argue with the ratios calculated for individual

exposures instead of their superpositions to orbits, which increases the statistical

variability due to a lower SNR. However, also for campaign 12244, there are no

indications for an orbit-to-orbit variability of the oxygen mixing ratio in Ganyme-

de’s atmosphere due to the overlapping errorbars. Also, in contrast to Feldman

et al. (2000), who derive individual brightness ratios lower than 2 and refer this

to a possible contribution from electron impact on atomic oxygen, which increa-

ses the abundance of the OI λ1304 Å emission and simultaneously reduces the

OI λ1356 Å/OI λ1304 Å ratio, we cannot confirm this for both campaigns 7939

and 12244, again, due to the overlapping errorbars.

For campaign 8224, the ratio of the orbit at positive magnetic latitude overlaps

with the ratios of the two other campaigns for several orbits and for their avera-

ges over all orbits. On the other hand, the orbit of campaign 8224 at negative

magnetic latitude exceeds the averaged ratios with a ratio of 3.7 ± 0.5 and shifts

the entire average for 8224 up to 3.1 ± 0.8. However, the higher averaged ratio

of campaign 8224 still overlaps with the averaged ratios of campaigns 7939 and

12244 within the errorbars, making it difficult to determine any temporal variation

of atmospheric abundance over the period of the discussed HST campaign, i.e.,

from 1998 to 2011.

In order to analyze spatial variations of the brightness ratio and accordingly of

the abundance of atomic an molecular oxygen in Ganymede’s atmosphere, we
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calculate the OI λ1356 Å/OI λ1304 Å ratio just within the off-limb area, shown in

Figure 37B, in order to compare it with the ratio on the moon disk (Figure 37A).

The ratios in the off-limb area show a broader variability and larger errorbars

due to the decreased SNR in the off-limb area compared to the SNR on the

moon-disk. Although campaign 12244 and 7939 have nearly identical mean ra-

tios, 1.7 ± 1.2 and 1.8 ± 0.9, respectively, individual orbit values scatter a lot.

Campaign 8224 has a mean ratio of 2.7 ± 1.7. Due to overlapping errorbars, a

variation of oxygen abundance in the off-limb area compared to the on-disk area

is uncertain and cannot be determined by the available sets of HST observations

alone.

4.3.5 General on-disk distribution of auroral bright-
ness

As mentioned in Section 4.2, auroral emission in the spectral images of Figure 32

is not distributed homogeneously along the ovals but has a spot-like structure.

Furthermore, some of these spots appear brighter than others. For example, in

the spectral image in Figure 32.2A there is a concentration of bright auroral emis-

sion on the right part of the moon disk, i.e., on the Jupiter-facing side, while the

other side is darker. While other images (e.g., Figure 32.2B to Figure 32.2E) show

a similar distribution of brightness, for some images it is not clear which side is

the predominantly brighter hemisphere. In order to systematically analyze the

on-disk distribution of auroral brightness, we divide the disk into four quadrants:

the northern and the southern anti- and sub-Jovian quadrant determined by the

leading/trailing side central meridian and the planetographic equator. For each

quadrant, we calculate the integrated and averaged brightness similar to the to-

tal disk brightness in the previous section. In Figure 38A and B, we show these

brightnesses for the sub- (stars) and anti-Jovian (squares) quadrant in the nor-

thern (solid lines) and southern hemisphere (dashed lines). The two leading side

campaigns are plotted together in A, the trailing side campaign in B.

First, we average both sub-Jovian as well as both anti-Jovian quadrants in or-

der to compare the brightness between the two hemispheres. On the leading

side, the sub-Jovian hemisphere (128.7 ± 2.5 R) is 1.81 ± 0.06 times brighter

than the anti-Jovian hemisphere (71.2 ± 1.8 R) calculated as an average over all

campaigns and over all magnetic latitudes. On the trailing side, the sub-Jovian
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Figure 38 – Averaged brightnesses of OI λ1356 emission Å emission for individual
quadrants on the moon disk on the leading side (A) and trailing side (B), as a func-
tion of magnetic latitude ϑmag (similar to Figure 33). Dashed grey lines separate the
region inside (ICS) and outside the current sheet (OCS).

hemisphere (84.6 ± 3.1 R) is 1.41 ± 0.14 times brighter than the anti-Jovian he-

misphere (59.9 ± 5.3 R). We note that during campaign 7939, Ganymede was

not observed at maximum western elongation but between ∼290◦ and ∼300◦

(Table 3). Thus, a fraction of the leading side was visible and a fraction of the

trailing side was blocked to the view of HST which might slightly bias the result

for the trailing side. However, McGrath et al. (2013) also identify the Jupiter-facing

hemisphere to be the brighter one which is consistent with our findings.

Besides this hemispheric variability there are also differences in brightness bet-

ween individual quadrants. On the leading side in campaign 12244 (Figure 38A),

both sub-Jovian quadrants and the southern anti-Jovian quadrant show variable

auroral brightness as a function of Ganymede’s magnetic latitude. These qua-

drants follow the trend of increased brightness inside the current sheet compared

to the average of observations at higher magnetic latitudes. The northern anti-

Jovian quadrant with a mean brightness of 57.9 ± 2.4 R is the darkest quadrant

on the leading side. This quadrant has also the lowest variability during Gany-
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mede’s transit through the current sheet and the brightness is nearly constant

within the errorbars. Similar to the total disk brightness in Section 4.3.2, we ave-

rage all observations inside and outside the current sheet separately, shown in

Figure 34 for individual quadrants (anti-Jovian (a- J)/sub-Jovian (s-J) northern

(N) and southern (S) quadrant). Nearly all quadrants of campaign 12244 vary

significantly with Ganymede’s magnetic latitude and have increased brightness

in the current sheet. Only the northern anti-Jovian quadrant again shows no va-

riation and simultaneously has the lowest emission. It is also the northern anti-

Jovian quadrant in campaign 8224 with the lowest brightness (see Figure 38A

and Figure 34). The other three quadrants are comparable to the observations

of campaign 12244 inside the current sheet, which implies that there was no si-

gnificant temporal change between the observations. The individual quadrants of

campaign 7939 repeat the total disk trend of a decreased brightness inside the

current sheet on the trailing side (Figure 38B). Here, it is the southern anti-Jovian

quadrant with the lowest average brightness of 42.4 ± 7.0 R and less latitudinal

variation compared to the other quadrants. A comparison of the averaged bright-

nesses in Figure 34 shows, that inside the current sheet, the brightness of this

quadrant is also the lowest one among all quadrants of all campaigns.

The observed variability of Ganymede’s auroral emission occurs on various time

scales and has different reasons. The time scales between the observations, i.e.,

from one HST visit to another, are months or years (see Table 3). Due to varia-

bility in the Jovian magnetosphere on these time scales (see, e.g., Bagenal and

Delamere (2011); Frank and Paterson (2000)), auroral emission might vary from

each visit to another (compare the two leading side campaigns in Figure 33). At

Europa, for example, Roth et al. (2016) detect a significant brighter aurora in 1999

than between 2012 and 2015.

The time scales within a visit, i.e., from one HST orbit to another, are hours. Apart

from changing local plasma and magnetic conditions during one current sheet

transit of Ganymede, variability within one visit can also be caused by intermit-

tent reconnection causing stochastic orbit-to-orbit variability. From Figure 38, A

and B, we see variability between observations at low and high magnetic latitu-

des, i.e., auroral brightness before and after passing through the current sheet is

not always the same. This is for example the case for the southern sub-Jovian

quadrant of campaign 12244.
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The reasons for the observed spatial brightness asymmetries are not clear. Local

anomalies induced by inhomogeneities in Ganymede’s icy surface might cause

the atmosphere to be asymmetric which could be one reason for the observed

emission inhomogeneity. The brightness asymmetry between the sub- and anti-

Jovian side might also be explained by an asymmetric interaction due to the io-

nospheric Hall effect as suggested for Io (Saur et al. 1999, 2000). Dorelli et al.

(2015) recently showed in their Hall magnetohydrodynamics (MHD) simulations

for Ganymede that the Hall effect in the magnetospheric plasma causes both, si-

gnificant asymmetries in the plasma convection as well as in the patterns of field

aligned currents. They find that the Jovian magnetospheric plasma predominantly

flows around the sub-Jovian flank on its way into Ganymede’s wake region, which

generates a new FAC system. This new FAC system peaks right at the sub- and

anti-Jovian flanks of the open-closed field line boundary on the upstream as well

as on the downstream side.

4.4 Latitudinal distribution of auroral
brightness

In the previous Section 4.3, we studied the morphology and brightness of the

aurora by calculating the brightness averages for the total disk or individual qua-

drants. In order to better understand the spatial structure of the auroral distri-

bution, we integrate the auroral disk brightness as a function of planetographic

latitude. We now bin the moon disk into 60 latitudinal anuli with equal width of

∆ϑ = 3◦. The resolution of the chosen binning ensures an adequate SNR for the

latitudinal regions where the main auroral emission is located. We calculate the

SNR according to Equation 3.32 for each anulus and campaign, shown in the

SNR maps of Figure 39. The upper image of each panel in that figure shows the

two-dimensional representation of the latitudinal anuli, color coded according to

the SNR of each anulus. The lower panel shows the SNR of each anulus as a

function of the latitudinal bins ϑbin with bin = 1, 2, 3, . . . , 60. On the trailing side

(Figure 39A), the anuli at elevated latitudes around |ϑ| = 45◦ have an SNR� 1.

This latitudinal region coincides with the expected location of the ovals on that he-

misphere (compare, e.g., with panels 1, A to D in Figure 32). The SNR decreases
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towards lower latitudes and especially towards the poles. The decrease of SNR

around the planetographic equator is due to the weaker signal at low planetogra-

phic latitudes on the trailing side. At the poles, the anuli bins become very small

as the size of an anulus decreases in width and height with increasing planeto-

graphic latitude ϑ. Hence, with our applied integration method we are not able to

detect an adequate amount of photon counts in the bins near to the poles and the

SNR becomes virtually zero. On the leading side (Figure 39, B and C), the anu-

li with an SNR� 1 are located around the planetographic equator which again

coincides with the expected location of the ovals on this hemisphere (compare,

e.g., with panels 2,A to E in Figure 32). Again, the SNR decreases towards the

poles.

We integrate the brightness I(ϑbin) inside each anulus bin3 ϑbin. Similar to the

previous sections, we normalize the brightness of each anulus by the number

of pixels inside each bin. Hence, we rather calculate the disk brightness than a

surface brightness. E.g., the integration of I(ϑbin) over all ϑbin reproduces the total

disk averaged brightnesses Itot,

Itot =
2

π

∫ π/2

−π/2
I(ϑbin) cos2(ϑbin) dϑbin. (4.2)

Note that Itot accounts for the averaged total disk brightness integrated only for

the pure moon disk without the off-disk area since the latitude anuli only cover

the on-disk parts. For instance, we calculate the total averaged disk brightness

by integrating over the moon disk only for each campaign and show in Figure 51

(in Appendix S5) the resulting Itot (solid lines in that figure) together with Itot

derived by Equation 4.2 (dashed lines with circles). Itot derived by both integration

methods overlap with small discrepancies which are caused by difficulties of the

sub-pixel division method introduced in Section 3.2.7 for very small and/or curvy

integration areas close to the poles.

From Equation 4.2 we see, that the contribution I(ϑbin) of each anulus to the total

disk averaged brightness Itot decreases as a function of planetographic latitu-

3Note that ϑbin with bin=1, 2, 3, . . ., 60 has only discrete values ranging from -90◦ to +90◦ with
a step-size of 3◦.
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Figure 39 – SNR maps of the latitude anuli. Upper image of each panel shows a
two-dimensional representation of the anuli on the disk, color coded according to
their SNR. The lower images show the SNR as a function of the planetographic
latitudinal bins.

de ϑbin. Therefore, high latitudinal bins contribute less to the total disk averaged

brightness Itot than the emission at more equatorial latitudes.

The averaged brightness of each latitudinal anulus is shown in Figure 40 as a

function of planetographic latitude for each campaign and visit. We calculate the

anuli brightnesses for the superposition of all orbits, when Ganymede was inside

the current sheet (ICS, upper panels in Figure 40) and outside the current sheet

(OCS, lower panels). The auroral ovals are represented by the two clearly dis-

tinguishable peaks in each panel. In order to determine these brightness peaks

quantitatively, we fit a Gaussian function Gµ,σ(ϑ) to the data in the northern and

southern hemisphere,

Gµ,σ(ϑ) =
1√
2πσ

e−((ϑ−µ)2/2σ2), (4.3)

where the location of the maximum, µ, and the width of the function, σ, are the

two fit parameters. The resulting values are listed in Table 7, each for the northern

and southern ovals, separated into ICS and OCS observations. The correspon-

ding fitted Gµ,σ(ϑ) are plotted as solid black curves in the panels of Figure 40.

In the following sections, we analyze the overall latitudinal distribution of auroral
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Figure 40 – Latitudinal anuli-averaged OI λ1356 brightness. The average of each
latitudinal anulus of width 3◦ is plotted as a function of planetographic latitude ϑ.
The equator is indicated by the dashed grey line. Top panels A to D show averaged
brightness when Ganymede is in the current sheet (ICS), bottom panels E to G
when Ganymede is outside that region (OCS). Note that for campaign 8224, no
OCS data are available. A least squares fit with a Gaussian function is provided for
the two auroral oval peaks for each campaign (black line).

emission, i.e., we first separate pure auroral oval from residual auroral emission,

and, then, study the brightness and morphology in detail.

Table 7 – Resultant location of the maximum, µ, and width, σ, of the fitted Gaussian
function in Figure 40. All values are given in the unit of planetographic latitude.

id 12244-1 id 12244-2 id 8224 id 7939

µ/σ [◦] µ/σ [◦] µ/σ [◦] µ/σ [◦]

ICS northern oval 20.5 / 7.7 22.2 / 8.4 20.9 / 10.7 51.0 / 11.6

southern oval 16.5 / 8.1 8.9 / 8.9 19.8 / 8.0 51.3 / 7.0

OCS northern oval 23.8 / 8.5 28.0 / 8.5 - 48.7 / 9.7

southern oval 19.9 / 8.8 17.8 / 8.6 - 47.8 / 9.8
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4.4.1 Separating oval and rest-disk emission

The resulting Gaussian functions Gµ,σ(ϑ) give a good fit of the observed bright-

ness peaks in Figure 40. Fitting a Gaussian function to the auroral brightness

peaks therefore provides an appropriate approximation for phenomenological-

ly describing the brightness distribution shown in Figure 40. This allows us to

quantitatively distinguish between auroral emission originating from the ovals and

emission from the rest of the disk. Hence, we now distinguish between the two

individual ovals and separate their emission from the residual disk emission by

integrating the emission under the fitted Gaussian curves. The integration area

of each oval is determined by taking thrice the width σ around the fitted µ from

Table 7 which ensures a coverage of approximately 99.7% of the area under the

fitted Gaussian curves (Bevington and Robinson 2003), which we account to the

oval emission. We calculate the residual disk brightness by subtracting the bright-

ness of the emission determined by the Gauss fits for the two ovals from the

total disk brightness. In order to study brightness variations between these diffe-

rent disk parts, we show in Figure 41 the integrated brightnesses of the northern

(right tick, N) and southern oval (left tick, S) together with the average between

both (middle tick, Av) for each campaign. The residual disk brightness is shown

in the grey area. In order to study brightness variations as a function of Ganyme-

de’s varying magnetic latitude, we distinguish again between observations inside

(ICS, solid lines and stars) and outside the current sheet (OCS, dashed lines and

circles).

Comparing the residual disk brightness with the brightnesses of the northern and

southern ovals, we see that the auroral ovals are indeed the main contributor

to the total disk averaged brightness as their average brightness is by a higher

factor of 2.7 ± 0.2 to 5.9 ± 0.7 than the residual disk emission. Even though for

the residual disk area the uncertainties are high due to the lower SNR in this dim

area (see Figure 39), the high brightness contrast compared to the average oval

brightness for each campaign is far beyond their errorbars.

The increase of brightness on the leading side within the total disk and within

the quadrants for low magnetic latitudes discussed in Section 4.3 and shown

in Figure 33 and 34 is also reflected in Figure 41 when we compare the ave-

rages between the northern and southern ovals (Av) for ICS and OCS data.
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Figure 41 – Auroral brightness distinguished between oval and residual disk emissi-
on for each HST campaign. In the light red area, average auroral brightness for the
southern oval (left tick, S), the northern oval (right tick, N) and the average between
both (middle tick, Av) of each campaign are compared between observations inside
(ICS, stars) and outside the current sheet (OCS, circles). Residual disk brightness
is indicated by the grey area. (L) and (T) denote whether the leading or trailing side
was observed.

The average north/south oval brightness is increased inside the current sheet

(117.4 ± 1.1 R, average oval emission for all leading side visits) compared to

outside the current sheet (80.8 ± 0.9 R). As already shown for the total disk ave-

raged emission in Section 4.3.1, the average north/south oval brightnesses of the

two leading side campaigns are again almost identical, i.e., there is no signifi-

cant brightness variation from 2000 (campaign 8224) to 2010/2011 (campaign

12244). The average north/south oval brightness on the trailing side repeats the

trend of decreased brightness inside the current sheet, i.e., the northern and

southern oval are brighter outside (on average 104.4 ± 1.6 R) than inside the

current sheet (83.8 ± 2.0 R). Inside the current sheet, the leading side ovals are

on average 1.40 ± 0.04 times brighter than on the trailing side, while outside the

current sheet, in contrast, the trailing side ovals are 1.29 ± 0.02 times brighter

than on the leading side. To quantify how dynamically the brightness of the ovals

changes during Ganymede’s transit through the current sheet, we calculate the



CHAPTER 4. RESULTS 103

ratio between the average oval emission inside and outside the current sheet on

the leading and trailing side, respectively. We find that the average brightness of

the auroral ovals on the leading side increases by a factor of 1.45 ± 0.02 and

decreases on the trailing side by a factor of 0.80 ± 0.02 when Ganymede transits

into the current sheet.

The residual disk brightness varies between 14.1 ± 6.9 R and 37.8 ± 6.9 R with

an average of 27.0 ± 1.9 R. Unlike for the oval emission, we cannot determine

with certainty a variability of the residual disk brightness between the observa-

tions inside and outside the current sheet due to overlapping errorbars. The er-

rorbars even overlap among all campaigns and the residual disk brightness is

only weakly time-variable. The dimmer residual disk brightness on the trailing

side mainly originates from the inter-oval region below planetographic latitudes

|ϑ| < 30◦ (see Figure 40, D and G). This region is connected to closed field lines

of Ganymede’s magnetic field, where measurements of the Energetic Particles

Detector (EPD) on-board the Galileo spacecraft revealed the existence of trap-

ped energetic ions (Williams et al. 1997; Williams et al. 1997; Williams 2001;

Kivelson et al. 1998). On the leading side, the residual disk brightness mainly

originates from Ganymede’s mid-latitude regions above |ϑ| > 30◦ (see Figure 40,

A to C, and E to F). This is the region of open field lines, which have one end

on Ganymede and the other in Jupiter’s ionosphere (Kivelson et al. 2004). Ener-

getic electrons are trapped on these open field lines and bounce between the

mirror-points of Jupiter and Ganymede (Williams et al. 1998). It has not been

sufficiently investigated yet if and to what extent trapped particles inside Gany-

mede’s magnetosphere or on open field lines co-contribute to the generation of

auroral emission besides the most-likely acceleration process for the main ovals

as described by Eviatar et al. (2001a). On the other hand, Eviatar et al. (2001a)

and Eviatar et al. (2001b) calculate, that without the additional acceleration me-

chanism by FAC along the OCFB as described in Section 2.2.2, local thermal

electrons are indeed energetic enough to create a continuous aurora with a stea-

dy background emission of ∼20 R. This suggested background emission fits into

the range of the rest-disk emission we find.
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4.4.2 Brightness synchronicity between the northern
and southern oval

From Figure 41 we see that the brightnesses of the ovals in some cases show

a north-south asymmetry. Outside the current sheet, this is the case for both

visits of campaign 12244, where the southern oval is significant brighter than the

northern oval. When Ganymede is inside the current sheet, the ovals of visit 2 of

campaign 12244 show asynchronous behavior as the brightness of the northern

oval increases and becomes the brightest one. This is not reflected by visit 1

of campaign 12244, where the brightness of the ovals increase synchronously

inside the current sheet and the southern oval remains the brightest one. Due

to the lack of observations outside the current sheet during campaign 8224 and

due to overlapping errorbars in campaign 7939, a systematic behavior cannot be

derived.

4.4.3 Location of the auroral ovals

We see qualitatively from the brightness peaks in Figure 40 and quantitatively

from the derived σ in Table 7 , that the width of each oval does not vary much and

lies around σ ≈ 9◦ planetographic latitude. In contrast, the fitted locations of the

maximum of auroral oval brightness (the µ in Table 7) show variations depending

on Ganymede’s magnetic latitude. On the leading side, the auroral ovals are clo-

ser to the planetographic equator inside the current sheet (compare Figure 40, A

to E, and B to F). There is also an increase of brightness around the planetogra-

phic equator between the northern and southern oval, when Ganymede transits

into the current sheet, making the ovals less distinguishable from each other (see,

e.g., Figure 40B). On average on the leading side, the northern oval moves from

25.9◦ ± 0.6◦ down (i.e., equatorward) to 21.2◦ ± 0.5◦ planetographic latitude, whi-

le the southern oval moves from -18.8◦ ± 0.4◦ to -15.1◦ ± 0.4◦. On the trailing side

(compare Figure 40, D and G), the opposite is the case and the ovals are loca-

ted closer to the poles inside the current sheet. On average, the northern and

southern oval nearly synchronously shift up (i.e., poleward) from ±(47.9◦ ± 1.0◦)

to±(51.3◦ ± 1.3◦). The mean oval movement on the leading side is slightly higher

with 4.2◦ ± 0.2◦ than on the trailing side with 2.9◦ ± 0.7◦.
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As mentioned in Section 4.2, the auroral emission shows a patchy structure,

i.e., the emission pattern is rather that of a spot-like structure along the ovals

than being a continuous emitting ribbon. At the flanks of the observed disks in

Figure 32, the auroral spots show increased brightness and shift up to higher pla-

netographic latitudes on the leading side compared to the emission at the disk

center. On the trailing side, the opposite is the case as the spots at the flanks

shift towards lower latitudes compared to the spots around the leading/trailing

side central meridian. In general, the locations of the ovals are not expected to

lie along constant planetographic latitudes due to the plasma interaction and due

to Ganymede’s inclined field (see, e.g., McGrath et al. (2013), Saur et al. (2015,

figure 9), or Figure 10). Hence, the average oval position calculated by averaging

along all planetographic longitudes as applied by fitting the Gaussian function to

the peaks in Figure 40 (and generating the results shown in Table 7) is biased

by these bright and up and down shifted spots. To avoid this effect, we further

separate the anuli into three longitudinal regions:

• a mid-region defined by ±25◦ around the leading/trailing side central-

meridian, i.e., λ = 90◦ and 270◦ planetographic longitude, respectively,

and from the remaining left and right disk parts, respectively,

• the sub-Jovian and

• the anti-Jovian part.

As the classification of the sub- and anti-Jovian side depends on the observed he-

Table 8 – Classification of the longitudinal bins introduced in Section 4.4.3 for each
campaign. Values in brackets show the center longitude of each bin.

ID left bin mid-bin right bin left bin mid-bin right bin

0◦-65◦ 65◦-115◦ 115◦-180◦ 180◦-245◦ 245◦-295◦ 295◦-360◦

(32.5◦) (90◦) (147.5◦) (212.5◦) (270◦) (327.5◦)

12244-1 sub-Jovian mid-region anti-Jovian - - -

12244-2 sub-Jovian mid-region anti-Jovian - - -

8224 sub-Jovian mid-region anti-Jovian - - -

7939 - - - anti-Jovian mid-region sub-Jovian



106 CHAPTER 4. RESULTS

planetographic west-longitude 6  [deg]
0 50 100 150 200 250 300 350

pl
an

et
og

ra
ph

ic
 la

tit
ud

e 
#

 [d
eg

]

-60

-40

-20

0

20

40

60

theor. OCFB (Saur et al. 2015)
HST 12244-1 OCS
HST 12244-2 OCS
HST 7939 OCS
HST 12244-1 ICS
HST 12244-2 ICS
HST 7939 ICS
HST 8224 ICS

Figure 42 – Average oval locations as a function of planetographic west-longitude
with 0◦ pointing towards Jupiter. Shown are the locations of the northern and
southern ovals for three different longitudinal disk-regions: the anti- and sub-Jovian
side and a mid-region around the trailing/leading side center-meridian (i.e., λ =90◦

or 270◦). Shaded areas indicate the longitudinal extent of each region. For the OCS
region the theoretical oval locations, i.e., the intersection-line between the OCFB
and Ganymede’s surface from Saur et al. (2015) are plotted as a solid black line.

misphere, we show for clarification the classification of the longitudinal disk parts

for each campaign in Table 8. Again, we fit the location of the peak emissions by a

Gaussian function to the latitudinal anuli integrated brightnesses for each longitu-

dinal region. The resulting peak locations µ and oval widths σ are summarized in

Table 11 in Appendix S6 and plotted in Figure 42. In that figure, the resulting peak

locations are plotted as a function of planetographic west-longitude λ. The orange

shaded areas indicate the extent of the mid-longitudinal region and the dashed

black line separates the leading (λ = 0◦ to 180◦) from the trailing side (λ = 180◦ to

360◦). Simultaneously, the dashed black line marks the central anti-Jovian meri-

dian, while λ = 0◦ and λ = 360◦ mark the sub-Jovian meridian. ICS observations

are plotted with squares and dashed lines, OCS observations with stars and solid

lines. Please note that we were not able to fit the location of the ovals for every

longitudinal region due to a too low SNR in the specific regions. This is the case

for the anti- and sub-Jovian region of the northern oval and the anti-Jovian region

of the southern oval inside the current sheet of campaign 7939.

To analyze how the fitted location of the ovals correspond to the theoretical locati-
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Figure 43 – Theoretical locations of the OCFB from Saur et al. (2015). Blue lines
show the OCFB on the northern and southern hemisphere (solid and dashed lines,
respectively), when Ganymede is above the current sheet. The red lines show the
OCFB, when Ganymede is below the current sheet. The black lines are the avera-
ges between both magnetic latitudes, which approximately averages out the effects
of induction in the subsurface ocean.

on of the open-closed field lines boundary (OCFB), we compare them with calcu-

lated OCFBs from the MHD model results shown in figure 9 in Saur et al. (2015),

who used the MHD model introduced in Duling et al. (2014). The MHD model

includes Ganymede’s internal dynamo field which is tilted by 176◦ with the dipole

axis rotated by -24◦ planetographic west-longitude in the southern hemisphere

(Kivelson et al. 2002). It includes plasma interaction with the Jovian magnetos-

phere and induction in a conductive subsurface ocean located between 150 km

to 250 km depth. The resultant locations of the OCFBs are shown in Figure 43,

when Ganymede is above (blue lines) and below the current sheet (red lines) for

the northern (solid lines) and southern hemisphere (dashed lines), respectively.

For further analysis and comparison with our observations, we average out the ti-

me variability of the orientation of Jupiter’s magnetospheric field by averaging the

OCFBs for the two different magnetic latitudes on each hemisphere (black lines).

We show the averaged OCFB from the model calculations also in Figure 42 as

the black solid line in the northern and southern hemisphere.

We now compare in Figure 42 our fitted oval locations to the theoretical locations
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predicted by the averaged model OCFB. The positions of the ovals in all three

longitudinal regions are similar to the theoretically expected OCFB locations, i.e.,

they lie at low latitudes around ±20◦ on the leading side and at high latitudes

around ±50◦ on the trailing side. The ovals’ positions are in general agreement

with the upstream-downstream asymmetries predicted from the numerical mo-

dels by Jia et al. (2008, 2009a) and Saur et al. (2015) (also see Section 2.2.2

and Figure 10). For campaign 8224, the consistency of the observed locations

of the auroral ovals and the locations of the OCFB from the MHD model of Jia

et al. (2008, 2009a) has been shown previously in McGrath et al. (2013). On the

leading side, the ovals in the mid-longitudinal region tend to be located at lower

latitudes than in the other two longitudinal regions, while on the sub-Jovian side

they are slightly at higher latitudes than on the anti-Jovian side. This trend is also

predicted by the theoretical OCFB. On the trailing side, not all observations follow

the prediction of the theoretical OCFB. A key reason for the discrepancy is that

the locations of the ovals depend on the upstream plasma pressure at Ganymede

(Saur et al. 2015). The plasma pressures are unknown for the time intervals when

the HST observations were taken. The theoretical curve in Figure 42 only repres-

ents the expected location for one possible set of upstream plasma conditions,

representing a case when Ganymede is outside of the current sheet. Additional-

ly, it is not clear whether the location of the auroral ovals corresponds exactly to

the location of the OCFB intersection with Ganymede’s atmosphere. At Earth, for

example, discrepancies are also observed between the location of observed UV

auroral oval emission and the boundaries of electron precipitation (Eviatar et al.

2001a; McGrath et al. 2013).

In Figure 42, also the shift of the auroral ovals as a function of Ganymede’s ma-

gnetic latitude becomes even more apparent in all three longitudinal regions. On

the trailing side, the ovals are pushed towards higher latitudes into the polar regi-

on, when Ganymede is inside the current sheet. At the same time on the leading

side, the southern ovals are located near the planetographic equator for all lon-

gitudinal regions, while the northern ovals show nearly no variation. The largest

variation shows visit 2 of campaign 12244 where the southern oval has the smal-

lest distance to the equator among all observations inside the current sheet.

Overall, we see that the northern and southern oval are not symmetrically ali-

gned with respect to the planetographic equator. Hence, we further study the oval
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symmetries in the following section.

4.4.4 Symmetry study of the northern and southern
oval

As the location of the auroral ovals primarily depends on the local magnetic en-

vironment, we now further analyze the symmetry between the ovals with respect

to Ganymede’s magnetic equator. We first analyze the general symmetry of the

theoretical OCFB between the northern and southern hemisphere. The varying

strength of the local plasma interaction causes the ovals to shift up and down in

planetographic latitude (Saur et al. 2015). In order to average out the effects of

the plasma interaction, we subtract the OCFB in the northern hemisphere, ϑN,

from the southern hemisphere, ϑS,

ϑc =
(ϑN + ϑS)

2
, (4.4)

with ϑN assuming positive and ϑS negative values. We also approximately remove

the effects of induction in a subsurface ocean (Saur et al. 2015) by averaging ob-

servations above and below the current sheet. Thus, ϑc characterizes the average

center position between the northern and southern OCFBs. Figure 44 shows the

modeled ϑc of the OCFBs, when Ganymede is above the current sheet (blue line),

below the current sheet (red line) and the average between both (black line). ϑc

is primarily determined by Ganymede’s intrinsic dynamo magnetic field. Thus, we

compare ϑc of the averaged OCFB (black line in Figure 44) with the theoretical

magnetic equator for Ganymede’s dipolar magnetic field (green line in Figure 44)

using the dipole coefficients taken from Kivelson et al. (2002). Note with the pre-

sence of an ocean, Ganymede’s dynamo magnetic field is essentially dominated

by its dipole components and the quadrupole coefficients can be neglected for

our analysis (Kivelson et al. 2002; Saur et al. 2015). Both, ϑc of the averaged

OCFB and the theoretical magnetic equator in Figure 44, are almost perfectly ali-

gned. This demonstrates that the centers ϑc of the averaged OCFBs are a good

measure for the magnetic equator. Because the observed auroral ovals are loca-

ted where the OCFBs intersect Ganymede’s atmosphere, we use the observed
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Figure 44 – Centers ϑc according to the expression in Equation 4.4 between nor-
thern and southern OCFB from MHD simulations. The blue line shows the center of
the OCFB, when Ganymede is above the current sheet. The red line shows the cen-
ter, when Ganymede is below the current sheet. Black line is the average between
both, which approximately averages out the effects of the local plasma interacti-
on (see text). The green line shows the theoretical magnetic equator for a dipolar
magnetic field without plasma interaction and without internal induction.

ovals to constrain Ganymede’s dipole dynamo field. Therefore, we calculate the

centers of the auroral ovals by applying Equation 4.4 to the measured locations

of the auroral ovals shown in Figure 42 and Table 11. In Figure 45, we show the

derived oval centers ϑc appropriately averaged for all observations outside (solid

lines with stars) and inside the current sheet (dashed lines with diamonds, color

coded for each HST campaign) together with the planetographic (dashed gray

line) and theoretically calculated magnetic equator (dashed green line).

4.4.4.1 Comparing ϑc to the planetographic equator

Compared to the planetographic equator, the measured oval centers ϑc on

the leading side clearly lie above the planetographic equator with the ex-

ception of three data points (mid- (λ = 90◦ ± 25◦) and anti-Jovian region

(λ = 147.5◦ ± 32.5◦) of ICS and OCS data of campaigns 12244, visit 1 and 8224).

This means that the southern ovals are located at lower planetographic latitudes

than the northern ovals, which shifts ϑc into the northern hemisphere on the lea-
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Figure 45 – Measured centers ϑc between each northern and southern oval com-
pared to Ganymede’s magnetic equator with dipole coefficients from Kivelson et al.
(2002) (dashed green line). the dashed blue line represents the magnetic equator
with a shifted magnetic moment. The shifted magnetic moment is characterized by
a phase of 136.9◦, i.e., the maximum extent of the magnetic equator lies at +46.9◦

west-longitude. Shaded areas indicate the extent of each longitudinal region.

ding side. On the trailing side, with the exception of a single4 data point (mid-

region (λ = 270◦ ± 25◦) of OCS data of campaign 7939), the opposite is the case

and the centers are located below the planetographic equator, which means that

the southern ovals are located at higher latitudes than the northern ovals on that

hemisphere. Our findings disagree with findings of McGrath et al. (2013), who

find the exactly opposite case for both hemispheres in their study (McGrath et al.

(2013), see, e.g., their figure 3, also shown Figure 16). The following reasons

might explain the discrepancy.

First, we use a different HST data set than McGrath et al. (2013). In our study,

especially the leading side is resolved higher due to the good magnetic latitude

coverage of campaign 12244, which was not available and therefore not included

in the study of McGrath et al. (2013). McGrath et al. (2013) use HST campaigns

with only 1 or 2 orbits observing the leading side (campaigns 8224, 9296 and

10871, listed in Table 2). Two of these campaigns observed only half of the lea-

ding side and simultaneously half of the trailing side (observations in eclipse, 9296
4actually, for two data points when we also account the uncertainty due to the large errorbar of
the OCS data point in the sub-Jovian region (λ = 327.5◦ ± 32.5◦).
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and 10871), which additonally reduces the coverage of the leading (and trailing)

side. The reduced coverage, i.e, the reduced amount of HST orbits on the lea-

ding side compared to our analyzed data set might have biased the statistics of

McGrath et al. (2013) regarding the location of the ovals. For example, taking

campaign 8224 alone, we would come to the same conclusions as McGrath et al.

(2013) for the mid- and anti-Jovian longitudinal regions.

Second, the method for determining the location of the auroral ovals by McGrath

et al. (2013), shown in their figure 3 (Figure 16), is different to ours. McGrath et al.

(2013) detect the peak locations of individual bright spots in the spectral images.

As mentioned in Section 4.2 and 2.2.2, the auroral oval emission at Ganymede

has a patchy structure, most likely due to the intermittence of the reconnection

process at the OCFB causing stochastic variability (Eviatar et al. 2001a; Jia et al.

2010). The locations of the peak brightness of individual bright spots might be

therefore influenced by this variability. Averaging over all spots by integrating over

the latitudinal anuli in longitudinal direction, we slightly average out this stochastic

variability with our method.

The third reason might be another major difference of our method regarding the

planetographic longitudinal binning for detecting the oval locations compared to

the method by McGrath et al. (2013). It is not clear, if and how McGrath et al.

(2013) bin the observed moon disk in longitudinal direction λ. In their figure 3

(Figure 16) oval locations for many λ are shown, indicating a very tight longitudinal

binning. The oval locations derived by our method as shown in Figure 42 account

for the longitudinal binning into three different longitudinal regions as introduced in

Section 4.4.3, i.e., we chose a larger longitudinal bin size compared to Figure 16.

This significantly increases the SNR in each longitudinal bin leading to smaller

errorbars in Figure 42 compared to Figure 16. Accounting for the larger errorbars

in Figure 16, one could interpret the latitudinal locations of the auroral ovals in that

figure rather as more balanced between the northern and southern oval instead of

giving preferences to one hemispheric direction, i.e., to the north or to the south.

However, we should bear in mind that the method for locating the auroral ovals by

McGrath et al. (2013) and by our method as described in Section 4.4.3 is different.

Thus, results from both methods might not be directly comparable.
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4.4.4.2 Comparing ϑc to the magnetic equator

The magnetic equator in Figure 45 (dashed green line) varies as a function of

planetographic longitude due to the tilt of Ganymede’s intrinsic magnetic field.

For the mid-longitudinal region around the leading/trailing side central meridian

(orange shaded areas in that figure and see definition of the longitudinal regi-

ons in Table 8), the magnetic equator is predicted to lie below the planetographic

equator (dashed grey line) on the leading side and above the equator on the trai-

ling side. On the anti-Jovian side (λ = 135◦ to 225◦ west-longitude), the magnetic

equator is predicted to lie below the planetographic equator on both hemisphe-

res, while on the sub-Jovian side (λ = 315◦ to 45◦ west-longitude) it lies above

the equator. Only for campaign 8224, the oval centers ϑc in all three longitudi-

nal regions follow these predictions and have the lowest offset to the theoretical

magnetic equator (also shown by McGrath et al. (2013, e.g., their figure 9)). The

ovals’ centers of the mid-regions of campaign 12244 lie far above the magne-

tic equator. On the anti-Jovian side, only visit 1 of campaign 12244 follows the

theoretical prediction within the errorbars. On the sub-Jovian side, in contrast, all

measured locations of the ovals’ centers lie in the predicted northern hemisphere.

The ovals’ centers of the mid-region of both visits of campaign 12244 show a va-

riation, i.e., a shift of the centers further into the north when Ganymede is inside

the current sheet, while visit 2 shows the highest displacement of ϑc to the ma-

gnetic and planetographic equator. On the other hand and with the exception of

three points from visit 2 of campaign 12244, the oval centers of all campaigns do

not exceed the planetographic latitude of ±4◦, which is consistent with the 176◦

tilt of Ganymede’s magnetic dipole (Kivelson et al. 2002).

Overall, the longitudinal locations of all ϑc show a clear offset from the magnetic

equator, indicating an additional shift to the orientation of Ganymede’s dipole axis.

We estimate this shift by applying a least squares fit of the magnetic equator

to the observed oval centers. The planetographic latitudinal location ϑeq(λ) of

Ganymede’s magnetic equator can be described as a function of planetographic

longitude λ,

ϑeq(λ) = A sin

(
(λ− λ0)

2π

360◦

)
, (4.5)
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where λ0 = (-24◦ + 90◦) = 66◦ is the value of the phase and A = −4◦ is the tilt

of the magnetic dipole derived by Kivelson et al. (2002). We constrain λ0 to the

measured oval centers ϑc(λi) by minimizing the reduced Chi-squared:

χ2
red =

1

(N − p)

N∑
i=1

(ϑc(λi)− ϑeq(λi))
2

σ2
eff(λi)

, (4.6)

where λ0 is the free fit parameter of the least squares fit. N is the number of

measured oval centers and N − p is the degree of freedom of the fit. The error

σeff(λi) is the effective error of each ϑc(λi):

σ2
eff(λi) = σ2

stat(λi) + σ2
λ∗(λi) + V ar(ϑc(λi)), (4.7)

where we consider three statistically independent sources of error. The error

σstat(λi) of each ϑc(λi) is propagated from the statistical uncertainties of the fit-

ted oval locations, which result from the Gaussian fits in the Section 4.4.3 and

which are shown as errorbars in Figure 45. The error σλ∗(λi) is due to the un-

certainty σλ(λi) of the exact longitudinal location of ϑc(λi). With σλ(λi) = ±25◦

(mid-regions around 90◦/270◦ planetographic west-longitude, orange shaded are-

as in Figure 45) and±32.5◦ (remaining regions, white areas in Figure 45), σλ∗(λi)

follows after Bevington and Robinson (2003):

σ2
λ∗(λi) =

(
σλ(λi)

dϑeq(λi, λ0)

dλi

)2

=

[
σλ(λi)

(
2π

360◦
A cos

(
(λi − λ0)

2π

360◦

))]2

.

(4.8)

V ar(ϑc(λi)) is the variance of all ϑc(λi) at the same planetographic longitude due

to stochastic variability of the oval centers from one HST campaign to another

likely caused by intermittent reconnection. We list the individual components of

σ2
eff(λi) in Table 12 in Appendix S7.
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We obtain the best fit5 for λ0,min = 136.9◦ with a minimum χ2
red,min = 0.5. Note that

fits with reduced Chi-squared values of ∼1 and smaller are considered adequate

fits to observations (Bevington and Robinson 2003). For the phase suggested by

Kivelson et al. (2002), λ0 = 66◦, we achieve a larger χ2
red of 3.8. We do not reach

χ2
red = 1 until we add an additional phase of ∆λ = +58.4◦ or −42.5◦ to λ0,min. Our

fit result indicates a westward orientation of Ganymede’s magnetic south pole at

136.9◦ − 90◦ = +46.9◦ planetographic west-longitude. We have to bear in mind

the uncertainty of the fit and the values of the derived χ2
red,min, which are largely

due to the large fluctuations of the locations of the oval centers. In Figure 45, we

show the magnetic equator for such a shifted orientation as a dashed blue line.

Visit 1 of campaign 12244 and two longitudinal regions of campaign 8224 have a

better alignment to this shifted magnetic equator than compared to the magnetic

equator with an orientation at -24◦ (Kivelson et al. 2002) (dashed green line in

the same figure). The offsets for visit 2 of campaign 12244 are also reduced. The

trailing side campaign 7939 does not show a better fit to the shifted magnetic

equator.

Our redirection of λ0,min into positive planetographic west-longitudinal direction is

in agreement with previous findings by Jia (2009). In his fit of the internal Gauss

coefficient, Jia (2009) additionally includes Ganymede’s plasma magnetic field

contributions using a MHD model. Note that Kivelson et al. (2002) did not expli-

citly include the plasma magnetic fields near Ganymede. Jia (2009) calculated a

phase of λ0 ∼94◦ (which results in a χ2
red of 1.1) into positive west-longitudinal

direction (i.e., the orientation of the dipole axis lies at +4◦ west-longitude). Even

though our calculated phase does not match this value in detail, it is still remar-

kable that we derive an offset into the same direction independently derived from

an analysis of magnetometer measurements.

5We show the corresponding χ2
red as a function of planetographic west-longitude in Figure 52 in

Appendix S8.
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4.5 Longitudinal distribution of brightest
spots

Similar to, e.g., Feldman et al. (2000), McGrath et al. (2013) and Saur et al.

(2015), we find that the pattern of the emission along the auroral ovals is pat-

chy as discussed in Section 4.2. In the spectral images of Figure 32 we see, that

the emission along the ovals contains individual spots of increased brightness.

These spots have an inhomogeneous pattern and generally a broader extent into

longitudinal than in latitudinal direction. They occur isolated from each other (e.g.,

the bright spot in the northern hemisphere in Figure 32.1B) or are more or less

connected to each other (e.g., the two bright spots in the southern hemisphere

in Figure 32.2B). In order to further characterize the distribution of these spots,

we now detect individual bright spots with the spot detection method described in

Section 3.2.8.

We define an auroral spot as the closed region on the moon disk with a peak

brightness higher than the total disk averaged brightness BL/T of the leading (L)

and trailing side (T ) presented in Section 4.3.1 in order to distinguish between

individual spots. The size of a spot is limited by the necessary condition that the

SNR of the auroral emission inside a spot is greater than 1. From empirical tests,

we find an adequate brightness threshold of flim L/T = 120% ·BL/T (i.e., ∼115 R on

the leading side and ∼85 R on the trailing side). Hence, we define an auroral spot

by any emission within the area enclosed by the isoline of flim L/T. After applying

the steps described in Section 3.2.8, we obtain the auroral spots for each spectral

image. We show in Figure 46 the extracted spots as binary images, i.e., any pixel

inside the spots is assigned to the value 1 (yellow areas) and any pixel outside to

the value 0 (white area). The panels of the figure are ordered from top to bottom

by Ganymede’s magnetic latitude similar to Figure 32. In each panel, we see

spots of irregular shape, structured along two ovals in the northern and southern

hemisphere. As initially noticed, the width in longitudinal direction of the spots

is larger than their height in latitudinal direction. The height of the spots shows

no clear dependency on Ganymede’s magnetic latitude. For example, inside the

current sheet on the trailing side (Figure 46.1B), the ovals are smaller in latitudinal

direction compared to the third orbit outside the current sheet (Figure 46.1C), but
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Figure 46 – Detected spots in the spectral images of OI λ1356 Å (shown as binary
masks). Yellow areas have the value 1, white areas have the value 0. The circle
indicates the Ganymede disk.

not in the remaining orbits (Figure 46.1A and Figure 46.1D). On the leading side,

the first orbit outside the current sheet shown in Figure 46.2A has one spot in the

northern hemisphere with a larger extent in latitudinal direction compared to the

spots in the southern hemisphere, while the subsequent orbit in Figure 46.2B (still

outside the current sheet) shows no clear differences in height of the detected

bright spots. This indicates a random component in the structure of the spots.

We again see the shift of the ovals towards the planetographic equator on the

leading side, when Ganymede is inside the current sheet (e.g., Figure 46.2C)

compared to outside of the current sheet (Figure 46.2A, 46.2B and Figure 46.2D,
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46.2E) as discussed in the previous sections. Inside the current sheet on the lea-

ding side, the spots of the northern and southern oval merge into one big and

several small sized spots (Figure 46.2C, 46.3C and 46.4B). For one orbit of cam-

paign 8224 (Figure 46.4A), in contrast, the emission pattern is still that of two

distinct ovals. On the trailing side, we see that simultaneous with the previously

discussed decrease of total disk averaged brightness inside the current sheet, al-

so the spot sizes decrease (compare Figure 46.4B with 46.4A, 46.4C and 46.4D).

In Figure 46.4C (outside the current sheet), the spots merge into one big spot on

each hemisphere.

4.5.1 Occurrence of bright spots

In order to further investigate the distribution of the bright spots, we count

the number of detected spots during each HST orbit shown as green lines in

Figure 47 (with the corresponding y-axis on the right side of each panel). The co-

lor coded shaded areas in each panel of Figure 47 separate individual orbits from

each other. We show the orbit number (in brackets) together with the correspon-

ding magnetic latitude in the x-axis labels. The number of detected spots varies

from orbit to orbit in each campaign. The lowest spot count is 1 (campaign 12244,

Figure 47A, orbit 4), and the highest count is 8 (campaign 7939, Figure 47D, orbit

4). We cannot determine any systematic behavior in the occurrence of the spots.

For example, in visit 1 of campaign 12244 (A) and in campaign 7939 (D), the

number of spots decreases inside the current sheet but remains high in the other

two visits of the leading side (B and C) for low magnetic latutdes. Hence, on time

scales of an HST orbit (on average 33.3 minutes), the number of detectable bright

spots is rather of stochastic nature than systematic organized, e.g., by magnetic

latitude.

Such variability also accounts for the size of the spots. In Figure 47, we also plot

the size of each detected spot as dots (color coded for each orbit) in the unit of

pixels (with the corresponding y-axis on the left side of each panel). While the

majority of detected spots in visit 2 of campaign 12244 (B) and in campaign 7939

(D) is of small size of less than 100 pixels (which corresponds to a coverage of

less than 3% of the moon disk), in visit 1 of the same campaign (A) the distribution

between small sized and larger spots is more or less balanced. On the other hand,

while inside the current sheet in visit 1 of campaign 12244 (orbit 3 in A) the spots
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Figure 47 – Number of spots in each panel of Figure 46 (green lines, corresponding
y-axis on the right side of each panel) plotted together with the size of each spot
(color coded dots, corresponding y-axis on the left side of each panel). The color
codes of the dots and shaded areas separate one orbit from each other. On the
x-axis, the first value shows the magnetic latitude and in brackets the number of the
corresponding HST orbit.

merge into one big spot (>1000 pixels, which covers ∼30% of the moon disk) and

one small sized spot. In campaign 8224 (C), for the same magnetic latitude the
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big sized spots are accompanied by several small sized spots. Overall, there is a

large variability of spot size from one HST orbit to another.

The variable amount of spots and spot size from one HST orbit to another indi-

cates that the auroral spots underlay a steady rearrangement. Small spots mer-

ge into bigger spots and vice versa. Spots vanish and new spots occur or their

brightness decreases so that they fall below the brightness threshold flim L/T and

are not detected any more by our method. Also, the opposite can be the case and

their brightness exceeds flim L/T from one orbit to another and they are additionally

detected by our method. Unfortunately, due to the concept of our spot detection

method we are not able to record the history of individual spots, i.e., how one spot

develops from one orbit to another. For example, if we track two spots over two

orbits and one of these spots vanishes in the second orbit, we cannot determine

whether the remaining spot is the first or the second spot from the previous orbit.

However, our spot detection method gives an overview of the overall variability

and the stochastic nature of the spot size and spot occurrence.

4.5.2 Longitudinal distribution of the centroids of the
spots

In order to investigate the longitudinal variability of the auroral spots, we calculate

the longitudinal component of the brightness weighted centroid M of each spot

(Bevington and Robinson 2003),

M =
∑
ix

(∑
iy
iyf(ix, iy)

κ∑
iy
f(ix, iy)κ

)
, (4.9)

with the corresponding error σM

σM =

√√√√∑
iy

∑
ix
f(ix, iy)κ(ix −M)2∑

ix
f(ix, iy)κ

. (4.10)
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Figure 48 – Planetographic longitudinal component of brightness weighted centroids
M (Equation 4.10) of the bright auroral spots. Similar to Figure 47, color coded
points and shaded areas separate individual orbits from each other (ordered along
the y-axis).

κ is a weighting factor for the flux f(ix, iy). We use again a very high κ = 30 to

account for the brightest pixel inside each spot. The resulting centroid coordina-

tes are shown in the panels of Figure 48 for each campaign. The centroids are

plotted together with their error as a function of planetographic west-longitude λ

(in degree, x-axis) and are ordered by HST orbits (y-axis, again color coded to

distinguish between individual orbits). Note that in cases where M lies outside

the Ganymede disk (occurs when the majority of the spot emission is located in

the off-limb area), we set the corresponding planetographic longitude on the limb

of the disk. Also note that we neglect the latitudinal distribution of the centroids

and, hence, we do not distinguish between spots of the northern and southern

oval. For both reasons, setting off-limb centroids on the limb of the disk and the
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lack of latitudinal dependency, centroids in Figure 48 may overlap in some cases

during one orbit.

As shown in Figure 47, there are fewer spots in campaign 12244, visit 1

(Figure 47A), than in visit 2 of the same campaign (Figure 47B). Hence, the-

re are accordingly fewer brightness centroids in visit 1 (A) than in visit 2 (B) of

campaign 12244 in Figure 48. While the spot centroids of visit 1 roughly show

a preference for the Jupiter-facing side (summarized over all orbits, 9 centroids

lie below 90◦ planetographic longitude compared to 5 centroids lying above 90◦),

this preference is not reflected by the second visit. In visit 2 of campaign 12244,

the brightness centroids are randomly distributed along all planetographic longi-

tudes of the leading side for each orbit. Furthermore, their longitudinal distribution

also varies from one orbit to another, i.e., there are barely centroids which overlap

with centroids in a preceding orbit. This finding is contradictory to the findings of

McGrath et al. (2013), who identify the brightest spot in the northern hemisphere

to be located at roughly the same planetographic latitude and longitude over se-

veral campaigns, i.e., in the northern sub-Jovian quadrant (NW quadrant in their

work). The difference between our findings and that of McGrath et al. (2013) might

be due to differences in the spot detection methods. The principal difference in

the study of McGrath et al. (2013) and ours is that McGrath et al. (2013) analyze

the superposition of all orbits of one visit and neglect the temporal evolution of

the spots from one orbit to another. Hence, they calculate the position of the su-

perposition of individual spots into one (or few) large and longitudinal broadened

spot(s), while we analyze individual spots of each orbit.

In contrast to campaign 12244, the centroids of the other leading side campaign

(campaign 8224, C) actually show a preference for the anti-Jovian side (sum-

marized over both orbits of campaign 82244, 3 centroids lie below 90◦ and 10

centroids lie above 90◦). This is remarkable, since we observe in Section 4.3.5 a

higher amount of auroral brightness on the Jupiter-facing side for both leading si-

de campaigns. On the other hand, we have to bear in mind that the spots detected

by our method have brightnesses far above the total disk averaged brightnesses.

Hence, we neglect a majority of the auroral brightness. We also do not directly

compare the actual brightness of a spot, but its brightness weighted centroids. Al-

so, the tendency on the leading side of larger errorbars for longitudes greater than

90◦ in Figure 48A to C indicate a lower SNR of spot brightness on the anti-Jovian
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hemisphere.

The centroids of the trailing side campaign 7939 (Figure 48D) show, similar to the

second visit of campaign 12244, a random distribution along all planetographic

longitudes covered by that hemisphere. For example, in the first orbit a majority

of centroids lie on the Jupiter-facing side (>270◦), while in the last orbit the dis-

tribution is completely the opposite. In orbit 3 and 4, the distribution is indifferent

due to a balanced distribution in orbit 2 and large errorbars in orbit 3.

4.5.3 Summary

Overall, we cannot identify any dependency of the distribution of the spot centro-

ids, e.g., for changing magnetic latitudes. Also, the detected preference for the

sub-Jovian side in visit 1 of campaign 12244 might be biased due to the low num-

ber of detected spots. In all remaining visits the amount of spots is higher and

the centroids tend to be (more or less) randomly distributed along all planetogra-

phic longitudes. Further HST observations and a larger amount of orbits would

be required in order to determine, whether the centroids’ longitudinal distribution

is randomly ordered or if there are preferences for a specific hemisphere.

McGrath et al. (2013) relate the occurrence of individual bright spots along the

auroral ovals to localized electrojets associated with the OCFB. Electrojets are

related to regions in the ionosphere, where currents are driven by parallel elec-

tric fields through the ionospheric resistance (McGrath et al. 2013). According to

McGrath et al. (2013), the spot-like structure of the auroral emission and accor-

dingly the localized character of the electrojets indicate a rather localized than

global ionosphere at Ganymede. Our finding of a randomly organized structure,

occurrence and longitudinal distribution of auroral spots additionally indicates a

stochastic variability of the currents along the OCFB which generate the bright

auroral spots. A reason for this variability might be the intermittence of the re-

connection process as discussed in Section 2.2.2. Jia et al. (2010) find that the

reconnection events are impulsive and limited in spatial extent. This corresponds

to the unordered distribution of the spot centroids along all planetographic longi-

tudes and to the isolated occurrence of individual spots along the ovals. Jia et al.

(2010) also find, that the reconnection at Ganymede’s upstream magnetopause

occurs in a bursty manner with periodicities between 20 and 50 seconds. We
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cannot analyze the auroral emission on such time scales due to the decreasing

SNR for shorter exposure times. For instance, we applied our spot detection me-

thod also to the two exposures of each orbit (not shown here). This increases the

temporal resolution to approximately lower than 20 minutes. Even though the de-

tected auroral spots in each exposure indicate an increased occurrence of spots,

i.e., more smaller sized spots are detected within one exposure compared to one

orbit, the average SNR of a spot decreases to 1 or even lower. This allows no re-

liable further investigation of the auroral spots on time scales of one exposure (or

lower). However, the bursty, i.e., intermittent character of the reconnection might

still be reflected by the random behavior of the spots analyzed on time scales of

one orbit.



Chapter 5Summary and
Conclusions

In the final chapter of this thesis we summarize our study by presenting and dis-

cussing our main findings and by drawing our main conclusions. At the end, we

give a short outlook on possible further investigations of the aurora on Ganymede.
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In this thesis, we present a detailed analysis of a comprehensive set of observa-

tions by the Space Telescope Imaging Spectrograph on-board the Hubble Space

Telescope (HST/STIS) of the auroral emission originating from the tenuous atmo-

sphere of the Galilean satellite Ganymede. Electron-impact dissociative excitation

of oxygen in Ganymede’s atmosphere generates auroral emission in the far ultra-

violet (FUV) wavelength range (Hall et al. 1998; Feldman et al. 2000). The auroral

emission on Ganymede is not homogeneously distributed on the moon disk, but

is concentrated along two distinct ovals in the northern and southern hemisphere

(Feldman et al. 2000). The ovals are located between 10◦ and 30◦ planetographic

latitude on the plasma downstream side (leading hemisphere) and between 40◦

and 55◦ on the plasma upstream side (trailing hemisphere) (McGrath et al. 2013).

The location of the ovals coincides with the theoretically predicted intersection li-

ne of the open-closed magnetic field lines boundary (OCFB) with Ganymede’s

atmosphere (Feldman et al. 2000; Eviatar et al. 2001a; McGrath et al. 2013). Ga-

nymede is so far the only known moon in the solar system, which possesses an

intrinsic magnetic field (Kivelson et al. 1996). This magnetic field is embedded

within the magnetic field of Jupiter. The intrinsic magnetic field of Ganymede is

strong enough, to maintain a region of closed magnetic field lines shielding the

moon from the impinging Jovian magnetospheric plasma flow. Hence, Ganyme-

de’s magnetic field is able to form a so-called mini-magnetosphere embedded

within the gigantic planetary magnetosphere of Jupiter. As the orbital velocity of

Ganymede is slower than the impinging Jovian magnetospheric plasma flow, the

mini-magnetosphere underlies the steady stream of the Jovian plasma, which

compresses the mini-magnetosphere on the upstream side. On the downstream

side, the mini-magnetosphere is stretched and a magnetotail develops (Kopp and

Ip 2002; Ip and Kopp 2002; Jia et al. 2008, 2009b; Duling et al. 2014). The resul-

ting bullet-like/cylindrical shape of the mini-magnetosphere is similar to the ma-

gnetosphere of Earth, which is exposed to and influenced by the solar wind. As

the Ganymedean and Jovian magnetic fields are oriented in anti-parallel direction,

reconnection might occur at points of intersection between both fields (Neubauer

1998; Eviatar et al. 2001a). The magnetic reconnection most likely triggers field

aligned electric currents (FAC), which accelerate electrons along the OCFB to-

wards Ganymede’s atmosphere (Eviatar et al. 2001a). These energetic electrons

trigger the FUV aurora in Ganymede’s atmosphere. Due to the compression and

stretching on the upstream and downstream side, respectively, the OCFB and

accordingly the auroral ovals are shifted to elevated planetographic latitudes on
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the trailing side and to lower latitudes on the leading side as observed by several

HST campaigns (e.g., Feldman et al. (2000) and McGrath et al. (2013)).

We analyze a set of HST observations which were obtained between 1998 and

2011 and which cover the satellite at eastern and western elongation, observing

Ganymede’s leading (plasma upstream) and trailing (plasma downstream) side.

The aurora on Ganymede is expected to be time-variable since the moon is expo-

sed to the time-periodic plasma and magnetic field of Jupiter’s magnetosphere.

The periodic variability is due to the tilt of∼10◦ between Ganymede’s orbital plane

and Jupiter’s magnetic equator. Ganymede’s magnetic latitudes therefore oscilla-

te with Ganymede’s synodic rotation period of 10.5 hours between approximately

10◦ and -10◦. As the influence of periodically changing local plasma conditions

on the morphology and brightness of Ganymede’s aurora has not been analyzed

yet, we systematically analyze the spatial structure and the temporal variability

of Ganymede’s auroral ovals as a function of its time-variable magnetospheric

environment. In the following we summarize and discuss our main findings.

1 Albedo dichotomy between the leading and trailing side

We find a hemispheric albedo dichotomy between the leading and trailing side.

With an average of 2.7 ± 0.4 % the geometric FUV albedo on the trailing side

is higher than on the leading side with an average of 1.8 ±0.4 %. This is remar-

kable for two reasons. First, an albedo dichotomy between both hemispheres is

also apparent at higher wavelength ranges in the MUV and at visible light, but

in the opposite direction. While we assume the albedo to be constant for the fit-

ted wavelength range (1410 Å to 1550 Å), the albedo increases as a function

of wavelength above that fitting range with the albedo on the leading side in-

creasing faster than on the trailing side (Figure 31). Second, while such albedo

dichotomy for higher wavelength ranges has also been observed for Ganymede’s

neighboring moon, Europa (Saur et al. 2011, see, e.g., their figure 6), a pronoun-

ced difference between the albedo of the leading and trailing side in the FUV

has not been observed so far (Roth et al. 2014a). The reasons for the observed

dichotomies (in the FUV and MUV) at Ganymede are still not well understood.

The surface reflectivity in the FUV is lower than the reflectivity of 5.5 % of pure

H2O frost obtained from laboratory measurements (Hall et al. 1998), indicating

that Ganymede’s icy surface contains FUV darkening materials similar to, e.g.,
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Europa. Unlike at Europa, where the hemispheric difference in the UV darkening

contaminants are related to the bombardment by magnetospheric ions on the

trailing side (Hendrix et al. 2005), the situation at Ganymede is more complex.

Orbiting at 15 RJ, the flux of charged particles at Ganymede is lower than the

flux at Europa’s orbit at 9 RJ (Hendrix et al. 2005). The plasma particles at Gany-

mede’s orbit are not energetic enough to pass through the region of closed field

lines in Ganymede’s mini-magnetosphere and are deflected around the moon or

they hit magnetic unshielded parts of Ganymede’s surface, i.e., the polar regions

(Hendrix et al. 1999). Thus, the reasons for the observed albedo dichotomy and

its change of direction from the FUV to the MUV range are still an open research

question.

2 Brightness dichotomy of total disk averaged brightness between the

leading and trailing side

The brightness of Ganymede’s aurora is not distributed equally along the moon’s

hemispheres. The total disk averaged brightness is 1.42 ± 0.07 times brighter on

the leading side (95.4 ± 2.1 R) compared to the trailing side (67.2 ± 2.9 R). This

indicates that more field aligned electric currents, which are associated with au-

roral electron acceleration (Eviatar et al. 2001a), are closed in the downstream

ionosphere compared to the upstream side. Further MHD and plasma modeling

are required to better understand the overall distribution of the currents in Ga-

nymede’s mini-magnetosphere and their relation to the auroral structures. Future

remote-sensing and in-situ measurements, e.g., by ESA’s JUICE mission (see

below), within the mini-magnetosphere will also greatly help our understanding of

Ganymede’s current system and auroral oval acceleration processes.

3 Dependency of total disk averaged brightness on Ganymede’s magne-

tic latitude

The total disk averaged brightness is dependent on Ganymede’s position within

the Jovian plasma sheet on both, the leading and trailing side. Inside the cur-

rent sheet, the total disk averaged brightness on the leading side (108.9 ± 3.7 R)

is increased by a factor of 1.33 ± 0.05 compared to outside the current sheet

(82.0 ± 1.7 R). The increase of the auroral brightness for low magnetic latitu-

des is indicative for the influence of the plasma interaction on the generation of
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the aurora and, thus, on Ganymede’s magnetic field. As the plasma density in-

creases at the center of the current sheet (Bagenal and Delamere (2011) and

see Figure 35), the increased upstream ram pressure possibly generates larger

magnetic stresses, which imply larger electric currents near the OCFB in Gany-

mede’s ionosphere. On the trailing side, the total disk averaged brightness does

not reflect this prediction and the average of total disk averaged brightness de-

creases by a factor of 0.76 ± 0.07 inside the current sheet (from 58.0 ± 4.8 R

to 76.4 ± 3.2 R). A possible reason for the difference between the leading and

trailing side might be, that, when Ganymede is inside the current sheet, the au-

roral ovals and the associated electric current systems might be partially shifted

towards the downstream (leading) hemisphere due to stronger plasma interaction

and thus could result in a decreased emission on the upstream (trailing) side.

4 Inhomogeneous distribution of auroral brightness along the moon

disk

In addition to the global brightness asymmetry between the leading and trailing

side, the aurora on Ganymede is also inhomogeneously distributed within each

hemisphere. Regardless of the observed hemisphere, the sub-Jovian side is al-

ways brighter than the anti-Jovian side. Furthermore, individual quadrants of the

observed disk (Figure 38) follow the general trend of increased brightness inside

the current sheet on the leading side except for the northern anti-Jovian quadrant,

which shows nearly no variation as a function of changing magnetic latitude and

has the lowest emission compared to the remaining quadrants. On the trailing

side, it is the southern anti-Jovian quadrant with the lowest brightness and lowest

variation. The reasons for these spatial asymmetries are unclear. Asymmetries in

Ganymede’s oxygen atmosphere induced by surface inhomogeneities might be

an explanation. An additional current system due to the Hall effect in the ionos-

phere as it is the case at Io (Saur et al. 2000) or at the magnetopause, as recently

proposed by Dorelli et al. (2015), might also explain the observed on-disk bright-

ness asymmetries.

5 Movement of the auroral ovals as a function of changing magnetic la-

titude

After studying the general distribution of the aurora on Ganymede, we analyze
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the latitudinal distribution of the auroral emission by dividing the moon disk into

60 equidistant latitudinal anuli and by integrating the photon flux of each anulus.

The general location of the auroral ovals has been measured in previous studies

(e.g., by Feldman et al. (2000) or McGrath et al. (2013)), i.e., the ovals are lo-

cated near the planetographic equator on the leading side and near the poles

on the trailing side. The location of the auroral ovals is most likely controlled by

the location of the OCFB and, hence, by the interaction between the Ganymede-

an magnetic field with the impinging plasma flow and the Jovian magnetic field.

In our study, we find an additional dependency of the morphology of the aurora

on Ganymede’s position relative to the Jovian current sheet. When Ganymede is

inside the Jovian current sheet, the auroral ovals shift to the planetographic equa-

tor on the leading side and towards the poles on the trailing side. On average for

the northern and southern hemisphere, the ovals shift on the leading side from

22.3◦± 0.5◦ to 18.2◦± 0.5◦ planetographic latitude and on the trailing side from

48.3◦± 0.5◦ to 51.2◦±1.4◦. The average displacement of the ovals is in opposite

direction on each hemisphere, but similar in amplitude, i.e., -4.1◦ ± 0.7◦ on the

leading side and +2.9◦ ± 1.5◦ on the trailing side. Possible reasons for the move-

ment of the ovals are changing local plasma conditions in vicinity of Ganymede.

Inside the current sheet, Ganymede’s magnetosphere is exposed to a stronger

interaction with the local Jovian plasma flow. An increased upstream ram and

plasma pressure generates a higher compression of Ganymede’s magnetosphe-

re on the plasma upstream side. The resultant magnetic stresses push the OCFB

and the auroral ovals accordingly towards higher planetographic latitudes. At the

same time on the plasma downstream side, the magnetosphere gets stretched

which results in a shift of the OCFB towards the planetographic equator. The ef-

fect of higher compression and stretching of the magnetosphere inside the current

sheet is, similar to the increase of auroral brightness at low magnetic latitudes, a

result of plasma interaction between the Jovian and Ganymede’s magnetosphere,

which becomes directly visible by the movement of the auroral ovals.

6 Asynchronous brightness variation of the northern and southern au-

roral oval

By integrating along the latitudinal anuli, we are able to separate the emission

of the auroral ovals from the remaining emission on the moon disk. We detect

both, an asymmetry between the brightness of the northern and southern oval
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and an asynchronous behavior of both ovals when Ganymede transits into the

current sheet. For instance, the southern ovals of both visits of campaign 12244

(leading side, Figure 41) are brighter than the northern ovals outside the current

sheet. When Ganymede is inside the current sheet, the brightness of both ovals

of the first visit increases simultaneously. On visit 2, the brightness of both ovals

also increases, but the northern oval becomes the brighter one. Additional HST

observations are required to figure out if there is any systematic behavior of the

increase of auroral oval brightness or if the increase of brightness includes a

random component induced by intermittent reconnection.

7 Dim residual disk brightness compared the bright auroral oval emissi-

on

The remaining disk emission, i.e., total disk brightness minus the oval brightness,

shows no dependency on Ganymede’s position within the Jovian plasma sheet

as the auroral ovals do. With an average brightness of 27.0 ± 1.9 R, the residual

disk brightness is significantly dimmer than the oval brightness, which ranges

between 80.8 ± 0.9 R (OCS) and 117.4 ± 1.1 R (ICS) on the leading side and

between 83.8 ± 2.0 R (ICS) and 104.4 ± 1.6 R (OCS) on the trailing side. The

behavior of the residual disk brightness might be indicative for the existence of

an additional source of energetic electrons which is not directly related to the

acceleration mechanism near the OCFB and which is less sensitive to variations

of local plasma conditions.

8 Offsets between the measured location and theoretical calculated lo-

cation of Ganymede’s magnetic equator

Under the assumption that the auroral ovals are symmetrically aligned around

Ganymede’s magnetic equator, we find an offset of the center of the northern and

southern auroral oval to the theoretical magnetic equator. This offset might be in-

dicative for an additional phase of the orientation of Ganymede’s magnetic dipole

axis. Independently from Jia (2009), who calculated an additional phase to the

orientation into positive west-longitudinal direction by analyzing Galileo magnetic

field measurements, we find that an orientation of Ganymede’s dipole magnetic

moment at +46.9◦ planetary west-longitude fits best to our observations. We thus

demonstrate with our study that the analysis of the location of the ovals and their
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asymmetries can be used to further constrain Ganymede’s magnetic field envi-

ronment. For instance, Saur et al. (2015) used the observations of Ganymede’s

auroral ovals to deduce the presence of induction magnetic fields within an ocean.

In our study, we find that HST observations of Ganymede’s auroral ovals can also

be used to derive further constraints to the intrinsic dynamo magnetic field of the

moon.

9 Patchiness of the aurora

The aurora at Ganymede is characterized by its bright auroral emission along the

two auroral ovals in the northern and southern hemisphere. Along these ovals,

several isolated brightness peaks occur with brightnesses far above the total disk

average. To further investigate the spot-like structure of the aurora, we separa-

te the individual brightness peaks. By counting the spots and measuring their

brightness weighted centroids in planetographic longitudinal direction, we identify

a random occurrence and distribution of the spots. Unlike the brightness of the

disk quadrants, which show significant preferences for an increased brightness

on the Jupiter-facing hemisphere compared to the anti-Jovian hemisphere, the

spots show no favored location in longitudinal direction. The spots are randomly

distributed along all planetographic longitudes. Furthermore and unlike the total

disk averaged and separated oval brightnesses, the locations of the spots show

no dependency on Ganymede’s position relative to the Jovian current sheet. The

amount of detected bright spots varies randomly from orbit to orbit. The stocha-

stic character of the bright spots corresponds to the intermittent nature of the

reconnection process at Ganymede’s upstream magnetosphere predicted by Jia

et al. (2010).

Final conclusions

Our study demonstrates the variable character of Ganymede’s aurora and its de-

pendency on Ganymede’s time-variable magnetospheric environment. We detect

a change of auroral brightness when Ganymede changes its position relative to

the Jovian current sheet. At the same time, the planetographic latitudinal locati-

ons of Ganymede’s auroral ovals also change during Ganymede’s transit through

the Jovian current sheet. We measure both, the increase and decrease of au-
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roral brightness on the plasma downstream and upstream side, respectively, and

the variation of the ovals’ location when Ganymede moves into the current sheet.

We relate the brightness and spatial variation of the auroral ovals to changing

local plasma conditions in Ganymede’s environment, i.e., both variations are a

response to an increased ram and thermal pressure of the Jovian magnetosphe-

ric plasma inside the current sheet. We also detect inhomogeneities of auroral

brightness distribution along the sphere of Ganymede, which indicates local inho-

mogeneities in the current systems associated with the generation of the aurora.

We analyze the stochastic character of the occurrence and planetographic longi-

tudinal distribution of bright auroral spots, which might be related to the intermit-

tent nature of the reconnection process as proposed by Jia et al. (2010). Even

though we do not analyze measurements of the magnetic fields in Ganymede’s

vicinity (e.g., from observations by the Galileo spacecraft), we derive further cons-

traints to Ganymede’s intrinsic magnetic field. Therefore, we measure the location

of Ganymede’s magnetic equator derived from the location of the auroral ovals.

We compare our findings with the location derived from magnetic field measure-

ments by Kivelson et al. (2002) and we find differences to that reference. Overall,

we demonstrate that studying the auroral brightness and its distribution is a valua-

ble diagnostic tool for exploring Ganymede’s atmosphere, surface properties and

magnetospheric environment. By investigating the aurora of Ganymede we gain

a better understanding of the moon’s intrinsic magnetic field, as the properties of

the aurora on Ganymede are likely to be controlled by the interaction between the

moon’s dipole magnetic field and the surrounding Jovian magnetospheric plasma.

Outlook

The work described in this thesis contributes key issues to the understanding of

the aurora on Ganymede. Furthermore, our study leads to other interesting, but

still unanswered questions. The assumption of a spatial constant albedo along

the Ganymede disk for the wavelength range analyzed in this study (1304 Å and

1356 Å) does possibly not account for the Lyman-α emission, which is indica-

ted by the slightly overestimated reflected solar flux at 1216 Å (Section 3.2.4,

Figure 25). As the surface of Ganymede consists of both, water ice (bright re-

gions in Figure 4) and carbonaceous contaminants (dark regions in Figure 4),

and as both surface materials are expected to have different albedos at Lyman-α
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(McGrath and Hendrix 2013), the surface reflectivity at 1216 Å might be locally

inhomogeneous. Local albedo variations are also apparent at other wavelengt-

hs, e.g., at visible light (Figure 5). We therefore suggest a further analysis of the

reflectivity at 1216 Å.

Turc et al. (2014) find in their model calculations of Ganymede’s atmosphere, that

the peak of H2O in the sub-solar region due to sublimation could disappear within

one hour, when this region is not illuminated by sunlight any more. Unfortunately,

there is only a weak coverage of Ganymede by HST observations in eclipse.

Further observations by HST (or equivalent space telescope) of Ganymede in

the shadow of Jupiter or spacecraft observations of Ganymede’s nightside could

investigate a possible dayside/nightside variability of the FUV oxygen aurora. The

next opportunity for spacecraft observations may be provided by the European

Space Agency ’s JUpiter ICy moons Explorer (JUICE), which is equipped with

the Ultraviolet Spectrograph instrument (UVS) and which presumably arrives the

Jovian system in 2030.

One aspect that is not addressed by our study, is the electrodynamic coupling of

Ganymede with Jupiter’s ionosphere by Alfvén wings (see, e.g., Jia et al. (2010)),

resulting into the so-called auroral footprint of Ganymede in the Jovian ionos-

phere (see, e.g., Figure 2B). In their recent study, Payan et al. (2015) suggest a

correlation between the variability of the auroral morphology and brightness at

Ganymede and variations of Ganymede’s auroral footprint. A simultaneous ob-

servation of Ganymede’s auroral footprint in Jupiter’s ionosphere and the aurora

on Ganymede (e.g., by a combination of spacecraft and space telescope obser-

vations) could address the question of such a correlation. With a simultaneous

spectroscopic observation of Jupiter and Ganymede it could be investigated, if

and how the auroral footprint in Jupiter’s ionosphere responds to the variation of

the OCFB and accordingly of the auroral ovals when Ganymede transits into the

center of the current sheet. Periodical variations (e.g., in location and brightness)

of the footprint on time-scales of Ganymede’s transit through the current sheet

(5.25 hours) might be an indication for such a response.
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S1 List of abbreviations

ACS HST’s Advanced Camera of Survey

CCD charge coupled device

CS current sheet

EPD Galileo’s Energetic Particles Detector

EUV extreme ultraviolet

FAC field aligned currents

FOV field of view

FUV far ultraviolet

GHRS HST’s Goddard High Resolution Spectrograph

HST Hubble Space Telescope

IAU International Astronomical Union

ICS inside the current sheet

JUICE JUpiter ICy moons Explorer

MAMA Multi-Anode Multichannel Arrays

MAST Mikulski Archive for Space Telescopes

MHD magneto-hydrodynamic(s)

MUV mid ultraviolet

NAIF NASA’s Navigation and Ancillary Information Facility

NUV near ultraviolet

OCFB open-closed field lines boundary

OCS outside the current sheet

PI principal investigator

PSF point spread function

SEE TIMED’s Solar Extreme Ultraviolet Experiment

SNR signal-to-noise ratio

SSI Galileo’s Solid State Imaging system

STIS HST’s Space Telescope Imaging Spectrograph

TIMED Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite

UTC Universal Time Coordinated

UVS Galileo or JUICE Ultraviolet Spectrometer
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S2 List of quantities and units

Symbol Explanation/Name Value/Definition

Å Angstrom 10−1 nm

AU Astronomical Unit 149,597,870.7 km

c speed of light 2.99 · 108 m s−1

erg energy 10−7 J = 10−7 kg m2 s−2,

or in cgs units: 1 g cm2 s−2

eV electron Volt 1.6021761 × 10−19 J

h Planck’s constant 6.6261 · 10−34 J s,

or in cgs units: 6.6261 · 10−27 erg s

J Joule kg m2 s−2 = 1 Nm

K Kelvin with 0 K = 273.15 ◦C

kB Boltzmann’s constant 8.62 ·10−5 eV K−1 or 1.38 ·10−23 J K−1

Pa Pascal N m−2

R Rayleigh 106 photons (4π)−1 cm−2 s−1 sr−1

RC radius of Callisto 2,410 km

RE radius of Europa 1,560 km

RG radius of Ganymede 2,634 km

RI radius of Io 1,820 km

RJ radius of Jupiter 71,492 km

T Tesla 1 kg s−2 A−1
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S3 Trace drift calibration for the 52X2
aperture

In addition to the trace drift calibration for the pseudo aperture 52X2D1 in

Chapter 3.2.2, Figure 49 shows the calibration for the aperture 52X2. We app-

ly a fit with a polynomial of forth order. The resulting polynomial is displayed in

panel C.

Figure 49 – Determining the trace drift in y-direction using calibration measurements
of the stellar object WD2126+734 of HST/STIS campaign 10040 (Proffitt et al. 2003)
using the aperture 52X2 and grating G140L (flt-file o8tg02010_flt.fits).
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S4 Spectral images of OI λ1304 Å
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Figure 50 – Spectral images (82×82 pixels) of OI λ1304 Å oxygen emission in
Rayleigh. Panels of column 1 show all orbits of campaign 7939 (1998, trailing side),
panels of columns 2 and 3 show both visits of campaign 12244 (2010/2011, leading
side), respectiveley, and column 4 shows the two orbits of campaign 8224 (2000,
leading side). All panels are ordered by magnetic latitude ϑmag. Orbit numbers ac-
cording to Table 3 are indicated in the right upper corner of each panel. Yellow
arrows indicate the orientation of Jovian North (JN) and direction to Jupiter (J). The
color scale is limited to 240 R (pixel with higher brightness are white). Images are
smoothed to increase the visibility of the auroral ovals.
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S5 Comparison of total disk averaged
brightnesses and brightnesses deri-
ved by the anuli integration

Comparison between averaged total disk brightnesses Itot calculated by integra-

ting and averaging the brightness over the entire disk without the off-limb area

similar to Section 4.3 (solid lines) and by integrating over the latitude anuli bright-

nesses I(ϑbin) according to Equation 4.2 (dashed lines).

magnetic latitude #
mag

 [deg]
-10 -5 0 5 10

di
sk

 a
ve

ra
ge

d 
br

ig
ht

ne
ss

 [R
]

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160

HST 12244 V1
HST 12244 V2
HST 8224
HST 7939
total disk
via normed integral

Figure 51 – Comparison between averaged total disk brightnesses Itot. Dashed lines
with circles show Itot calculated according Equation 4.2, i.e., by integrating over the
latitude anuli brightnesses I(ϑbin). Solid lines show Itot integrated and averaged
directly over the entire disk without off-limb area similar to Section 4.3.
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S6 Gaussian fit results for latitudinal
anuli integrated brightness peaks in
three longitudinal regions on the
moon disk

Table 11 – Resultant location of the maximum, µ, and width, σ, of the fitted Gaussi-
an function for the latitudinal anuli integrated brightnesses, each for the three lon-
gitudinal regions on the disk as introduces in Section 4.4.3, Table 8. Mid longitudi-
nal region expands ±25◦ longitude around the leading/trailing side center-meridian
(90◦/270◦). Left and right longitudinal regions account for the remaining sub- and
anti-Jovian disk part on the trailing side, respectively, and for the remaining anti-
and sub-Jovian disk part on the leading side, respectively. All values are given in
the unit of planetographic latitude.

id 12244-1 id 12244-2 id 8224 id 7939

µ/σ [◦] µ/σ [◦] µ/σ [◦] µ/σ [◦]

left longitudinal region

ICS northern oval 18.4 / 7.3 21.2 / 4.9 18.3 / 6.4 -

southern oval 19.7 / 9.2 14.8 / 11.8 20.7 / 7.3 46.5 / 11.8

OCS northern oval 22.2 / 9.1 28.0 / 6.7 - 49.4 / 11.2

southern oval 21.7 / 8.4 21.2 / 8.9 - 50.5 / 12.1

mid longitudinal region

ICS northern oval 20.7 / 4.6 24.2 / 5.5 16.3 / 6.5 49.1 / 8.8

southern oval 14.8 / 7.1 7.8 / 6.4 19.5 / 9.3 52.6 / 5.8

OCS northern oval 22.4 / 8.5 23.3 / 10.5 - 48.9 / 8.4

southern oval 18.1 / 8.9 15.7 / 8.0 - 47.6 / 7.7

right longitudinal region

ICS northern oval 24.6 / 6.2 21.8 / 5.5 26.4 / 5.9 -

southern oval 17.6 / 5.5 9.4 / 5.2 18.6 / 7.3 -

OCS northern oval 26.9 / 6.5 30.7 / 7.5 - 45.4 / 10.4

southern oval 20.0 / 8.1 18.2 / 6.4 - 48.8 / 6.7
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S7 Effective error of Section 4.4.4

Table 12 – Individual values of the effective error σeff in Equation 4.7 introduced in
Section 4.4.4. All values are given in unit of planetographic latitude (in degree).

λi campaign ϑc(λi) σstat(λi) σλ∗(λi) V ar(ϑc(λi))
−1

2 σeff

32.5 12244 OCS-R 3.48 0.76 -2.14 1.43 2.68

32.5 12244 ICS-R 3.50 0.84 -2.14 1.43 2.70

32.5 12244 OCS-R 6.24 0.94 -2.14 1.43 2.74

32.5 12244 ICS-R 6.17 1.75 -2.14 1.43 3.11

32.5 8224 ICS-R 3.88 0.61 -2.14 1.43 2.64

90.0 12244 OCS-M 2.13 0.71 -1.38 3.55 3.87

90.0 12244 ICS-M 2.91 1.12 -1.38 3.55 3.96

90.0 12244 OCS-M 3.84 1.09 -1.38 3.55 3.96

90.0 12244 ICS-M 8.23 0.70 -1.38 3.55 3.87

90.0 8224 ICS-M -1.64 0.79 -1.38 3.55 3.88

147.5 12244 OCS-L 0.23 1.12 0.21 2.16 2.44

147.5 12244 ICS-L -0.64 1.75 0.21 2.16 2.78

147.5 12244 OCS-L 3.38 0.55 0.21 2.16 2.24

147.5 12244 ICS-L 3.19 2.36 0.21 2.16 3.21

147.5 8224 ICS-L -1.20 0.83 0.21 2.16 2.32

212.5 7939 OCS-R -1.70 1.74 2.14 0.00 2.76

270.0 7939 OCS-M 0.65 0.81 1.38 1.70 2.33

270.0 7939 ICS-M -1.75 1.69 1.38 1.70 2.77

327.5 7939 OCS-L -0.56 1.64 -0.21 0.00 1.65
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S8 Resulting reduced χ2 of Section 4.4.4

Figure 52 – Reduced χ2
red (=χ2/dof, with dof = degree of freedom or N − p) of

the least squares fit (Equation 4.6) in Section 4.4.4 as a function of planetographic
west-longitude λ. We obtain the best fit for λ0,min=136.9◦, i.e., where χ2/dof has its
minimum (indicated by the red circle). According to Bevington and Robinson (2003),
fits with reduced Chi-squared values of ∼1 and smaller are considered adequate
fits to observations., Therefore, we estimate the error of λ0,min by searching for the
first longitudes around λ0,min, for which χ2/dof becomes greater than one (indicated
by the blue circles).



168 Supplementary Material

S9 USGS surface map

In Figure 53 we show the same image as shown in Figure 4. The image in

Figure 53 is rotated and scaled to a larger size. The original image can be down-

loaded from http://pubs.usgs.gov/imap/i2762/.

http://pubs.usgs.gov/imap/i2762/
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Figure 53 – Figure 4 rotated by 90◦ (see caption there). (USGS 2003)
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