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Auroral X-ray emissions from the gas giant planets: remote sensing and in situ
magnetospheric diagnostics

by Dale Michael Weigt

The thesis begins by introducing the reader to the fundamental concepts used
throughout the field of space physics today (Chapter 1) and then applies them to the
the jovian magnetosphere, the largest coherent object (or fully unified structure if
visible to the naked eye) within our Solar System (Chapter 2). This chapter focuses on
the structure and internal dynamics of the jovian magnetosphere observed throughout
the literature, with particular emphasis of the complex X-ray auroral emissions at the
poles. This chapter concludes by analysing previous literature and the ongoing effort
to search for the complicated magnetospheric driver, or drivers, responsible for these
complex emissions at the gas giant planets - the largest open question in our field,
which this thesis aims to answer.

The studies that are contained within this thesis focus on constraining the
magnetospheric driver, or drivers, responsible for the X-ray auroral emissions at the
gas giants, in particular at Jupiter. The research throughout focuses on observations
performed by the Chandra X-ray telescope (CXO), using the onboard high resolution
camera (HRC), combined with by other remote sensing data, such as ultraviolet
observations form the Hubble Space Telescope (HST), and in situ spacecraft data from
Juno , when available to provide vital magnetospheric context (Chapter 3). The first
work chapter (Chapter 4) is a case studying analysing a Chandra observation during a
compression event while Juno was near its apojove position, the furthest point from
Jupiter in its orbit. The mapping analysis of the X-ray auroral emissions was carried
on using a newly developed and freely available Python pipeline (Weigt, 2021),
utilising the high spatial resolution of Chandra. This mapping algorithm is used
throughout this thesis. Chapter 5 then applies these analytical methods, techniques
and definitions to the full ∼ 20-year Chandra dataset of the northern auroral emissions
to determine the more extreme and typical behaviour of the northern X-ray emissions.
This case study eludes to the possibility of numerous magnetospheric drivers likely
located in the noon and dusk flank of the jovian magnetosphere, based on the Grodent
Anomaly Magnetic field model (Grodent et al., 2008), with a statistically significant
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region at noon. Comparisons of the timing and mapping analysis with previous
literature highlight that the X-ray emissions may be associated with ultra-low
frequency wave activity in the form of Shear Alfvén waves.

Chapter 6 expands on the the idea of multiple drivers through the creation of
physics-informed auroral families during the Juno-era, allowing us to associate
morphological features with magnetospheric drivers located throughout the jovian
system. The X-ray auroral morphologies identified in this case study may also be a
useful monitor of magnetospheric conditions at Jupiter.

The penultimate chapter (Chapter 7) changes focus to the exploration of kronian
X-rays, analysing Chandra observations aimed to monitor Saturn’s magnetospheric
response during a rare planetary alignment with Jupiter. Due to the orbits of the
planets, this event occurs once in every ∼ 19-20 years, analysing this unique
parameter space for the first time. This case study predicts the flux and power of the
emissions and compares with solar flux data from Geostationary Operational
Environmental Satellites (GOES) to find any correlations between solar activity and the
counts detected from Saturn’s disk emissions.

The thesis concludes with an exploration into future work, further utilising the
Chandra data as much as possible and comparing with other datasets to provide more
coherent catalogues of the temporal and spatial behaviour of the auroral emissions
that can be used for future studies.
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Panel (b) shows the corresponding ionospheric flows in the northern po-
lar region. Taken and adapted from Figures 1 and 2 from Cowley et al.
(2003). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
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2.7 (a) The UV auroral emissions as observed by HST with major auroral
structures and features labelled. These auroral structures can be further
separated into finer, physics-informed sub-structures as shown in (b).
The main oval (1), with the kink region (2) and discontinuity (3), and
satellite footprints for Io (6), Europa (7) and Ganymede (8) are high-
lighted in both panels with their extended tail emissions. The polar
emissions can be further split into the active (9) and swirl regions where
emissions are observed in UV (11) with a mysterious dark polar region
(10) where very little to no UV emissions are observed. Further sub-
structures inside the polar region can be identified from an observation-
to-observation basis associated with dynamics in the magnetosphere at
dawn (13) and midnight (14). Outside of the polar emissions, particle
injections (5) can also cause auroral emissions. Analysing these features
in great detail is beyond the scope of this research however comparisons
with the X-ray emissions are beneficial. Panel (a) is adapted from https:

//www.nasa.gov/mission_pages/juno/multimedia/pia03155.htmlwith
credit given to NASA/ESA, Hubble Heritage Team (STScI/AURA) and John
Clarke (University of Michigan). (b) is taken from Figure 2 in Grodent (2015) 41

2.8 Cartoon showing production of X-ray photons via bremsstrahlung or
free-free radiation. Image taken from https://www.chandra.si.edu/

edu/formal/snr/bg5.html. Credit: CXC team/NASA . . . . . . . . . . . . 48
2.9 Schematic of the fluorescence process for the case of ionisation and ejec-

tion of an electron, relaxing an L-shell electron to the vacant K-shell or-
bital. All orbitals are labelled with nuceleus at the centre . . . . . . . . . 50

2.10 One of the first observations of jovian X-ray auroral emissions found
by the high resolution imager on board the Einstein Observatory (Met-
zger et al., 1983), taken January 6 1981. The location of Jupiter and the
Galilean moons are shown during this interval (given in right ascension
and declination) in panel (a). The numbers correspond to the location of
each object during the time interval which spanned from 2.1h - 7.8h UT.
The quadrilaterals mark the outline of the two sources associated with
Jupiter as shown in (b), with the maxima shown by small squares. Panel
(b) shows the emission regions in terms of X-ray intensity, superimposed
on the location of Jupiter’s disk (orange circle) and the location of the jo-
vian equator (straight line). The motion of Jupiter is from right to left.
Image taken from Plate 2 Metzger et al. (1983). . . . . . . . . . . . . . . . 54

2.11 The spectra taken from the three 1979 observations (denoted with differ-
ent markers) using the imaging proportional counter. The spectra rep-
resent the background-subtracted X-ray ray count rate (energy (keV) vs.
net count rate (counts s−1 keV−1)) for each observation. Note the log-
scale on the y-axis. Figure taken from Figure 2 in Metzger et al. (1983).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.12 Individual X-ray images of 6 ROSAT HRI data intervals at various cen-

tral meridian longitudes (CML), noted in the bottom right of each panel.
The images show how the northern hemisphere X-ray emissions change
in time and over a jovian rotation. The disk, equator, latitude and lon-
gitude are shown in each panel. The position of the planet is shown in
right ascension coordinates. Image taken from Plate 2 in Waite et al. (1994). 57
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2.13 The photon energy spectrum from the combined ROSAT PSPC observa-
tions with 1-σ errors. The curves of the best fit for O and S emission lines
(solid line) and bremsstrahlung model (dotted) convolved with the de-
tector response are also shown with their associated statitsics also shown.
Spectrum taken from Figure 5 in Waite et al. (1994). . . . . . . . . . . . . 58

2.14 Chandra image in planetocentric coordinates of the 10 hour X-ray ob-
servation on 18 December 2000. Each individual photon has been con-
volved with the point spread function of the high resolution camera
(more details in Chapter 3). The colour bar shows the intensity of the X-
ray emissions in units of Rayleighs. The Io and 30 RJ magnetic footprints
of the VIP4 model are shown by orange and green lines respectively (for
both hemispheres). Image taken from Figure 1 in Gladstone et al. (2002). 60

2.15 Figure summarising analysis of the ”hot spot” from Gladstone et al.
(2002). (a) Polar projections of Chandra X-ray photons (crosses with size
proportional to uncertainty in position) overlaid onto averaged HST im-
ages (colour bar). Surface magnetic field strength from the VIP4 (dark
blue contours) and the magnetic footprints shown in Figure 2.14 are also
plotted. The X-ray auroral emissions are found to be poleward of the
UV emissions with the hot spot identified by a red circle. The timing
analysis results of the hot spot is shown in panel (b) with the peak ∼
45-min period identified. The dashed lines labelling the probability of a
random signal occurring at that frequency bin (i.e. the ∼ 45-min period
had a 4× 10−6 likelihood of occurring at random). Image adapted from
Figures 2 and 3b in Gladstone et al. (2002). . . . . . . . . . . . . . . . . . . 61

2.16 Example XMM-Newton photon spectrum of the northern X-ray aurora
during November 2003. The spectrum has been fitted with a combina-
tion of a thermal bremsstrahlung model, power law continua and four
emission lines. Taken from Figure 10 in Branduardi-Raymont et al. (2007b). 63

2.17 Polar projections showing the spectral morphology of the hard X-rays
(big green circles) and soft X-rays (small green circles). The Chandra X-
ray photons are overplotted on HST data (orange emissions) during 4
orbits. The full exposure is shown in Chapter 3. Projection grid split into
10◦ graticules. Image taken from Figure 5 in Branduardi-Raymont et al.
(2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.18 Results of the mapping analysis from Dunn et al. (2017). Panel (a) shows
the combined projection of the May and June X-ray photons for the Chan-
dra observations (per 2◦ bin) with the VIP4 surface model overplotted as
gold contours. The thick gold contours represent the magnetic footprints
of Io, Ganymede (15 RJ) and 50 RJ and the red dot indicates the location
of the jovian magnetic pole. Panel (b) shows the results of the Vogt et al.
(2011, 2015) flux equivalence model (see text for details) with the VIP4
internal field model. Northern and southern emissions are shown in blue
and gold respectively. Images adapted from Figures 1 and 4 from Dunn
et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
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2.19 Panels (a) and (c) show the light curves for the northern (blue) and south-
ern (gold) emissions for the two Chandra observations. The normalised
visibility of the emissions are shown in the corresponding dashed line
with the same colourings. Panels (b) and (d) show the resulting timing
analysis of the light curves via Fourier transforms with the horizontal
dashed lines representing the likelihood of random occurrence as used
by Gladstone et al. (2002). Figure adapted from Figures 2 and 3 from
Dunn et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.20 Example result from the Rayleigh testing method with the (A) light curve
of the selected region, binned by 60-sec for viewing purposes only (the
unbinned light curve is sued for analysis); (B) the resulting periodogram
from the Rayleigh test using Equation 2.11, with the max period identi-
fied with the blue dot-dashed line and the 99th percentile associated with
10,000 Monte Carlo simulation shown by the horizontal black dashed
line; (C) a log-log plot of frequency vs. power to determine any power
law in the signal associated with coloured noise and (D) a cumulative
histogram (cumulative frequency shown in red) of maximum Rayleigh
powers from the 10,000 randomly shuffled light curves, highlighting
where in the distribution the identified max period lies. Figure taken
from Figure 2 from Jackman et al. (2018). . . . . . . . . . . . . . . . . . . 71

3.1 The sunspot number from 1999 to July 2021 plotted as a function of time
is shown in black with individual Chandra HRC-I observations repre-
sented by dashed vertical black lines. ACIS observations are shown in
dashed vertical green lines. Black and green labels on top of the Chan-
dra lines show the number of HRC-I and ACIS individual observations
in a given year respectively. Dotted orange lines with respective label
show planned observations. The ongoing timeline of the Juno mission is
shown in grey. Sunspot number source: WDC-SILSO, Royal Observatory of
Belgium, Brussels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2 (a) Labelled schematic diagram of Chandra with (b) the focal plane layout
of the imager on the High Resolution Camera (HRC-I), as highlighted in
(a). Schematic diagram is taken from Wilkes et al. (2019) . . . . . . . . . 76

3.3 Example Chandra observation taken on May 24 2016 (ObsID 18608) with
the raw image shown in (a) and emissions labelled in (b). The corrected
image is shown in (c) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.4 Polar planetographic projection of auroral emissions from the corrected
data (as shown in Figure 3.3) looking down onto the (a) North and (b)
South poles. θIII ≥ |40◦| are labelled with the Voyager Io Pioneer 4 (VIP4)
(Connerney et al., 1998) Io (dashed line) and Grodent Anomaly Model
(GAM) (Grodent et al., 2008) Ganymede footprints (solid line). . . . . . . 81

3.5 Ecliptic North pole view of Juno’s trajectory to Jupiter from launch up
to and including obrit insertion (JOI). The Earth fly-by (EFB) and deep
space manoeuvers (DSMs) are also shown on the plot. Taken from Bolton
et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
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3.6 Obtial trajectory information of Juno’s science mission up to and includ-
ing PJ34 (i.e. not including extended mission). Each orbit indicated on
plot is 53 days long and viewed from the jovian equatorial system. The
x-axis points towards the Sun, z-axis is Jupiter’s spin axis and the y-axis
completes the orthogonal system. Juno’s trajectory is plotted in the (x-y)
plane. Bow shock and magnetopause limits are taken from the Joy et al.
(2002) model. Image is taken from Bolton et al. (2017). . . . . . . . . . . . 84

3.7 Image of NASA’s Juno spacecraft and its science payload. Taken from
Bolton et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.8 Locations and field of view (FoV) of JADE-I and all three JADE-E sensors
on the Juno spacecraft. Middle structure is the high gain antenna and
points towards the Sun and Earth during operations. Image taken from
Mauk et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.9 Similar schematic as shown in Figure 3.8 for the three JEDI sensors, with
numbered labels identifying which side of the spacecraft each sensor is on. 86

3.10 Schematic of the GOES-R series telescope. The X-ray Sensor (XRS) is part
of the Extreme Ultraviolet and X-ray Irradiance Sensor (EXIS) as labelled
on the diagram. Image taken from Goodman et al. (2013) . . . . . . . . . 89

3.11 Polar projection of a HST STIS image of the northern auroral emissions
taken on February 24 2003. All X-ray photons observed during a simulta-
neous Chandra observation are overplotted (green dots). The hard X-ray
photons (> 2 keV) are represented by large green dots and the soft X-
rays (< 2 keV) by the small dots. The grid is separated by 10◦ latitude.
The Figure is taken from Branduardi-Raymont et al. (2008). . . . . . . . . 90

4.1 Planetocentric polar projections of X-ray emissions at an altitude of 400 km
above the 1-bar atmosphere of (a) Jupiter’s north and (b) south poles as
viewed from directly above each pole. The azimuthal angle (represented
in joviographic longitude) within the polar plot (in degrees) is labelled
around the polar plot. The concentric circles represent 10◦ latitude incre-
ments. The black dots show the location of individual X-ray photons as
detected by the Chandra -HRC instrument. The brightness of the X-ray
emissions is proportional to the photon flux (calculated from the point
spread function (PSF)) and is denoted by the colour bar below in units of
Rayleighs (R). The areas of the poles which have little to no X-ray emis-
sions are shown in white. Regions out of Chandra ’s field of view for the
full observation window are denoted by the cross-hatched area. Photons
over plotted onto regions of no X-ray emission result from photons de-
tected on the limb of Jupiter, resulting in larger errors in position. As
these photons are usually observed off-centre on the chip, the positions
are difficult to trace back accurately. Figure taken from Figure 1 in Weigt
et al. (2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.2 The full∼ 10 hour observation of the northern emissions spli into 6 equal
∼ 60◦ sub-solar longitude (SSL) intervals (each corresponding to ∼ 100
mins of the observation), in a similar format to Figure 4.1a. The SSL
midway through each∼ 100-min interval is indicated by the orange line.
The concentric circles represent 20◦ latitude increments. The northern
hot spot emissions are observed in intervals (a), (b) and (f). Figure taken
from Figure 2 in Weigt et al. (2020). . . . . . . . . . . . . . . . . . . . . . . 100
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4.3 Cartesian plots of S3 longitude vs. latitude showing the position and
number of photons per 5◦ S3 lon × 5◦ lat of the (a) full map and (b) the
northern X-ray auroral region during the full Chandra observation. The
threshold used for selecting the brighter X-ray aurora is defined by any
emissions containing > 7 photons, using the HRC-I instrument, within
an area of 5◦ × 5◦ or lying on this boundary. The colours here rep-
resent the number of photons within the region of X-ray emission de-
fined by the threshold. (b) shows that the northern hot spot (depicted
by the darker blue and green regions) is more extended than what was
observed in previous studies (Gladstone et al., 2002; Dunn et al., 2017).
The centres of two possible independently driven X-ray regions are high-
lighted by black cross-hatched rectangles. Figure adapted from Figure 3
in Weigt et al. (2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.4 Identical format to Figure 4.3 highlighting the ionospheric position and
number of photons per 1◦ S3 lon× 1◦ of the brighter northen X-ray emis-
sions. The Io footprint (black dashed line) and main auroral oval (black
solid line) are overplotted (Grodent et al., 2008) to apply context to the
magnetospheric location of these emissions. The same threshold as used
in Figure 4.3 is used here. The extended hot spot observed in both Fig-
ures 4.1 and 4.3 is still present when looking at the mapped data using a
higher spatial resolution. Figure taken from Figure 4 in Weigt et al. (2020). 102

4.5 Identical format to Figure 4.6 except for the South pole. The more diffuse
southern hot spot emissions are observed in panels (d), (e) and (f). Figure
taken from Figure 5 in Weigt et al. (2020). . . . . . . . . . . . . . . . . . . 103

4.6 Results from the Rayleigh test performed on the full light curve [panels
(a) to (c)], the first time the extended hot spot is in view [North HS1:
panels (d) to (f)] and when it rotated into view again at the end of the
Chandra interval [North HS2: panels (g) to (i)]. Panels (a), (d) and (g)
show a 60-sec smoothed light curve, purely for presentation purposes
and not used in our analysis, of time tagged photons in the Northern re-
gion of Jupiter from the full observation, North HS1 (0 to 210 mins) and
North HS2 (500 to 620 mins) respectively. Panels (b), (e) and (h) show the
resulting periodogram (power versus period) from the Rayleigh analy-
sis applied to the light curve used for each interval. The peak power
corresponding to the best quasi-period found is indicated by a vertical
dashed blue line and the 99th percentile of the power from the 10,000
Monte Carlo simulations by a horizontal black dashed line. This def-
inition is used for all panels shown here. The best periods are found
to be ∼ 35 mins for the full light curve, ∼ 37 mins for HS1 and ∼ 26
mins for HS2. Panels (c), (f) and (i) display a histogram of the maximum
powers from the Rayleigh analysis of 10,000 light curves generated from
the Monte Carlo simulation based on the original input data, randomly
shuffled. The solid red line shows the cumulative probability distribu-
tion of the maximum powers found from the Rayleigh test. We used an
identical Rayleigh test for each region of the light curve (i.e. all assump-
tions about the frequency grid, number of steps etc. remained the same).
Figure taken from Figure 6 in Weigt et al. (2020). . . . . . . . . . . . . . . 105



INDEX OF FIGURES xix

4.7 Our timing analysis for the southern auroral region, using the same Rayleigh
test and format as shown in Figure 4.6. Figure taken from Figure 7 in
Weigt et al. (2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.8 Juno data displayed as spectrograms of the ion time-of-flight (TOF) and
electron data taken by JADE. These observations were taken over 5 days
while inbound from the apojove position of Juno. The top panel shows
ion data from the various plasma populations as Juno was sampling the
magnetosheath and magnetosphere. The middle panel shows the associ-
ated electron distributions during this time. The bottom panel confirms
the radial distance of Juno as it travels towards Jupiter during the 5-day
interval. We highlight the Chandra interval by vertical dashed lines, cor-
rected for light travel time. The colour bars used in the spectrograms
show the count rates (and therefore energy flux) of the electrons and ions
detected during this time. The key magnetospheric regions Juno flew
through during these 5 days are labelled and represented by arrows
above the plot. Figure taken from Figure 8 in Weigt et al. (2020). . . . . . 109

4.9 Planetocentric polar projections of Jupiter’s North pole for (a) all auro-
ral photons during the full observation and those associated with the
hot spot emissions from (c) HS1 and (e) HS2, as defined in the text. The
magnetospheric mapping of the auroral photons in each case are deter-
mined from the Vogt et al. (2011, 2015) model shown in panels (b), (d)
and (f). Error bars of 15 RJ are used to depict the likely error of the flux
equivalence model under compressed magnetospheric conditions. The
15 RJ (black oval), 90 RJ and 150 RJ of the flux equivalence model ap-
plied with the JRM09 internal field (Connerney et al., 2018) are plotted in
(a), (c) and (e) at various sub-solar longitudes (SSL). Unmapped photons
equatorward (< 15 RJ) and poleward (> 15 RJ) are denoted by black and
orange triangles respectively. The different colours in panel (a) represent
the 90 RJ and 150 RJ contours of various SSLs observed throughout the
interval. (c) and (e) show the 90 RJ (navy line) and 150 RJ (light blue line)
contours midway through the interval. The location of Juno is denoted
by the yellow star. The concentric ellipses in (b), (d) and (f) represent the
distance form Jupiter in 10 RJ increments. The sub-solar standoff dis-
tance inferred from the Joy et al. (2002) magnetospheric model from the
Juno magnetopause crossings is plotted in red (at 62.52 RJ), as well as the
compressed (black dashed line) and expanded boundary limits. Figure
taken from Figure 9 in Weigt et al. (2020). . . . . . . . . . . . . . . . . . . 112

5.1 The sunspot number from 1999 to beginning of 2020 plotted as a function
of time is shown in black with individual Chandra HRC-I observations,
used in this statistical study, represented by dashed vertical black lines
(identical format to Figure 3.1). Black labels on top of the Chandra lines
show the number of HRC-I observations in a given year respectively. The
duration of the Galileo (GAL) mission is shown by the blue dot-dashed.
The ongoing timeline of the Juno mission is represented by the grey dot-
dashed line. Flybys of both Cassini (CAS) and New Horizons (NH) are
shown by the green and orange dot-dashed lines respectively. Sunspot
number source: WDC-SILSO, Royal Observatory of Belgium, Brussels . . . . 128
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5.2 2D histograms of averaged X-ray emissions, with a focus on those ob-
served within the auroral regions, of 28/29 observations in our cata-
logue. The plots are shown using a planetographic polar projection, with
the emissions plotted as if they were observed from above (a) Jupiter’s
north and (b) south joviographic poles. Surrounding both panels are
the labelled azimuth angles, as represented by the joviographic longi-
tude. The faded grey-concentric circles indicate increments of 10◦ lati-
tude. Circles representing all latitudes ≥ |40◦| are highlighted to pro-
vide the reader with context of the location of the emissions in this new
projection. The averaged brightness over the catalogue was calculated
using the same technique as described in Section 3.1 and Chapter 4 with
the colour bar indicating the brightness of the X-ray emissions across
Jupiter in units of Rayleighs (R). White regions indicate that very few or
no X-ray photons were observed. We overplot the Io footprint from Voy-
ager Io Pioneer 4 (VIP4) (Connerney et al., 1998) Io and the Ganymede
footprint from the Grodent Anomaly Model (GAM) (Grodent et al., 2008)
Ganymede footprints in panel (a). The footprints shown in panel (b) are
both from VIP4. The Io and Ganymede footprints in both panels are
shown as the dashed and solid black lines respectively. Figure taken
from Figure 1 in Weigt et al. (2021a). . . . . . . . . . . . . . . . . . . . . . 131

5.3 Distributions of the X-ray auroral power (panels (a) and (d)), associated
energy flux ((b) and (e)) and maximum brightness ((c) and (f)) of the
auroral emissions across our catalogue of 28 observations. Each param-
eter has been calculated as if it was observed from Chandra, assuming
isotropy. The distributions for the northern emissions are shown in the
top panels in light blue and the southern emissions shown below in gold.
All panels have the calculated mean (µ: solid line), median (M: dashed
line), and standard deviation, σ, of the distribution labelled. Figure taken
from Figure 2 in Weigt et al. (2021a). . . . . . . . . . . . . . . . . . . . . . 132

5.4 2D histograms showing the typical and extreme behaviour of the con-
centrated NHS emissions throughout the catalogue using a (a) Cartesian
(S3 lon vs. lat) and (b) polar planetographic projection. The S3 lon and
lat distributions of the NHS photons are shown in panel (a) with 1-D his-
tograms to show the width of the averaged hot spot emissions in more
detail. Panel (b) is of identical format to Figure 5.2, with the same Io and
Ganymede footprints overplotted (in both panels) to provide context to
the position of the auroral driver in the magnetosphere. Both plots, in-
cluding the 1D histograms, use bins of 3◦ S3 lon × 3◦ lat. The colour
bar shows the occurrence of X-ray photons in each bin from 26/29 obser-
vations in the Chandra catalogue that followed the numerical criterion
defined in Chapter 4 (Weigt et al., 2020) for photon concentration. The
cross-hatched area in both panels highlight the region of statistical sig-
nificance within the concentrated NHS X-ray emissions that we observe
in all 26 observations (i.e., an occurrence rate of 100%). Figure taken from
Figure 3 in Weigt et al. (2021a). . . . . . . . . . . . . . . . . . . . . . . . . 135
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5.5 Distributions of the calculated auroral parameters across the catalogue
for the NHS (blue) and AHSNuc (cross-hatched) emissions. Histograms
of both regions are of identical format to as Figure 5.3, showing the dis-
tributions with labelled statistical information (mean, median and stan-
dard deviation) for (a) the average power, (b) energy flux and (c) max-
imum brightness. We note any overlap of the NHS and AHSNuc dis-
tributions are identified as blue-cross-hatched regions of the histograms.
The mean for each distribution calculated for the NHS and AHSNuc are
represented with the vertical solid line with the value labelled adjacent.
The dashed vertical line shows the median of each distribution. As ex-
plained in the text, current mapping methods used in this analysis make
it difficult to find an accurate max brightness of the AHSNuc, and is
therefore not shown in panel (c). This figure is taken from Figure 4 in
Weigt et al. (2021a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.6 2D histograms of our results from the Vogt et al. model with the GAM
field model for all mappable (a) NHS and (b) AHSNuc photons for 26/29
observations. The associated exposure maps are displayed in (c) and (d),
where we have normalised each photon with the length of the Chan-
dra observation window for each event in the catalogue. The mapped
magnetospheric positions of the data are binned by 10 RJ (radial dis-
tance; outlined by the concentric circles) and 1 hour local time (LT) of
1 hour. We overplot the compressed (black dashed line) and expanded
(solid line) magnetopause boundary limits from the Joy et al. (2002) model.
The Vogt et al. model mapping is also constrained by these limits. The
colour bar represents the (panels (a) and (b)) number of mapped photons
and (panels (c) and (d)) the associated average number flux (counts/s)
in each bin. Figure taken from Figure 5 in Weigt et al. (2021a). . . . . . . 140

5.7 Resulting distributions of our Rayleigh analysis results for the (a) full
NHS and (b) AHSNuc regions in our catalogue. Histograms are in an
identical format as those shown in Figures 5.3 and 5.5. Any QPOs with
with a statistical significance < 99% (p-value (p) > 0.01) when tested
against our null hypothesis with 100,000 Monte Carlo simulations are
shown by the grey distribution present in both panels. The distributions
shown in blue and green indicate QPOs with significance ≥ 99% (p ≤
0.01).The striped bars represent the most significant QPOs in our cata-
logue with p ≤ 10−5 (significance ≥ 99.999%) against our null hypothe-
sis. This figure is taken from Figure 6 in Weigt et al. (2021a). . . . . . . . 144

6.1 Planetocentric polar projection of the UV northern auroral emissions ob-
served by HST on 27 February 2007. The projection is plotted on a 10◦ ×
10◦ S3 longitude-latitude gird (outlined by the dotted yellow line). The
log colour scale used is saturated at 500 kR. The dashed yellow lines out-
line the polar inner (PI) and outer (PO) regions. The low-latitude (LL),
high-latitude (HL) are labelled on the projection. The main oval (MO) is
outlined by the red contour. Figure taken from Figure 1 in Nichols et al.
(2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
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6.2 Polar projections of the identified auroral structures (highlighted by red-
dashed lines, ellipses and number from 1 - 9) corresponding to each UV
auroral family (Q, U, N, I, i and X). Each auroral family corresponds rep-
resents the magnetospheric dynamics, potentially influenced from inter-
nal and external drivers, responsible for producing such emissions. Each
UV auroral family is discussed in more detail in Grodent et al. (2018).
Figure taken from Figure 3 from Grodent et al. (2018). . . . . . . . . . . 159

6.3 A Cartesian plot of the X-ray mapping for an example Chandra observa-
tion (ObsID 18301) on 2 February 2017 analysed in this research with the
location of the labelled physics-informed auroral families as described
in the text. The concentrated X-ray auroral emissions (2D histogram:
binned by 3◦ S3 lon × 3◦ lat) given by the colour bar. The statistical UV
main oval (e.g., Nichols et al. (2017); Swithenbank-Harris et al. (2019)),
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Chapter 1

Introduction

”I now see the necessity of a beginning”
- Albert Einstein

The research presented in this thesis focuses on observations and analysis of auroral
X-ray emissions from the gas giants, massive planets mainly composed of hydrogen
and helium which cannot escape the planet’s atmosphere, primarily using data from
the Chandra X-ray Telescope (CXO). These Chandra X-ray observations are supported
and compared with other remote sensing (measurements taken at a distance from the
source) and in situ (measurements taken from the surrounding environment of the
detector) datasets, across multiple wavelengths, to provide diagnostics of the
magnetospheres during each observation window. The definition and structure of a
planetary magnetosphere is presented in Section 2. The instrumentation and datasets
used in this thesis are discussed in Chapter 3. The use of in situ data to determine the
state of the jovian magnetosphere and the implications that has on the pulsating X-ray
auroral driver(s) is explored further in Chapter 4. In Chapters 5 and 6, the typical and
extreme temporal and morphological behaviour of the most intense auroral emissions
are first examined in a thorough and extensive statistical study, followed by further
characterising auroral structures by comparing with other datasets (such as Juno and
the Hubble Space Telescope). Chapter 7 concludes the research discussions by
exploring the first detection of auroral X-rays at Saturn during a rare planetary
alignment with Jupiter that occurs once every ∼ 20 years.

The first three chapters of this thesis will provide the background knowledge that
supports and forms the foundations of the aforementioned studies. In this
introductory chapter, the fundamental physical concepts, theorems and definitions of
space plasma physics will be reviewed and examined. The fundamentals discussed
here will be contextualised in a magnetospheric setting in Chapter 2.



2 Chapter 1. Introduction

1.1 Definition of a plasma

One useful definition of a plasma states that a plasma is a quasineutral gas of charged and
neutral particles which exhibits collective behaviour (e.g., Chen, 2016). The ”quasineutral”
nature results from the density of the ion (ni) and electron species (ne) in the plasma
being approximately equal such that ni ' ne ' n, where n is the plasma density. The
”collective” interactions of a plasma are derived from the plasma motions that depend
on both local conditions and the state of the plasma at long ranges from forces
produced by the surrounding magnetic and applied electric field. The remainder of
this section will look at the criteria required to formally define a plasma.

1.1.1 Debye shielding

Considering an isolated ion of charge q, the electrostatic potential, φ, of the ion is
defined to be

φ =
q

4πε0r
(1.1)

where r is the distance at which the ion is observed and ε0 = 8.854× 10−12 F m−1 is
the permittivity of free space. If it is then assumed that the ion is enveloped in a gas
containing other ions and electrons (e.g. a plasma), the positive ion will attract the
oppositely charge electrons and repel other positive ions. The electron distribution
will change the potential, reducing φ at large distance scales (e.g., Kivelson, 1995). As
the surrounding ions are more massive than the electrons, as they are composed of
protons and neutrons with a single proton being ∼ 1836 time more massive than
electrons, their motion as a response to any change of the potential is negligible in
comparison. The now ”shielded” ion will have a shielded potential, φs, of the form

φs =
q exp

(
− r

λD

)
4πε0r

(1.2)

where λD is the Debye length (Debye and Hückel, 1923). Compared to the electric
potential of an ion in a vacuum (Equation 1.1), the shielded ion now has an additional
exponential decay term which dominates when r ≥ λD. For an electron-proton
plasma, this parameter is given by

λD =

(
ε0kT
ne2

) 1
2

(1.3)
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where k = 1.381 × 10−23 m2 kg s−2 K−1 is the Boltzmann constant, T is the plasma
temperature, n is the plasma density and e = 1.602 × 10−19 C is the charge of an
electron. The Debye length therefore is the greatest distance over which any
departures form charge neutrality may occur in a plasma in thermal equilibrium.
Therefore, if the system dimensions L are far greater than λD, the plasma is shielded
from any large electric potentials or fields that may be introduced into the system,
otherwise known as Debye shielding (e.g., Chen, 2016).

If a foreign charge enters the surrounding region of a plasma and disturbs its
quasi-neutral state, the response time for the plasma, tD, to adjust and return to
quasi-neutrality can be calculated from the ratio of λD and thermal velocity of the
plasma, vth =

√
(kT/m) (where m is the mass of the plasma), as follows

tD ≈
λD

vth
=

(
ε0kT
ne2 ·

m
kT

) 1
2

= ω−1
p (1.4)

where ωp is the plasma angular frequency (with units of radians s−1) and all symbols
have the same definitions as before (e.g., Gibbon, 2016). By dividing ωp by one
revolution (or 2π radians), we obtain the plasma frequency, fp

fp =
ωp

2π
[Hz] = 9

√
ne [kHz] (1.5)

where ne has units cm−3 when expressing the plasma frequency for electrons, for
example, in terms of the density of the plasma. The multiplicative term is calculated
from the constants in Equation 1.4. This parameter is important as it provides a useful
way to measure plasma density of a given region using the frequency observed from,
for example, a spacecraft.

1.1.2 The plasma parameter

In order for the Debye shielding condition to hold, there must be enough particles in
the plasma. The number of particles, ND, is known as the plasma parameter and can be
calculated for a sphere with radius λD (a Debye sphere) using Equation 1.3

ND =
4
3

πnλ3
D (1.6)

Therefore, for ”collective” behaviour to occur for a plasma, ND ≫ 1 otherwise the
system is described as a neutral or ionised gas containing independent charged
particles.
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1.1.3 Plasma collision frequency

The rate at which a single particle within the plasma experiences collisions with other
surrounding particles (e.g. feels an electrostatic force from all other particles within a
Debye sphere) is known as the plasma collision frequency. As a result, each particle
inside the plasma will feel a continually fluctuating electric field and undergo a
random walk with some velocity. Therefore for a gas to behave like a plasma, the
product of the plasma collision frequency, νB, and mean time between collisions
involving any charged particles, τ, must be > 1 (e.g., Chen, 2016). Therefore this
conditions reiterates that we need a vast number of particles within the Debye sphere
for the plasma conditions to hold.

The remainder of this chapter will look at the how plasma physics defines the
behaviour of a plasma in many different magnetic and electric field configurations,
using a variety of descriptions.

1.2 Maxwell’s equations

The behaviour of space plasmas observed throughout the observable universe are
governed by electromagnetic fields. These electromagnetic fields must follow four
fundamental laws known as Maxwell’s equations (e.g., Griffiths, 1999). Therefore the
behaviour of space plasmas can be also be derived from Maxwell’s equations (in SI
units) which are as follows

∇ · E =
ρ

ε0
(1.7)

∇ · B = 0 (1.8)

∇× E = −∂B
∂t

(1.9)

∇× B = µ0J + µ0ε0
∂E
∂t

(1.10)

where E and B are the electric and magnetic field vector respectively, ρ is charge
density, J is the current density vector and µ0 = 1.257 ×10−6 m kg s−2 A−2 is the
permeability of free space with ε0 having the same definition as before.

The first two equations, Equations 1.7 and 1.8 or Gauss’ laws for electricity and
magnetism respectively, state how these electromagnetic fields are created. Gauss’ law
for electricity (Equation 1.7) relates the electric field, E, on a given surface to the total
charge of the enclosed source with density, ρ. This holds for both static and moving
charges and fundamentally states that an electric field is produced when a charge
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exists. Gauss’ law for magnetism (Equation 1.8) states that no magnetic monopoles
can exist. This means that the divergence of the magnetic field, B, is always zero
implying that all magnetic fields must always exist in a continuous loop and never as
a single ”magnetic charge” or monopole (e.g., Griffiths, 1999).

The latter two Maxwell’s equations, Equations 1.9 and 1.10 or Faraday’s law and
Ampère-Maxwell’s law respectively, state how the spatial and temporal behaviour of
the electric and magnetic field are coupled together. Faraday’s law (Equation 1.9)
states how a time-dependent magnetic field, B, evolving over time induces an electric
field. As a result, the line integral of the electric field around a closed loop
surrounding will always generate an electromotive force (EMF) or potential difference
which is equivalent to the rate of change of magnetic flux through the enclosed loop.
The final of Maxwell’s equations, the Ampère-Maxwell’s law (Equation 1.10), states
that an induced magnetic field is created when a current is produced. The
displacement current contributions are shown in the second term of the right hand
side of Equation 1.10 (e.g., Griffiths, 1999).

The Maxwell’s equations can be simplified in many different regimes. For example, in
free space no charge or currents can exist (e.g. ρ = 0, J = 0) and therefore Equations 1.7
and 1.10 will read as ∇ · E = 0 and ∇× B = µ0ε0

∂E
∂t respectively. In the theory of

magnetohydrodynamics to explain the behaviour of plasmas (discussed further in
Section 1.4), the displacement current contributions are neglected and assumes that
there is charge neutrality throughout the plasma (e.g. Kivelson, 1995) . Maxwell’s
equation will therefore read:

∇ · E = 0 (1.11)

∇ · B = 0 (1.12)

∇× E = −∂B
∂t

(1.13)

∇× B = µ0J (1.14)

The remainder of this chapter will apply Maxwell’s equations in many plasma
descriptions to explore a variety of different plasma behaviours and diagnostics.

1.3 Particle orbit theory

Plasmas observed in a laboratory or space setting have be found to exhibit behaviours
associated with both a fluid and a collection of individual particles. In order to
understand the unusual, mixed behaviour of plasmas, the motions of the individual
particles in external electric and magnetic fields first need to be understood (e.g.,
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Chen, 2016). This is called particle orbit theory and is applicable to a low-density
plasma regime (i.e. small ND) where only single-particle trajectories need to be
considered. In this section, the external electric and magnetic fields are assumed to
dominate over any electromagnetic interactions between the charged particles and
thus not affected by the plasma.

The equation of motion for a non-relativistic charged particle is this regime is given by

m
dv
dt

= q (E + v× B) (1.15)

where m is the mass of the particle, v is the velocity vector and all other symbols have
the same meaning as defined previously. Equation 1.15 shows how the force created
from the acceleration of the particle (left hand side) is equal to the Lorentz force
produced from the electric and magnetic field enveloping the charged particle. We
now examine how this equation of motion is affected by different electric and
magnetic field configurations.

1.3.1 Particle motion in a constant B-field

In this description, the magnetic field is assumed to be constant in one direction
(B = Bêz, where êz is the unit vector in the z-direction) and there is no electric field
(E = 0). From Equation 1.15, without the presence of an electric field, no work is done
on the charged particle by B as the particle’s kinetic energy remains constant (e.g.,
Chen, 2016). Therefore the motion of the particle can be split into the perpendicular
and parallel components. From computing the cross product in Equation 1.15, there is
no parallel component to B. The time derivative of perpendicular components of
motion show that the charged particle gyrates at angular frequency, ωc, given by

ωc =
|q|B
m

(1.16)

where B is the magnetic field component associated with ωc. Equation 1.16 defines the
gyrofrequency or cyclotron angular frequency of the particle and is dependent on the mass
of the particle. Since the mass of an electron (me = 9.109 × 10−31 kg) is far less than the
mass of a proton (mp = 1.673 × 10−27 kg), the electron gyrofrequency is greater than
the proton gyrofrequency (i.e. ωce � ωcp). The solutions to the particle’s equation of
motion describe the gyromotion around the z-axis at ωc. The radius of the orbit is
known as the Larmor radius given by

rL =
v⊥
ωc

=
mv⊥
qB

(1.17)
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FIGURE 1.1: Larmor orbits around the guiding centre of an ion (left) and an electron
in a constant magnetic field. B is directed into the page. Figure adapted from Figure

2.1 in Chen (2016).

where v⊥ is the constant perpendicular velocity component of the charged particle. As
the Larmor radius is also dependent on the mass of the particle, the orbit for an ion is
larger than the electron equivalent (i.e. rLi � rLe). The centre of the orbit is called the
guiding centre which moves uniformly along B. Therefore the trajectory of the particle
in this description is a circular orbit around a guiding centre (or a helix) which can
drift in a direction perpendicular to B (e.g., Chen, 2016; Kivelson, 1995). When B and
everything else in the system remains constant, there is no drift of the guiding centre
perpendicular to B. The direction of gyration is determined by the magnetic field
generated by the charged particles in the plasma which opposes the prescribed
magnetic field (i.e. electrons and ions gyrate in opposite directions due to the opposite
signs of the charges). This is shown in Figure 1.1 for an ion and an electron, with the
magnetic field going into the page.

1.3.2 Particle motion in non-uniform E- and B- fields

For this description, the electric field is non-zero, E = (Ex, 0, Ez), B = Bêz like before
and both kinetic and potential energy are conserved. The electric field is found to do
work on a charged particle in this setting, producing an acceleration in the component
of the electric field parallel to B, Ez. The component of E perpendicular to the
magnetic field, E⊥, causes the guiding centre to drift across the field lines. In this field
configuration, an ion in a circular orbit when moving parallel to E will result in an
increase in v⊥ and rL as the ion gains energy. In the second half of the cycle, the ion is
anti-parallel to E and will lose energy (e.g. rL). The difference in the Larmor radius on
either side of the orbit results in an E× B drift, vE, at a constant velocity with the
gyro-orbit being not a closed circles. This is generalised by:
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FIGURE 1.2: Same nomenclature as Figure 1.1. Schematic of particle drifts, with drift-
ing velocity vgc, in perpendicular electric and magnetic fields. B is directed pointing

out of the page. Figure adapted from Figure 2.2 in Chen (2016).

vE =
E× B

B2 (1.18)

In this description, solving Equation 1.18 finds that the guiding centre drifts in the

negative y-direction (-êy) with velocity vgc = vE =
Ex

B
i.e. the drift only occurs when

Ex > 0 (e.g., Chen, 2016). An electron would gyrate in the opposite direction with a
smaller orbit as shown in Figure 1.2.

In a unidirectional, non-uniform magnetic field (i.e. there is a change of gradient)
without an applied electric field, a charged particle will experience a drift
perpendicular to the direction of B and the gradient of the field, ∇B. In this
description, the magnetic field strength is found to increase in the positive y-direction,
the direction of increasing gradient (e.g. Bz = Bz(y)). The configuration is shown in
Figures 1.3a) and (b). The resulting drift is called a ∇B (’grad B’) drift, v∇B, and is
given by the following equation

v∇B = ±
v2
⊥

2ωc

B×∇B
|B|2 (1.19)

where the ’±’ indicates the sign of the charged particle and the factor of 1/2 arises
from averaging the external force over a gyro-period. As shown in both Equation 1.19
and Figure 1.3c), oppositely charged particles will drift in opposite directions unlike
the E× B drift. For the case of ions and electrons, a current will be produced across B
(e.g., Chen, 2016).

The curvature of the magnetic field will also produce a centrifugal force felt by
gyrating charged particles. This contributions made from the curvature accompany
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FIGURE 1.3: Similar format to Figure 1.2 with a change of axis direction for illustration
purposes. Configuration shows a unidirectional, non-uniform B field with no applied
electric field with (a) the B pointing upwards in the z-direction with increasing gradi-
ent, ∇B, in the y direction (e.g. Bz = Bz(y)). The same schematic is depicted with B
pointing out the page in panel (b). (c) shows the drifts for an ion and electron in this
regime in the direction of the x-axis, perpendicular to both B and∇B. The direction of
the drift is represented by the black arrow inside the gyro-orbits. Figure adapted from

Figure 2.5 in Chen (2016).

the∇B drift when the field strength decreases with radius. Equation 1.19 can therefore
be adapted to find an expression for the total drift in an inhomogeneous magnetic field

vB = v∇B + vR =
m
q

(
v2
‖ +

v2
⊥
2

)
RC × B
|B|2R2

C
(1.20)

where vR is the drift contribution due to the curvature of the magnetic field and RC is
the constant radius of curvature which is larger than the Larmor radius of the charged
particle. From Equation 1.20, the drift is perpendicular to RC and B and is dependent
on both the parallel and perpendicular components of the particle’s velocity. This drift
contribution is often present in particle transport effects and is useful when
understanding particle acceleration at shock waves and current sheets (where J 6= 0)
(e.g., Chen, 2016; Kivelson, 1995). This has been observed in a magnetosphere setting
where the charge-dependent drift produced from an inhomogeneous magnetic field
(e.g. Earth’s dipole field) induces a ring current surrounding the planet. For the case of
Earth, the ring current is created by azimuthally drifting particles trapped by the
geomagnetic field. For the case of Jupiter (and Saturn), due to the plasma source being
internal (see Section 2), the particle pressure is comparable to that of the magnetic
pressure produced by the planet’s magnetic field (e.g., Bagenal, 1992). Coupled with a
rapid planetary rotation, the centrifugal forces causes the field lines in the planet’s



10 Chapter 1. Introduction

equatorial plane to stretch. This strong perturbation of the planetary field generates a
very strong ring current surrounding the gas giant planet in a region known as the
magnetodisc or current sheet. The structure of the magnetosphere as well as the
dynamics and behaviour of magnetospheric plasma will be discussed further in
Chapter 2.

1.3.3 Magnetic mirroring and trapping

In an inhomogeneous B field, a charged particle will move from a region of weaker
field strength, Bmin, to a stronger region, Bmax, where the field gradient is parallel to
the magnetic field (Figure 1.4). As the particle gyrates along the field line, a magnetic
moment (strength and orientation of the field), µ, is produced with area, A, and
induced current I with the following expression

µ = IA =

(
|q|ωc

2π

) (
πr2

L
)

=
mv2
⊥

2B
(1.21)

where the definition of the Larmor radius is used (Equation 1.17) in the final step. As
the particle moves along this field configuration, a force is produced as a result of the
gradient of the magnetic field being parallel B. This is known as the mirror force. From
solving the equation of motion, the magnetic moment is found to be invariant on
timescales less than the particle’s gyrofrequency and is therefore conserved at all
points along the magnetic field (known as the first adiabatic invariant). Therefore, for µ

to be conserved in Equation 1.21, the v⊥ must increase and v‖ decreases and
eventually becomes zero. At the point where v‖ = 0, the mirror point, the charged
particle is reflected back towards the region of weaker field due to the mirror force (as
shown in Figure 1.4b)). The process repeats in the opposite direction thus magnetically
trapping the charged particle. A particle that bounces between two mirrors, with
guiding centre drifting across field-lines, will produce (quasi-)periodic motion at the
bounce frequency (also known as the second adiabatic invariant) (e.g., Kivelson, 1995).

In principle, magnetic trapping is not perfect. When the perpendicular component of
the velocity is very small and approaching zero, the particle will no longer experience
a mirror force. Using the first adiabatic invariant and conservation of the magnitude
of velocity along the field line, the pitch angle (α) of the particle can be defined as

sin2 α

B
= const. (1.22)

The pitch angle is therefore defined to be the angle between the particle’s velocity
vector and the magnetic field line it travels along. The angle will determine if a
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FIGURE 1.4: Schematics of (a) a configuration of an inhomogenous magnetic field,
varying along the z-axis (where ∇B ‖ B) and a (b) charged particle trapped between
magnetic mirrors (i.e. point at which v‖ = 0) with the direction of reflection. The
points where the field string is weakest and strongest are denoted by Bmin and Bmax

respectively.

particle will still be magnetically trapped or not. The pitch angle can be found for each
point in a particle’s trajectory by combining Equations 1.21 and 1.22, assuming the
first adiabatic invariant is not violated.

The set of angles at which the particle may escape the magnetic trap are called
loss-cone angles. If the initial pitch angle, α0, is smaller than the loss-cone angle, the
particle will escape from the magnetic trapping and will be lost to the atmosphere. A
simple schematic of this process is shown in Figure 1.5, showing the trajectory of
particles inside and outside of the loss cone in a simple dipole field in a planetary
magnetosphere (not to scale). The altitude of the mirror point depends on the pitch
angle of the charged particle and the magnetic field strength at the planet’s equator.
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FIGURE 1.5: Schematic of magnetic mirroring shown in Figure 1.4 in the context of
(a) a simple terrestrial-like magnetosphere and the cases where the mirror point is (b)
below and (c) above the atmosphere (not to scale). Similar to Figure 1.4, the magnetic
field and particle trajectory outside of the loss cone are shown in light blue and red
respectively. The particle trajectory inside the loss cone is shown by the dashed-black
line. Bold dashed lines are labelled as the mirror points in both panels. The radius of
the gyro-orbit increases as the magnetic dipole field strength decreases with distance
to the planet. Panel (b) shows the production of UV auroral when mirrored electrons
are lost by collisions with the atmospheric molecules. Panel (c) shows that when the
mirror point is outside of the ionosphere, the mirrored electrons produce weaker, dif-
fuse auroral emissions, as there are less electrons, from the loss cone population only.
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Figure 1.5b) shows the case where the mirror point is inside the atmosphere and
mirrored (or magnetically trapped) electrons (outside of loss cone; red trajectory) are
lost by collisions with the atmospheric molecules. As a result, UV auroral emissions
will be created. Panel (c) shows that when the mirror point is outside of the
ionosphere, for a simple terrestrial magnetosphere, the mirrored electrons produce no
auroral emissions. The only contribution to the auroral emissions are from the loss
cone population (black-dashed trajectory), producing weaker or diffuse emissions
across the poles (for the terrestrial case) with zero magnetic trapping. Whether
”diffuse” emissions are generated at the gas giant planets is still up for debate in the
field today. Both mirrored and loss cone particles are important when analysing
magnetospheric plasma populations and how they precipitate from the
magnetosphere to the ionosphere. This is known as magnetosphere-ionosphere coupling
(M-I coupling) . In the case of Jupiter, ions as well as electrons can also precipitate via a
similar process. The auroral processes associated with M-I coupling and the behaviour
of different magnetospheric plasma populations will be discussed further in
Chapters 2, 4 and 5.

1.4 Magnetohydrodynamics

When studying the behaviour of space plasmas, in many cases it is more useful to treat
the plasma as a single conducting fluid (i.e. all particle species move together) which
carry currents and electromagnetic fields. This is known as magnetohydrodynamics
(MHD) and combines Maxwell’s equations (Equations 1.11 - 1.14) with fluid dynamics
and thermodynamics to describe the behaviour of plasma as a single conducting fluid.
As stated in Section 1.2, this description assumes that there are no displacement
currents and therefore the plasma will not produce any electromagnetic waves. The
plasma is assumed to have a net charge of zero (i.e. quasineutral). For simplicity, any
plasma discussed in the remainder of this chapter will be composed of ions and
electrons with the same magnitude of charge, q. The properties of a plasma described
using MHD are defined by the following expressions (e.g., Chen, 2016)

ρm(r, t) = ∑
s

msns(r, t) ≈ n(mi + me) (1.23)

u =
∑s msnsvs

∑s msns
≈ mivi + meve

mi + me
(1.24)

J = q(nivi − neve) ≈ qn(vi − ve) (1.25)

where ρm(r, t) is the mass density of the plasma, ms and ns(r, t) are the mass and
number density of one species, s, respectively, u is the bulk velocity of the plasma, vs
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is the velocity of one species and J is the current density of the plasma like before. The
right hand side of all three equations show the contributions from both electrons and
ions in the plasma. Both properties shown in Equations 1.23 and 1.24 are summed
over all species in the plasma. In the description discussed here, the species will be
ions and electrons (subscript ’i’ and ’e’ respectively, or two-fluid MHD) with u� c,
where c = 2.998× 108 m s−1 is the speed of light in a vacuum. The gyroradii of the
species within the plasma are far less than the system scales. As the plasma is
quasineutral and only contains electrons and singly charged ions, the assumption that
ne ≈ ni = n has also been made. With these assumptions and plasma parameters, the
behaviour of plasmas in this description can be described using the MHD equations
(e.g., Chen, 2016; Kivelson, 1995).

In the MHD description of plasma, matter (or mass) can neither be created or
destroyed. This is given by the continuity equation, the first MHD equation

∂ρm

∂t
+∇ · (ρmu) = 0 (1.26)

where Equations 1.23 and 1.24 are used to define ρm and u. Equation 1.26 takes into
account all of the mass continuity equations for each separate species within the
plasma (i.e. treats the plasma as one single fluid), flowing through a closed surface.
The equations of motion for an ion and electron in the plasma, incorporating
contributions from the fluid flow of the plasma, electromagnetic fields, gravitational
acceleration and collisions, are given by

min
∂vi

∂t
= en(E + vi × B)−∇pi + ming + Pie (1.27)

men
∂ve

∂t
= −en(E + ve × B)−∇pe + meng + Pei (1.28)

where pi,e is the pressure term of the ions and electrons respectively, resulting from the
fluid flow of the plasma, g is the gravitational acceleration vector and Pei = −Pie are
the drag force terms (or momentum contribution from collisions) between the ions
and electrons and other terms have been defined previously. The charge of the ions
and electrons are given by q = ±e = ±1.602× 10−19 C. By summing all equations of
motion for all species in the plasma and using the definitions of the plasma parameters
(Equations 1.23 - 1.25) we obtain the second MHD equation or momentum equation

ρm
∂u
∂t

= −∇p + J× B + ρmg (1.29)
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where p = pi + pe is the total pressure term and the drag force terms cancel out as the
ions and electrons move in opposite directions (as stated by Pei = −Pie), assuming
equal contributions from electron-ion and ion-electron collisions. The electric field
contribution also cancels out and does not explicitly appear in Equation 1.29 as the
plasma is treated as a neutral fluid. The right hand shows the three body forces due to
the magnetic field, pressure gradient and gravity as expected.

The third MHD equation can be derived by subtracting the equations of motion for
the electrons and ions and describes how J evolves with time. This is known as the
generalised Ohm’s Law and given by

(E + u× B) = ηJ +
1
en

(J× B−∇pe) (1.30)

where the momentum contribution from collisions between the ions and species has
been defined as Pei = ηe2n2(vi − ve) with η being the specific resistivity of the plasma
(e.g., Chen, 2016). Equation 1.30 neglects any contributions from inertial effects due
slow motions of the plasma and is in the limit me

mi
→ 0. The first term on the right hand

side, ηJ, defines the contribution from resistive forces and the term that follows, J× B
is called the Hall current term. The final contribution is due to the pressure from the
electrons alone as they are less massive and therefore more mobile than the ions. If the
plasma is fully ionised, collisionless, and the macroscopic behaviour of the plasma
extends beyond the electron collision timescales, the resistive forces due to the
electrical conductivity dominate. Therefore the last two terms on the right hand side
can be neglected and therefore Ohm’s law can be simplified to

J = σ(E + u× B) (1.31)

where σ = 1
η is the plasma conductivity. The final MHD equation, the energy equation,

assumes the plasma is in thermodynamic equilibrium and can undergo adiabatic
compressions and expansions. The energy equation therefore defines the equation of
state for a plasma.

d
dt

(
pρ
−γ
m

)
= 0 (1.32)

where γ =
cp
cv

is the adiabatic index or the ratio of the specific heat capacity at constant
pressure (cp) and constant volume (cv) (e.g., Kivelson, 1995).

The MHD equations allow the bulk motion and behaviour of the plasma to be
described in detail. The next few sections will discuss and examine some of the key
plasma diagnostics that can be derived from the MHD equations.
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1.4.1 Hydromagnetic Equilibrium

In order to understand how plasma is contained in various magnetic field
configurations (e.g. loop structures in the solar atmosphere, magnetospheric plasma
along field lines), the steady state or equilibrium of the plasma can help provide a
solution. In this steady state MHD description, the plasma does not evolve with time
(i.e. ∂

∂t = 0) and is assumed to be not gravitationally bound to the plasma source (e.g.
g = 0). Therefore, the momentum equation of the plasma (Equation 1.29) reads

∇p = J× B (1.33)

where, in an equilibrium state, the pressure gradient and Lorentz forces are balanced.
Using the definition of current density from Ampère-Maxwell’s law in MHD
(Equation 1.14) and some algebraic manipulation, Equation 1.33 can be rewritten as

∇
(

p +
B2

2µ0

)
=

1
µ0

(B · ∇)B (1.34)

where the gradient of the sum of the particle pressure (p) and magnetic field pressure
(B2/2µ0) is equal to the magnetic tension, as shown on the right hand side. In many
cases, when the curvature of the field lines is so small they can be assumed to be
straight, the magnetic tension is negligible and therefore the total particle and
magnetic pressure must be constant (e.g., Chen, 2016). For example, if the plasma
density is high, the magnetic field must be low in order to maintain equilibrium (e.g.
Equation 1.33) and vice versa. The magnitude of the magnetic pressure contribution
can be determined from the ratio of the particle and field pressure

β =
particle pressure

magnetic pressure
=

∑ nkT
B2/2µ0

(1.35)

where the ideal gas law is used to define particle pressure in which all (if any)
collisions between plasma particles are perfectly elastic, k is the Boltzmann constant
and other symbols have been defined previously. This ratio is known as the plasma-β.
A low-β plasma (or ”cold” plasma) will be dominated by the forces produced from the
particles in a weak magnetic field. The field can therefore be treated as uniform (e.g.
B = Bêz like before) when dealing with plasma waves. In a high-β plasma (or ”hot”
plasma), the local magnetic field can be greatly influenced by plasma currents (e.g.,
Chen, 2016; Kivelson, 1995). As discussed further in Chapter 2, planetary
magnetospheres contain both ”hot” and ”cold” plasma populations which are affected
by different processes.
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1.4.2 Magnetohydrodynamic Wave Modes

Using the hyrdomagnetic equilibrium assumption, the perturbations of the magnetic
field inside and surrounding the plasma can be examined via a first-order linearised
form of the MHD equations. These perturbations are a result of an external force being
applied to the system and can be analysed from the waves produced which propagate
through the plasma. The configuration of the system will determine what types of
MHD waves, or wave modes, the plasma produces. This section will discuss these
modes, their direction of propagation and set up the foundations for these waves to be
explored in greater detail in the later relevant Chapters.

If the perturbation of the field is perpendicular to the background magnetic field and
propagates along it at a frequency less that the cyclotron frequency (ωc), the
dispersion relation for a slow or shear Alfvén wave (SAW) can be calculated for an
incompressible plasma (e.g., Goertz and Strangeway, 1995). The SAW mode is found
to only propagate along the field lines of which they are produced. The perturbation
produced is analogous to the ”wave in a box” or a ”wave on a string” in quantum
mechanics with the field line acting as the string for the SAW. As the SAW is a
transverse wave, the perturbation does not affect the plasma density or pressure as
they are purely a product from the threaded magnetic field. Therefore the restoring
force, to return the field back to equilibrium, is the magnetic tension of the field line.
SAWs are ubiquitous in planetary magnetospheres (e.g., Wilson and Dougherty,
2000a; Rae et al., 2005; Manners and Masters, 2020) and play a vital role in
transporting energy and information from the magnetosphere to the ionosphere.

If the velocity of the perturbation is not perpendicular to the direction of its
propagation, the dispersion relation produces two modes for a magnetosonic wave or
compressional waves. When the pressure gradient forces from the particles and
magnetic field are combined, the speed of the wave propagation is greater than the
Alvén speed, cA, and a fast mode magnetosonic wave is produced. When the forces
oppose each other, a slow mode magnetosonic wave is produced instead, at a slower
velocity than their fast mode counterpart. As the magnetosonic waves move through
the plasma, the fluid is moved in the direction of the compressional mode
propagation. This results in the plasma having a non-uniform density profile (e.g.,
Goertz and Strangeway, 1995). Fast modes are found to propagate in any direction
from the perturbation source and can propagate faster than cA as the fluctuations due
to the plasma and magnetic pressure are nearly in phase with each other. Slow mode
waves can only move along the field lines of the background field as these fluctuations
are out of phase with each other. The nature of the waves and their propagation
velocity is highly dependent on the plasma-β, for example, in a hot plasma (β >> 1)
slow mode waves behave like SAWs. Examining and understanding the difference
between SAWs and compressional waves are important when dealing with a changing
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state of a planetary magnetosphere, for example, as it undergoes a rapid compression.
In a planetary magnetosphere, compressional waves can be found across a cavity
whereas the SAWs propagate along perturbed field lines. Both SAWs and
compressional mode waves will be discussed in more detail in Chapters 2, 4 and 5.

1.4.3 Alfvén’s frozen-in theorem

In many cases, the magnetic field that encompasses the plasma will be in the presence
of a prescribed velocity field generated from the plasma. The evolution of B in this
case can be derived from combining Ohm’s law (Equation 1.31) with the MHD
Maxwell’s equations that describe how E and B evolve with time (Equations 1.12, 1.13
and 1.14)

∂B
∂t

= ∇× (u× B) + η̃∇2B (1.36)

where η̃ = η/µ0 is the magnetic diffusivity of the plasma and all other symbols have
been previously defined. Equation 1.36 is known as the induction equation and states
that, in the presence of the plasma velocity field, the time evolution of B depends on
the resistive diffusion, η̃∇2B, and the advection of the plasma, ∇× (u× B).

If η̃ is very small (i.e. when η → 0 in the ideal MHD regime), the resitivity term in the
induction equation is negligible in comparison to the advection contribution. For a
closed contour, C, enclosing a surface, S with area d2S, the total magnetic flux through
the contour, ΦB is

∫
S B · d2S. The rate of change of magnetic flux through C is therefore

dΦB

dt
=

∂

∂t

∫
S

B · d2S =
∫∫

S

∂B
∂t
· dS +

∂

∂t

(∮
S

B · (udt× dl)
)

(1.37)

where the double integral over the surface in the first right hand side term is
equivalent to a single integral over the area element and the path integral (second
term) describes the change in area of the contour due to the motion of the plasma.
This is described by considering an interval of time, dt, where the area changes due to
the movement of a line element, dl. Using Stoke’s Theorem and the properties of the
scalar triple product, Equation 1.37 can be rewritten as

dΦB

dt
=
∫∫

S

(
∂B
∂t
−∇× (u× B)

)
· dS (1.38)

Substituting the induction equation (Equation 1.36) for very small η̃, dΦB
dt = 0. This is

known as flux freezing or Alfvén’s frozen-in theorem for a fluid with infinite electric
conductivity (or zero diffusivity). The magnetic field is frozen into the plasma and is
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therefore forced to move with the motion of the conducting fluid and vice versa
(Alfvén, 1942). For the case of space plasmas, they can not cross magnetic field lines
unless under certain regimes which break ideal MHD, such as magnetic reconnection.
Magnetic reconnection is a process that occurs between sets of oppositely directed
magnetic field lines in a plasma with high conductivity. These field lines break and
join together, converting the stored magnetic energy into plasma thermal and kinetic
energy (e.g., Chen, 2016). Chapter 2 will discuss magnetic reconnection in context
with the dynamics of the jovian magnetosphere. The remainder of this chapter will
look at how we can apply the plasma diagnostics derived from MHD to the structure
and behaviour of the magnetic fields and plasma produced by the Sun and how they
permeate the Solar System.

1.5 Solar Magnetic Field

In order to understand the space plasma populations in the Solar System, the
properties of the Sun’s atmosphere and magnetic field need to be discussed. The Sun
is the largest plasma source in the Solar System and its atmosphere and magnetic field
propagate throughout via open (heliospheric) and closed (coronal) field lines. Both sets
of field lines play a vital role on understanding space weather throughout our Solar
System and how they are coupled to planetary magnetospheres (discussed more in
Chapter 2). The effect the solar magnetic field has on Earth’s geospace has been
studied since the the mid 1800’s when the largest solar storm recorded impacted
Earth, the Carrington Event (Carrington, 1859; Hodgson, 1859). It was found that the
currents induced by the solar storm caused telegraph poles to catch fire and powerful
auroral displays found to occur at lower latitudes than where is typically expected. It
is therefore important to understand how powerful the Sun can be from both a
magnetospheric and infrastructure perspectives. The remainder of this chapter will
build up the foundations to discuss the former in Chapter 2.

1.5.1 Heliospheric and Coronal fields

The Solar System is enveloped by a ”magnetic bubble” produced by solar open or
heliospheric field lines. This is known as the heliosphere and the field lines are found to
originate from coronal holes - co-rotating dark, cooler regions of plasma in the solar
outer atmosphere or corona which generate fast solar winds (e.g., Priest, 1995). As
stated by Gauss’ law of magnetism (Equation 1.8), no magnetic monopoles can exist
and therefore the structure of a magnetic field must be a loop and cannot be ”open”.
The term ”open” used in context with the heliospheric field lines suggest that locally,
the field is unipolar and stretch themselves to long distances in interplanetary space.
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FIGURE 1.6: (a) Schematic of the steady-state solar heliospheric magnetic field as
shown in the ecliptic plane, showing the orientation and polarity of the “open” field
lines (North; red, South; blue) at labelled regions. “Closed” field lines are shown as
black solid lines in the equatorial plane of the Sun. Close to the solar surface, the high-
β coronal plasma produces a a super-radial expansion of the field. The source surface
defines the region of pressure-driven expansion and the field and flow is radial. The
rotation of the Sun beyond this point adds an azimuthal component to the field, lead-
ing to the spiral structures predicted. Field lines of opposite polarity are separated by
the heliospheric current sheet (HCS; green-dashed line) with an artists impression of
the ”ballerina skirt” shown in (b). Panel (a) is adapted from Figure 1 in Owens and
Forsyth (2013) and (b) is taken from https://www.esa.int/ESA_Multimedia/Images/

2019/03/Parker_spiral. Copyright (b): NASA – Werner Heil.

https://www.esa.int/ESA_Multimedia/Images/2019/03/Parker_spiral
https://www.esa.int/ESA_Multimedia/Images/2019/03/Parker_spiral
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The heliospheric field lines are believed to reconnect in the expanses of the
heliosphere, beyond Pluto’s orbit (e.g., Echer et al., 2005). Therefore the time evolution
of these fields coupled with the Sun’s rotation are the main driving mechanism for
space weather throughout the Solar System. As discussed in detail in Chapter 2, it is
known that planetary magnetospheres respond to changes to the solar wind and the
magnetic field it carries with it, the interplanetary magnetic field (IMF) forming the
interplanetary medium.

As the Sun rotates, the geometry of the heliospheric field lines twist into an
Archimedes spiral. At boundaries of opposite field polarity, the heliospheric current
sheet (HCS) is produced. The HCS is believed to ”wave” as a result of the tilt angle
between the Sun’s magnetic dipole and rotation axis (e.g., Owens and Forsyth, 2013),
creating a ”ballerina skirt”. This configuration was first predicted by Parker (1958)
and is shown schematically in Figure 1.6. The strength of the field falls with the
inverse square of the distance from the Sun, due to conservation of magnetic flux, and
is shown to change the field geometry (Figure 1.6a)). Near the solar surface in the
inner solar corona, the high-β coronal plasma (i.e. magnetic field dominates the
plasma flow) produces a a super-radial (or non-radial) expansion of the field. As the
field extends, it reaches the ”source surface” - the boundary where pressure dominates
the field, leading to both the field and plasma flow to be radial. Beyond this boundary,
the rotation of the Sun adds an azimuthal component to the magnetic field, leading to
the spiral structures predicted by Parker (1958). Magnetic field of opposite polarities
(as anchored to different hemispheres) are separated by the HCS. The ”ballerina skirt”
shape of the HCS is shown in as an artists impression in Figure 1.6b).

The closed coronal field lines are observed on the visible ”surface”, or photosphere, of
the Sun and are usually confined to regions of largest magnetic field concentration,
sunspots. The emissions flowing along the closed field lines tend to be brighter against
the solar ”surface” when observed, with the sunspot being the footpoints of the
magnetic field or coronal loops in the solar photosphere. Each rooted anchor of the
coronal loop is of a different polarity and therefore producing a bipolar field within
the coronal loop (e.g., Echer et al., 2005). These loops are subject to intense twisting
which stores magnetic energy (therefore increasing magnetic pressure) and changes
the topology of the loop. The building pressure causes the loop to bend and twist
further, straining the curvature and eventually causing the closed field lines to
”break” and reconnect with the surrounding field due to change in the hydromagnetic
equilibrium. This leads to a large release of plasma and magnetic field from the corona
known as a coronal mass ejection (CME). As a result of the eruption, the anchored
coronal loop points in the photosphere then become the the footpoints of intense
particle acceleration, producing a solar flare. As depicted in Figure 1.7, the emissions
from a solar flare are observed across the electromagnetic spectrum depending on the
energies of the electrons/ions (Fletcher et al., 2011), including hard X-rays (> 20 keV
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FIGURE 1.7: Schematic of a solar flare, showing the production of emissions across
the electromagnetic spectrum. Left panel shows the initial downward spiralling of
electrons along the closed loop field lines after particle acceleration, generating mi-
crowaves. As the electrons reach the footpoints anchored to the solar surface, hard
X-rays are produced. The right hand panel highlights the interval after hard X-ray
production which drive an evaporation process that fills the loop with hot plasma
which produces softer solar X-rays. Taken and adapted from Priest and Forbes (2002),

Figure 3.

in solar physics) at the footpoints and plasma emitting soft X-rays within the coronal
loop (0.1-10 keV in solar physics) driven by an evaporation process (e.g., Priest and
Forbes, 2002).

When the Sun is more active and produces more sunspots due to increased
disturbances of a stronger solar magnetic field (via a 11-year solar cycle), solar flares
are likely to be more frequent and tend to be more powerful. The solar X-rays then
propagate throughout the Solar System. In the case of the gas giants Jupiter and
Saturn, the reflection of the solar X-ray photons off the upper atmosphere can generate
planetary disk X-ray emissions which have been detected from X-ray telescopes (e.g.,
Bhardwaj et al., 2005a; Branduardi-Raymont et al., 2004). We examine the X-ray
mechanism in more detail in Chapter 2 and the instrumentation used to detect X-rays
in Chapter 3. At Earth in particular, a solar flare eruption can also disrupt radio
communications as the radio waves travel along the ionosphere. Therefore flaring
activity will have a different effect on the space weather at the planets than the
heliospheric ”open” fields as the solar X-ray photons are not affected by the magnetic
field of the heliosphere. Chapter 7 will examine how we can try to correlate solar flare
activity with planetary disk emissions. The remainder of this chapter will focus on
how the heliospheric field propagates through our Solar System and how its motion
can be described: the solar wind.

1.5.2 The Solar Wind

As well as being the driver for propagating the solar heliospheric field, the solar wind
is a flow of ionised plasma released form the solar corona as the Sun evaporates. This
flow results from the vast difference in gas pressure between the corona itself and the
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FIGURE 1.8: Polar plot of solar wind data from the Solar Wind Observations Over
the Poles of the Sun (SWOOPS) experiment on-board Ulysses. the solar wind data is
overplotted on images from two detectors on board NASA’s Solar and Heliospheric
Observatory (SOHO), the Large Angle and Spectrometric Coronagraph Experiment
(LASCO) and Extreme UV Imaging Telescope (EIT), and the Mauna Lao Solar Ob-
servatory of the solar corona. This highlights the slow solar wind at the solar equa-
tor from the streamer belt and fast solar wind towards the poles (i.e. coronal holes)
with the different field polarities shown in red and blue. This is plot shows the be-
haviour of the Sun during the declining phase to solar minimum. Image taken from

https://sci.esa.int/s/8YrYl4A.
Copyright: ESA.

surrounding interstellar space and dominates the gravitational influence of the Sun
(e.g., Hundhausen, 1995). There are three types of typical solar wind that flow from
the Sun: slow (∼ 300 - 500 km s−1), fast (∼ 700 - 900 km s−1) and transient ( < 200 - &
2000 km s−1). The fast winds, as stated previously, are produced from co-rotating
coronal holes or result from magnetic field disturbances from solar flare activity. The
slow solar wind originate in the equatorial belt region of the Sun known as the
streamer belts (e.g., Xystouris et al., 2014). The transient solar wind results from CMEs
travelling through the interplanetary medium, the velocity of which depends on the
ambient wind speed. When a co-rotating coronal hole passes the line-of-sight of a
planet (or any other Solar System object), the fast solar wind streams catch up with the
slower winds produced from the streamer belt. When they interact, a compressed

https://sci.esa.int/s/8YrYl4A
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interfaced in the surrounding interplanetary medium is created called a co-rotating
interacting region (CIR) (e.g., Morley et al., 2009). These characteristics of the solar
wind are shown from Ulysses solar wind data from the Solar Wind Observations Over
the Poles of the Sun (SWOOPS) experiment and images from various solar
observatories in Figure 1.8 of the solar corona. The image underneath the polar plot of
solar wind speed combines data from two detectors on board NASA’s Solar and
Heliospheric Observatory (SOHO) (the Large Angle and Spectrometric Coronagraph
Experiment (LASCO) and Extreme UV Imaging Telescope (EIT)) and the Mauna Lao
Solar Observatory. All data shown in Figure 1.8 was taken when the solar activity was
in a declining phase to solar minimum.

As each of these solar wind mediums propagate throughout the Solar System, the
interactions created with other magnetised bodies (e.g. a planetary magnetosphere) is
governed by their associated dynamic pressure, Pdyn, and the orientation of the
anchored IMF. As Pdyn is proportional to the density and squared velocity of the
plasma flow, the faster solar wind will exert a higher dynamic pressure onto the
magnetised body. In the context of Earth’s magnetosphere, Pdyn dominates the
magnetic pressure produced from the less dense magnetosphere causing it to become
compressed. In the case of the gas giants, there is an additional internal pressure
contribution due to the rapid rotation which inflates the magnetosphere and needs to
be considered when looking at the pressure balance between the internal pressures
and Pdyn of these systems. A shock-front produced by a CIR, as a fast solar wind
stream reaches the slow solar wind, will generate a rapid compression of a
magnetosphere as it passes through the system. The magnetosphere will expand
when exposed to a slow solar wind flow (e.g., Blanc et al., 2005). These effects are
more apparent at the gas giant magnetospheres where the plasma is more rarefied due
to the magnetospheres being larger in volume and more compressible than their
terrestrial counterparts (e.g., Bagenal, 1992). The ramifications and magnetospheric
processes produced from different types of solar wind interactions will be discussed
in more detail in Chapter 2.
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Chapter 2

Planetary Magnetospheres

”That is a question with too complicated an answer.”
- Philip Pullman, His Dark Materials

Reflects the sheer complexity of the jovian magnetosphere, although I hope this
chapter will make some things clearer1

The space physics concepts introduced in Chapter 1 will now be applied and
thoroughly examined in a magnetospheric context. The chapter begins by defining
what we mean by a planetary magnetosphere and how we define the structure of
Jupiter’s magnetosphere in particular (Section 2.1). The jovian magnetosphere, auroral
observations across many wavelengths and their associated mechanisms are then
examined in detail (Section 2.2). The chapter concludes by discussing the X-ray
mechanisms observed in a planetary science context (Section 2.3) with particular focus
on the jovian X-ray auroral emissions (Section 2.4).

2.1 The Jovian Magnetosphere

As discussed in Section 1.5, the interplanetary magnetic field (IMF) is carried by the
solar wind and permeates the solar system. When the IMF (and therefore solar wind)
interacts with an obstacle with a magnetic field, atmosphere or high internal
conductivity, a cavity is produced surrounding the obstacle. For the case of a
magnetised planet (e.g. Earth, Jupiter and Saturn), the magnetic pressure (and other
internal pressure for the case of the gas giants) is responsible for creating a cavity in
the solar wind due to the frozen-in nature of both plasma populations. Within this

1Recommend listening to The Planets, Op. 32: 4 Jupiter, the Bringer of Jollity by
Gustav Holst for inspiration: https://www.youtube.com/watch?v=BUM_zT3YKHs&list=PLQ0OFhV_

OKWicAu2Yw2AziV9OsHlU6qci&index=4

https://www.youtube.com/watch?v=BUM_zT3YKHs&list=PLQ0OFhV_OKWicAu2Yw2AziV9OsHlU6qci&index=4
https://www.youtube.com/watch?v=BUM_zT3YKHs&list=PLQ0OFhV_OKWicAu2Yw2AziV9OsHlU6qci&index=4
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cavity, the plasma motions are dominated by the planetary magnetic field. This region
is what is defined to be a planet’s magnetosphere. The remainder of this section will
examine the sub-structures within Jupiter’s magnetosphere, many of which are
ubiquitous to all magnetised planets.

2.1.1 Observational history

Nine spacecraft have visited Jupiter between 1973 - 2022 (7 shown in Figure 2.1), each
unveiling new discoveries and mysteries at our largest planet. The first historic flybys
of Jupiter were performed by Pioneer 10 and Pioneer 11 in 1973 and 1974 respectively.
Pioneer 10 allowed us to sample the jovian inner magnetosphere (< 20 RJ: where 1
jovian equatorial radius, RJ = 71492 km) for the very first time, taking magnetometer
measurements of the system from ∼ 3 - 6 RJ away from the planet. The magnetic field
measurements revealed that the structure is mainly dipolar in the inner
magnetosphere and is slightly offset from the centre of the planet. The field was found
to be tilted by ∼ 10 ◦ with respect to Jupiter’s spin axis with a magnetic moment of
∼4.0 G R3

J (or ∼ 1.5 × 1020 T m3, where 1 Gauss (G) = 1× 10−4 T) as determined by
Smith et al. (1974). This data from Pioneer 10 also aided in the discovery of the jovian
current sheet (Figure 2.2). The magnetometer data taken from the Pioneer missions
(and the Voyager flybys ∼ 5 years later) helped develop the first empirical internal
field model for Jupiter: Voyager Io Pioneer 4 (VIP4) developed by Connerney et al.
(1998). The VIP4 model uses the coefficients from spherical harmonics of Jupiter’s
magnetic field (dipole, quadrupole, octupole and higher-order spherical harmonics)
taken from in situ magnetic field data and remote observations of the foot of the Io flux
tube (IFT) anchored into Jupiter’s ionosphere. The IFT is a bundle of magnetic field
lines with trapped plasma, originating from a toroidal cloud of plasma surrounding
Io’s orbit (at 5.9 RJ) known as the Io plasma torus (IPT). This provides a “link” between
the jovian ionosphere and the IPT. The source of the plasma torus is Jupiter’s volcanic
moon Io which releases ∼ 1000 kg s−1 of sulphur, oxygen and sulphur dioxide out
into space which creates a neutral torus. This neutral torus then becomes ionised via
electron bombardment and irradiation from ultraviolet (UV) solar photons (e.g.,
Krupp et al., 2004) and creates the IPT that was discovered years earlier via ground
spectroscopy observations (e.g., Kupo et al., 1976) and later flown through by Voyager
1 in 1979, revealing its composition in extreme-UV (EUV) observations (e.g., Broadfoot
et al., 1979; Bagenal, 1985). The footprint connected to Jupiter’s ionosphere from the
IPT is a mapping constraint for the magnetic field model, providing valuable “ground
truth” for regions close to the planet that were not sampled at the time Connerney
et al. (1998).

As well as providing vital data for magnetic field models, the Voyager 1 EUV
observations of the IPT allowed direct observations of the plasma energy and density
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FIGURE 2.1: Schematic of most spacecraft trajectories which have visited Jupiter from
1973 - 2018 with the Sun to the right of the image. Not included are Cassini’s flyby
of the dusk flank and New Horizon’s flyby of the jovian magnetotail as in entered the
system from noon. At the time of writing, Juno is still in orbit around Jupiter in its

extended mission. Figure taken from Figure 1 of Lorch et al. (2020).

and the radial extent of the torus. When Pioneer 10, Voyager 1 and 2 journeyed out
from the inner magnetosphere into the middle magnetosphere (20 - ∼60 RJ), magnetic
field observations found that the field was stretched into a spiral-like topology (e.g.,
Smith et al., 1974; Khurana and Kivelson, 1993). Voyager 2’s journey into the outer
magnetosphere (& 60 RJ) found that the plasma sheet, first sampled by the Pioneer
missions, starts to bend beyond 40 RJ, where the plasma sheet is found to be parallel
with the solar wind (e.g., Behannon et al., 1981). On its journey to Saturn, Voyager 2
found the jovian magnetotail to extend beyond the orbit of Saturn at ∼ 9000 RJ

(Lepping et al., 1983).

The early Pioneer and Voyager flybys paved the way for new discoveries at the jovian
system but were restricted in their position, or local time, within the magnetosphere.
As shown in Figure 2.1, with the Sun to the right of the image, the Pioneer and
Voyager spacecraft entered Jupiter’s magnetosphere in the pre-noon local time (LT)
sector and exited pre-dawn to dawn. The trajectory of Pioneer 11 had a higher
inclination and therefore left the jovian system near noon. More complete local time
coverage of Jupiter’s magnetosphere was made available when the Galileo spacecraft
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performed its orbit insertion at the planet in December 1995. Galileo’s near-equatorial
orbit allowed the first observations of clear dawn-dusk local time asymmetries in
many magnetospheric properties including the magnetic field configuration and
plasma sheet thickness (e.g., Krupp et al., 2001). Galileo’s coverage allowed the
development of three-dimensional models of the probable locations of the jovian bow
shock (shock front produced as the solar wind encounters a magnetised obstacle - see
Section 2.1.2) and magnetopause through a combination of data and MHD
simulations Joy et al. (2002). The models determined that Jupiter’s magnetopause has
two probable standoff distances dependent on the dynamic pressure (Pdyn) of the solar
wind. For high Pdyn, the standoff distance is ∼ 60 RJ as a limit for a highly compressed
magnetosphere and ∼ 90 RJ for low values of Pdyn corresponding to the fully
expanded jovian magnetosphere. The Joy et al. (2002) model is discussed in more
detail in Chapters 4 and 5. Galileo’s trajectory also allowed for flybys of Jupiter’s four
largest moons, the Galilean moons: Io, Europa, Ganymede and Callisto.

During the Galileo mission, Cassini performed a flyby along the dusk flank of the
jovian magnetosphere during December 2000 - January 2001 (Figure 2.1), obtaining
data of this sector for the very first time. The charge-energy-mass spectrometer
on-board detected energetic charge states of iogenic ions (ions originating from the
moon Io: O +, O 2+, S +, S 2+ and S 3+) at ∼ 200 RJ in the jovian outer magnetosphere
(Allen et al., 2019). Comparing the charge state abundances of these heavy ions in the
outer magnetosphere with previously observed populations closer to Io allows the
evolution of plasma transport away from Jupiter to be studied in detail. During the
flyby along the jovian magnetotail, exceeding distances of ∼ 2500 RJ, a diverse range
of slow-moving plasma populations were observed in the from of plasmoids - magnetic
islands containing trapped plasma resulting from reconnection processes on the
nightside of the planet McComas et al. (2007). The various plasmoid structures were
found to contain iogenic, thermal and jovian ionospheric ions with different energies
and densities.

Almost 10 years after the New Horizons flyby, the second orbiter to enter the jovian
magnetosphere, Juno (Bolton et al., 2017), performed its orbit insertion in the dawn
flank. Unlike Galileo, Juno’s orbit focuses on the polar regions of the planet (Figure 2.1),
with the of the main focuses to analyse the jovian auroral emissions with its suite of
instruments across multiple wavelengths. One of the key milestones was to update
the VIP4 field model using updated magnetometer observations of the jovian internal
field Connerney et al. (2017). The latest field model from Juno , JRM33 (field model
from Juno’s main mission), uses updated spherical harmonic coefficients of higher
order than VIP4 (Connerney et al., 2022). Due to the orbit of Juno bringing it closer to
the planet, JRM33 provides greater resolution than previous models as the lower
altitude provides more detailed measurements of the jovian field from the
Juno magnetometer. This is an update from the previous Juno field model, JRM09
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(Connerney et al., 2018), which we use throughout this research. The Juno mission and
its instrument suite are examined in more detail in Chapter 3. The remainder of this
chapter will examine the jovian magnetosphere and the complex dynamics within in
detail, applying context to these earlier observations and how this affects the jovian
auroral emissions.

2.1.2 Structure of the jovian magnetosphere

Jupiter’s magnetosphere is the largest coherent structure in the solar system due to the
planet being the largest, producing the strongest internal magnetic field (surface
magnetic field ∼ 4.2 Gauss = 4.2 × 10−4 T with magnetic moment, µ, ∼ 1.5 ×
1020 T m3) coupled with the fastest planetary rotation period (∼ 10 hours). As briefly
mentioned in Section 2.1.1, Voyager 2 spacecraft found the jovian magnetotail
extending beyond Saturn’s orbit. The effect this has on the kronian magnetosphere,
the second largest in the solar system, will be discussed in more detail in Chapter 7.
This large and complex magnetic environment at Jupiter producing the most intense
and energetic auroral emissions in our solar system. As a planet of extremes, Jupiter is
a unique, mysterious and exciting choice for magnetospheric studies as well as
providing a useful comparison for objects beyond our solar system (e.g.“hot Jupiter”
exoplanets).

2.1.2.1 The outer magnetosphere

The outermost structure of the jovian magnetosphere, in the direction facing the Sun,
is known as the bow shock. This shock, as shown in Figure 2.2, signifies an abrupt
transition of the solar wind as it encounters a magnetised obstacle, slowing it down
and causing the trapped plasma to be heated and deflected around the sides of the
cavity. This is a consequence of the solar wind velocity being greater than that of the
compressional waves of the magnetospheric plasma (e.g., Russell, 1995; Fedder and
Lyon, 1995). The solar wind interacts with the planetary field (via reconnection for the
terrestrial case, or magnetosheath friction for the gas giants) causing the magnetic
field lines to stretch away from the Sun and behind the planet to create the magnetotail
(Figure 2.2). The magnetotail acts as a reservoir of magnetospheric plasma and energy
which can be released towards the planet, or inner magnetosphere, or further
downtail. At the centre of the magnetotail lies a current sheet which separates two
regions known as the tail lobes. The current sheet (or plasma sheet or magnetodisk - used
interchangeably in this thesis to explain and define the same structure) is embedded
within a region of hot plasma of which the geometry and orientation depends on the
size of the magnetosphere and rotational velocity of the planet (e.g., Bagenal, 1992;
Hughes, 1995) and has a finite thickness. The abrupt boundary between solar wind
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and magnetospheric plasma and is known as the magnetopause (Figures 2.2 and 2.2)
and is downstream of the bow shock, surrounding the current sheet and tail lobes
(e.g., Hughes, 1995). The distance between the ’nose’ of the magnetopause and the
centre of the planet is known as the subsolar stand-off distance (RMP) and is a useful
measure of the state of compression (or expansion) of the magnetosphere. The
importance of the magnetotail and plasma sheet to auroral processes and plasma
transport at the gas giants will be examined in further detail in Section 2.2.

As examined in Chapter 1.5.2, the varying solar wind dynamic pressure (Pdyn) will
affect the size of the magnetosphere with the greatest effect being at the subsolar
point. By balancing Pdyn with the planetary magnetic field pressure (Equation 1.34),
neglecting the pressure contributions from the IMF and planetary plasma, the
standoff-distance can be calculated. By assuming that solar plasma particles are
reflected at the magnetopause (e.g. Pdyn = 2ρSWv2

SW where ρSW and v2
SW are the

density and velocity the solar wind respectively) and that the planetary field is a
simple dipole, the pressure balance equation becomes

Pdyn = 2ρSWv2
SW =

B2
mp

2µ0
= Pmag (2.1)

where Bmp is the magnetic field strength at the subsolar point at the magnetopause
given by

Bmp = 2Beq

(
RP

Rmp

)3

(2.2)

where Beq is the equatorial field strength, RP is the radius of the planet and all other
symbols in Equations 2.1 and 2.2 have their usual meanings. By combining both
equations, we get an expression for the stand-off distance: the Chapman-Ferraro
distance equation (e.g., Blanc et al., 2005)

Rmp = RP

(
B2

mp

ρSWv2
SWµ0

)1/6

(2.3)

To account for a non-dipolar magnetic field, it is common place to double the value of
Bmp.

Between the magnetopause and jovian bow shock lies the magnetosheath, a region
filled with heated, shocked plasma from the solar wind due to the rapid deceleration
undergone at the bow shock (Figure 2.2). As a result, the plasma in this region is far
slower and hotter than the incoming solar wind plasma (e.g., Hughes, 1995). The
magnetic field structure in this region is complex with a mixture of open (i.e. magnetic
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TABLE 2.1: Properties of the Solar Wind and Planetary Magnetosphere Scales for
Earth, Jupiter and Saturn. Table adapted from Kivelson and Bagenal (2007).

Earth Jupiter Saturn
Average Planet-Sun distance (au)a 1 5.2 9.5
Solar wind density, ρSW
(amu cm−3)b 8 0.3 0.1

Equatorial radius (Req, km) 6373 71492 60268
Surface/equatorial magnetic
field, Beq (Gauss = 10−4 T)

0.31 4.28 0.22

Standoff-distance, Rmp (Rplanet)† 10 RE
63 - 92 R∗J
(42 RJ)†

20 - 27 R∗∗S
(19 RS)†

a 1 astronomical unit (au) = 1.5× 108 km
b 1 atomic mass unit (amu = 1.66× 10−27 kg
† calculated using Equation 2.3 for typical solar wind conditions of ρSW
and vSW ∼ 400 km s−1.
∗ Joy et al. (2002)
∗∗ Achilleos et al. (2008)

field lines connected to the solar wind) and closed (i.e. field lines connected the to the
planet) with the possibility of many turbulent field structures (as modelled for the
terrestrial case by Gingell et al. (2019)). The role of the magnetosheath in jovian
magnetospheric diagnostics and auroral mechanisms will be examined further in later
sections.

As found by Galileo and the Joy et al. (2002) magnetospheric model, the jovian
magnetopause standoff distance on the dayside is bi-modal with a most probable
distance of 63 and 92 RJ for high and low solar wind dynamic pressure respectively.
When these values are compared with the Chapman-Ferraro distance of ∼ 42 RJ

(Table 2.1), assuming a pressure balance between the magnetic pressure produced
from a dipolar field and the solar wind dynamic pressure, we see that the
Chapman-Ferraro model does not hold for Jupiter (and Saturn), suggesting the
assumptions made may not apply to the case of gas giant magnetospheres. The
complex jovian magnetic field and its effect on auroral mechanisms will be examined
further in Section 2.2. The discrepancy in these values arises from the dipolar
assumption being too strong to describe the jovian field and the plasma pressure
generated from Io, neglected from the Chapman-Ferarro picture. As the plasma
pressure cannot be neglected due to the dominant internal plasma source, it must be
included with the magnetic pressure contribution. The added plasma pressure term
therefore makes jovian magnetosphere more compressible and sensitive to solar wind
dynamic pressure than the terrestrial magnetosphere.

The local time asymmetries found by Galileo in the plasma flow and magnetic field are
most prominent in the outer magnetosphere as the solar wind has more influence on
this region. The jovian magnetotail, as illustrated in Figure 2.2, contains two lobes
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FIGURE 2.2: Labelled schematic of the jovian magnetosphere. The Sun is to the left of
the image with the solar wind flow indicated by red arrows. Image taken and adapted

from: https://lasp.colorado.edu/home/mop/resources/graphics/
Credit: Fran Bagenal and Steve Bartlett

separated by thin current sheet with stretched, radial field configuration containing
low density plasma. Flow velocity vectors from particle data collected by Galileo
shown in Figure 2.3 found that the plasma flow here is subcorotational (i.e. slower
than the corotation velocity) with an azimuth and outward radial component and is
fastest near the dawn local time (Krupp et al., 1998), where the field has the strongest
bend-back due to interactions with the opposing solar wind flow (Khurana et al.,
2004). On the pre-noon to pre-dusk magnetosphere outside of the magnetodisk lies a
disturbed plasma region called the cushion region, believed to be formed from strongly
fluctuating magnetic field preferentially dawnside due to the transport of empty flux
moving dayside, emptied by night-side magnetic reconnection (e.g., Kivelson and
Southwood, 2005; Delamere and Bagenal, 2010; Went et al., 2011). Gershman et al.
(2017) found evidence of Juno flying through the cushion region during its orbital
insertion. The magnetospheric dynamics found throughout the jovian magnetosphere
and their effect on auroral emissions will now be examined in greater detail.

https://lasp.colorado.edu/home/mop/resources/graphics/
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FIGURE 2.3: Cartesian plot in the jovian equatorial plane of time-averaged flow veloc-
ity vectors of sulphur ions found by Galileo. The colours of each vectors here repre-
sent whether the plasma is in corotation (green), lagging corotation (blue and cyan) or
leading the corotation velocity (red) Black vectors indicate instances where the radial
components are greater than those found in the direction of corotation. Figure taken

from Plate 5 in Krupp et al. (1998).

2.1.2.2 The middle magnetosphere

As shown in Figure 2.2, most of the plasma in the jovian magnetosphere is confined to
the jovian current- or plasma- sheet, hinged at ∼ 47 RJ as observed from Pioneers 10
and 11, Voyagers 1 and 2, Ulysses, and Galileo magnetometer data (Behannon et al., 1981;
Khurana and Schwarzl, 2005) and is shaped by the magnetodisk. Planetward of the
hinge feature, the current sheet is found to be aligned with the jovian magnetic
equator (9.6◦ tilt with respect to the joviographic equator) 10 - 30 RJ from the planet.
Throughout the remainder of the middle magnetosphere away from the planet, the
current sheet resides between the centrifugal and magnetic equator and the inertia of
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FIGURE 2.4: Cartoon showing the current system with the directions of current flow
responsible for generating a J × B force (directed into the page as is the direction of
corotation) to drive plasma in the azimuthal direction back to corotation velocities.
Angular velocities of the planet, magnetic field field lines anchored to the planet and
the jovian ionosphere are denoted by ΩJ, ω and Ω∗J respectively on the figure. The
azimuthal field direction is shown in light blue and the current flow shown in green.

Figure taken and adapted from Figure 1 in Cowley and Bunce (2001).

the plasma exceeds that due to corotation, causing the sheet to lag the planetary field
(beginning between ∼ 20 - 30 RJ). This results from the plasma angular velocity
decreasing to obey the conservation of angular momentum as the iogenic plasma
flows radially outward from the IPT. Due to the Alfvén’s theorem (described in
Section 1.4.3) and provided the plasma behaviour can be described using ideal MHD,
the plasma is threaded into the field and the decreasing plasma angular velocity near
the equatorial plane will deform and sweep back the field into a spiral configuration
(e.g., Khurana et al., 2004). The resulting Io flux tube (IFT) also lags corotation as a
result. In this region, the radial currents (or Hall currents as defined by the MHD
momentum and Ohm’s law: Equations 1.29 and 1.30) provide a J× B force to
counteract the lag by accelerating the plasma back towards corotational velocities,
transferring angular momentum from the jovian ionosphere to the plasma in the
process. The described corotation enforcement currents are part of the closed current
system responsible for driving the jovian UV main auroral emissions as shown in
Figure 2.4, with the current and azimuthal field direction shown in green and light
blue respectively. How this current system is responsible for the main auroral
emissions is examined further in Section 2.2.

2.1.2.3 The inner magnetosphere

As found by Pioneer 10, the magnetic field in the jovian inner magnetosphere is mainly
dipolar in nature, trapping very energetic particles (tens of MeV) producing very high
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intensities (e.g., Bolton et al., 2015). This results in the jovian radiation belts (within 5 RJ

of the planet) being the most inhospitable in the solar system, making it difficult for
visiting spacecraft to pass through without significant damage to on-board electronics
(e.g., Woodfield et al., 2014). The belts are formed from plasma diffusing radially due
to dynamo fields (produced from planetary rotation and the convection and electrical
conductance of the plasma) exhibited by ionospheric flows. As the plasma conserves
the first and second adiabatic invariants (Section 1.3.3), it gains more energy as it
moves inwards. Further out from the radiation belts is the most dominant feature in
this region: the Io plasma torus (IPT). The IPT is formed from the sputtering of
sulphur, oxygen and sulphur dioxide from Io’s volcanic surface and atmosphere,
ionised from solar UV photons and electron bombardment from cosmic ray albedo
neutron decay (CRAND), due to cosmic rays scattering of the planetary neutral
atmosphere producing decaying neutrons (e.g., Thomas et al., 2004). The effect the IPT
has on auroral activity will be examined further in the remainder of this chapter.

2.2 Magnetospheric dynamics and associated auroral
processes

The rapid planetary rotation of the gas giants coupled with their internal plasma
sources not only change the structure of the magnetosphere but also the dynamics that
occur within it. Examination of auroral emissions is an excellent way to assess,
analyse and understand the magnetospheric dynamics is to look at the auroral
emissions produced by the planet across the electromagnetic spectrum. The auroral
emissions are often described as the “tv screen” for the magnetosphere, with the
consequences of a broad range of solar wind and magnetospheric processes being
focused into a relatively small area near the northern and southern poles. Information
is communicated along the magnetic field lines throughout the magnetosphere which
have their footprints in these regions, affecting the auroral emissions. These processes
vary depending on whether the magnetosphere is driven mainly by the solar wind
(e.g. Earth) or by the rotation of the planet (e.g. Jupiter). This section will examine the
auroral dynamics of the jovian magnetosphere.

2.2.1 Dynamics associated with a rotationally-driven magnetosphere

As Jupiter’s magnetosphere is rapidly rotationally-driven magnetosphere with a
dominant internal plasma source, Io, the mass and energy required to drive the
magnetosphere will also be produced by these sources and eventually released from
the system via processes like magnetotail reconnection. Therefore the centrifugal
forces produced within the system relative to the solar wind play a more important
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role at Jupiter than the terrestrial magnetosphere. Due to Jupiter’s rapid rotation and
large magnetospheric scale size, the potential energy from corotation is ∼ 50 times
greater than the induced solar wind cross potential across the poles, ∼ 10 times more
dominant than at Earth (e.g., Khurana et al., 2004). This emphasises that the forces due
to rotation play a critical role in driving jovian magnetospheric dynamics.

Vasyliūnas (1983) put forward a picture of the cycle of plasma flow which can take
place in an internally mass-loaded, rapidly rotating magnetosphere like Jupiter. This
new model stated that magnetic reconnection takes place on filled, or mass-loaded,
flux tubes that are stretched by the exerted centrifugal forces. These flux tubes pinch
and form a plasmoid, as observed by the New Horizons flyby (McComas et al., 2007).
This process is more commonly referred to as the Vasyliūnas cycle and is shown in
Figure 2.5. The mass-loaded flux tubes rotate anticlockwise (when viewed in the
equatorial plane) towards nightside (1). These flux tubes are then stretched due to the
centrifugal forces of the plasma within them (2) and eventually pinch off, releasing an
isolated filled magnetic island, or plasmoid, down the magnetotail (3, 4). Figure 2.5
also highlights the site of magnetic reconnection where oppositely directed magnetic
field lines are predicted to reconnect, the magnetic X-line, and potential regions of
whirlpool-shaped vortices where the rotation of the planet cause magnetic field lines
twist together, magnetic O-line. Galileo observations found that the local time
asymmetries in the jovian plasma sheet were qualitatively similar where the rotation
towards the dusk sector causes it to thicken (Kivelson and Southwood, 2005) and
found evidence for plasmoid release in the jovian magnetotail (e.g., Vogt et al., 2014).

The Vasyliūnas (1983) model considers internally driven dynamics and circulation of
jovian and iogenic plasma, accounting for nightside reconnection which can lead to
implications in auroral structure (e.g. dipolarisation of the magnetic field leading to
injection events found by Yao et al. (2020): see Section 2.2.2). As argued by Cowley
et al. (2003), a second large-scale plasma flow cycle can operate at Jupiter in tandem
with the Vasyliūnas cycle: the ‘single-cell’ Dungey cycle (adapted from the terrestrial
case modelled by Dungey (1961)). The Dungey cycle describes the interaction between
the solar wind and a planetary magnetosphere via cyclic behaviour of magnetic
reconnection. This cyclic process is one mechanism in a planetary magnetosphere
responsible for plasma mixing anf transport inside the system. In the terrestrial
magnetosphere, the reconnection sites are located on the dayside magnetopause
boundary and in the magnetotail (e.g., Dungey, 1961). When more reconnection
occurs on the dayside than in the magnetotail (i.e., increased dayside reconnection
rate), the polar cap is observed to expand to compensate for the increase in opened
flux and vise versa (Milan, 2013). For the case of Jupiter, a ‘single-cell’ flow would be
produced from the Dungey cycle starting with reconnection driven by the solar wind
on the dayside magnetopause at lower latitudes for a northward interplanetary
magnetic field (IMF), which opposes Jupiter’s southward directed equatorial field.
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FIGURE 2.5: Schematic from Vasyliūnas (1983) explaining the mass loading and re-
lease process of the Vasyliūnas cycle. The filled flux tubes (1) rotate anticlockwise, in
the equatorial plane, towards night side, (2) stretch as a consequence of the centrifu-
gal forces produced from accelerating particles, (3, 4) and separate, due to magnetic
reconnection, as a plasmoid. The magnetic X- and O- lines are also indicated in the

figure.

The reconnection would open flux from dusk to dawn, as shown in Figure 2.6a), and
close at the X-line in the tail near the dawn magnetopause where a boundary layer is
formed as a result of empty flux tubes produced from the process.

The set of flows from the Cowley et al. (2003) mode; are shown in Figure 2.6, with the
same labels panel (a), and produces flows (both in and out the page) for both the
northern auroral emissions and the polar ionosphere. The Pedersen current structure,
similar to the case for Earth, produced by such flows generate a downward current
system located just within the upward current system at the dawn edge. The
implications of these current systems and how they affect the main auroral emissions
will be examined in greater detail in Section 2.2.3. The single-cell nature of the flow is
argued by Cowley et al. (2003) who suggested that the Dungey-like X-line would be
restricted to the dawn jovian magnetosphere only (see Figure 2.6, opposite to that of
the Vasyliūnas cycle, as a result of strong outflows from corotation and the Vasyliūnas
cycle itself. These flows oppose the direction of the sunward flow in the
dusk-midnight sectors.

In contrast, McComas and Bagenal (2007) argue that the opened magnetic flux due to
dayside reconnection with the solar wind does not necessarily need to close in the
jovian magnetotail. They propose that the newly opened flux closes on the
magnetopause situated near the polar cusps - direct entry points into the
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FIGURE 2.6: Schematic of (a) the jovian magnetosphere in the equatorial plane illus-
trating possible ’single-cell’ Dungey cycle as argued by Cowley et al. (2003) with the
corresponding flows throughout the magnetosphere. The middle magnetosphere is
dominated by the subcorotating ’Hill region’. Radially outward from here represent
the region where current sheet dynamics take and Vasyliūnas (1983)-like tail reconnec-
tion takes place on the labelled dashes and X’s tail X-line (process shown in Figure 2.5).
The O-type line of the plasmoid (denoted by ’O’) and the outer edge of the plasmoid
(dot-dahed line: marked ’P’) are also shown to show how a Dungey-like process can
be linked to a rapidly-rotating magnetosphere. Panel (b) shows the corresponding
ionospheric flows in the northern polar region. Taken and adapted from Figures 1 and

2 from Cowley et al. (2003).
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magnetosphere due to the field configuration - and therefore stating that tail
reconnection is unnecessary in the process. Their other counter-argument raises
concerns regarding the inefficiency of tail reconnection returning flux to the dayside
due to the timescale of the returning plasma flow from a distant neutral point via a
Dungey-like process (∼ 750 - 1000 hours corresponding to ∼ 75 -100 jovian rotations).
As a result, an alternative mechanism must exist to close the returning flux opened on
the dayside opposed to the return flow from a distant X-line suggested by Cowley
et al. (2003). However, Cowley et al. (2008) state that substorm-like reconnection may
take place more planetward that the suggested distant neutral line, and the timescale
of the returning flux calculated by McComas and Bagenal (2007) was an overestimate.

Other studies propose that the jovian magnetospheric dynamics may be driven by a
more viscous-like solar wind interaction opposed to reconnection due to the fact that
electric fields produced from reconnection processes are weaker the further the planet
is from the Sun (e.g., Masters, 2018). Alternative mechanisms along the magnetopause
boundary such as Kelvin-Helmholtz instabilities (KHI) may be the more dominant
driver for jovian magnetospheric dynamics as the boundary hosts more unstable
regions, allowing the instability to grow. The possible role of KHIs associated with the
aurora will be explored further this chapter and later in this research (Chapters 4
and 5).

2.2.2 Overview of imaging the jovian auroral emissions

The auroral emissions at Jupiter have been observed across the electromagnetic
spectrum in radio, infrared, visible, UV and X-ray wavelengths for many decades. In
this research, our discussions will only briefly cover the UV and largely focus on the
X-ray emissions. Having a good understanding of the UV emissions provides a a good
proxy for magnetospheric processes and dynamics, and vital context to the X-ray
emissions we observe. A more thorough and complete discussion about the history
and processes behind the jovian aurora can be found in review chapters such as
Bhardwaj and Gladstone (2000) and Badman et al. (2015).

The first satellite observation of Jupiter’s auroral emissions were orchestrated by
Voyager 1 during its flyby of the planet, using the Ultraviolet Spectrometer (UVS) on
board (Broadfoot et al., 1979). Following this landmark discovery, temporal variations
in the UV auroral emissions were studied extensively by the International Ultraviolet
Explorer (IUE), a remote sensing telescope in Earth’s orbit, for more than 15 years (1979
- 1996) (Clarke et al., 1980). With the launch of the Hubble Space Telescope (HST ) in
1990, revolutionary high resolution auroral imaging was finally made possible with
the Faint Object Camera (FOC), observing Jupiter for the first time in 1992 (Caldwell
et al., 1992). The vast majority of UV images taken nowadays, and briefly discussed in
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later chapters, are from the Space Telescope Imaging Spectrograph (STIS) onboard
HST with the instrumentation discussed further in Chapter 3.

From an X-ray point of view, the first observation of the jovian auroral emissions were
made by the Einstein Observatory in 1979, with the exponent of the power law of found
from the slope of the X-ray spectrum and shape of the X-ray response suggesting
extremely soft X-rays from line emissions from iogenic ions (i.e. O and S) (Metzger
et al., 1983). With the launch of the Chandra X-ray Observatory, with its high spatial
resolution, as part of NASA’s Great Observatories campaign in 1999, the first spatially
resolved jovian auroral X-ray image was taken on December 18 1999 with a so-called
”hot spot” of concentrated auroral emissions (Gladstone et al., 2002). With the high
spectral resolution of XMM-Newton, detailed spectra of the auroral emissions and
their X-ray constituents were observed underpinning X-ray production from both
precipitating electrons, found close to the UV main oval, and ions, found more
poleward. The associated jovian auroral X-ray processes and more details about the
Chandra instrument, the main source of the data used in this research, are discussed
further in this chapter and Chapter 3 respectively.

2.2.3 Main auroral emissions

The jovian UV auroral emissions can be separated into three main categories: (1) the
satellite footprints, due to moon-planet interactions, (2) the main oval or main
emissions, and (3) the polar emissions (Clarke et al., 1998). Each UV component is
shown in Figure 2.7a) as a polar projection of these emissions at the North pole.
Although we can image the aurora structures with high resolution, not all are well
understood when linking them to their drivers in the magnetosphere, generating a
whole host of dynamics. For example, the driver linking the satellite footprints to the
auroral emissions is relatively well-understood when compared to the more enigmatic
polar emissions which are very difficult to reliably map to their magnetospheric
source. In the remainder of this section, we briefly discuss the current understanding
these features of the UV aurora as a proxy for magnetospheric dynamics to allow us to
compare these emissions to their X-ray equivalent.

2.2.3.1 Satellite footprints

The satellite footprints allow us to constrain the global mapping models we use in the
field today, for example, when mapping the internal magnetic field (e.g., Connerney
et al., 1998, 2018) or mapping sources out into the magnetosphere from their
ionospheric position (e.g. Vogt et al., 2011, 2015). This is because the orbital locations
of the moons and the magnetic field line they are connected to are known, providing
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FIGURE 2.7: (a) The UV auroral emissions as observed by HST with major auroral
structures and features labelled. These auroral structures can be further separated
into finer, physics-informed sub-structures as shown in (b). The main oval (1), with
the kink region (2) and discontinuity (3), and satellite footprints for Io (6), Europa (7)
and Ganymede (8) are highlighted in both panels with their extended tail emissions.
The polar emissions can be further split into the active (9) and swirl regions where
emissions are observed in UV (11) with a mysterious dark polar region (10) where very
little to no UV emissions are observed. Further substructures inside the polar region
can be identified from an observation-to-observation basis associated with dynamics
in the magnetosphere at dawn (13) and midnight (14). Outside of the polar emissions,
particle injections (5) can also cause auroral emissions. Analysing these features in
great detail is beyond the scope of this research however comparisons with the X-ray

emissions are beneficial.
Panel (a) is adapted from https://www.nasa.gov/mission_pages/juno/

multimedia/pia03155.html with credit given to NASA/ESA, Hubble Heritage Team
(STScI/AURA) and John Clarke (University of Michigan). (b) is taken from Figure 2 in

Grodent (2015)

https://www.nasa.gov/mission_pages/juno/multimedia/pia03155.html
https://www.nasa.gov/mission_pages/juno/multimedia/pia03155.html
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us with the ability to link the footprint’s ionospheric location to its radial position in
the jovian magnetosphere with a high degree of accuracy, as well as their associated
longitude with a small uncertainty due to the signal propagation time (e.g., Clarke
et al., 2002). With this invaluable information, the accuracy of many global field
models can be checked in detail using the orbital radial distances of Io (5.9 RJ), Europa
(9.4 RJ) and Ganymede (15 RJ).

As shown in Figure 2.7 with the labelled satellite footprints (yellow spots marked (6) -
(8)), the morphology consists either of a single spot (Europa) or multiple, distinct
spots (Io and Ganymede) (e.g., Bonfond et al., 2009), followed by a trailing tail of
emissions for Io and Europa (e.g., Clarke et al., 2002). Recent studies using the
infrared imager on board Juno have found the ”tail” of the footprints to consist of
sub-dots which corotate with Jupiter (e.g., Moirano et al., 2021). Each of the distance
between the luminous sub-dots are the same in both hemispheres and could suggest
possible wave-particle interactions associated with a perturbed magnetic field such as
Alfvén and ion cyclotron waves (e.g., Gershman et al., 2019; Sulaiman et al., 2020). In
this research, we use the Io and Ganymede orbit as an indicator of driver location for
the X-ray emissions and how the morphology evolves as well as to constrain any
global mapping models used (see Chapters 4 - 6 for more details).

2.2.3.2 Main oval emissions

As shown in Figure 2.7, the main oval emissions are poleward of the satellite
footprints and are found to be be located in a narrow band, fixed in System-III (S3)
longitude - a coordinate system that rotates with the planet (Grodent et al., 2003a). The
S3 coordinate system is left handed and rotates with the sidereal S3 spin period of the
planet (9.925 hours or angular velocity, Ω, of 1.76 × 10−4 rad s−1). The z-axis defined
by the spin axis of Jupiter and the x-axis is defined by 0◦ latitude (θIII ) on the prime
meridian (System III longitude, λIII , of 0◦). The y-axis is defined as the cross-product
of the x- and z- axis and completes the orthogonal set2. As labelled in Figure 2.7b), the
main oval emissions in the North are actually shaped as a kidney bean due to a ”kink”
(label (2)) caused by a magnetic anomaly in the jovian field (Grodent et al., 2008). This
anomaly is only observed in the northern hemisphere, the more dipole magnetic field
in the South has a more typical oval topology.

As briefly discussed in Sections 2.2 and 2.2, the jovian main auroral emissions are not
associated with a Dungey-like open/closed field line boundary as observed at Earth
but due to corotation breakdown of iogenic plasma in the middle magnetosphere (e.g.,
Hill, 1979, 2001; Cowley and Bunce, 2001). The iogenic plasma begins to diffuse
radially as a result of flux tube interchange (mainly convective (e.g. Southwood and

2https://lasp.colorado.edu/home/mop/files/2015/02/CoOrd_systems7.pdf

https://lasp.colorado.edu/home/mop/files/2015/02/CoOrd_systems7.pdf
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Kivelson, 1989)), causing its angular velocity to decrease in order to maintain the
conservation of angular momentum between the jovian ionosphere and plasma. The
decrease in angular velocity causes the frozen-in field lines to lag and be swept back
azimuthally (provided the plasma follows the ideal MHD picture), closing a current
system produced from field-aligned current going to and from the ionosphere, at field
lines ∼ 20 RJ from the planet, by generating an outward radial corotation enforcement
current field-aligned current in the equator (e.g., Cowley and Bunce, 2001). The
corotation current in the equatorial plane produces J× B in the direction of corotation
to drive the angular plasma velocity back to corotation velocities. The UV main
emissions are produced from electrons accelerating downwards to carry the upward
field-aligned current (e.g. out of the jovian ionosphere). The intricacies of this current
system is beyond the scope of this research (see Cowley and Bunce (2001) for more
details) but the location and driver of the electrons are essential to understand the
X-ray auroral emissions (Section 2.4).

A recent study by Bonfond et al. (2020) found evidence to suggest that the
assumptions made for the theory of corotation enforcement current begins to break
when trying to account for local time variations and temporal variability in the auroral
emissions. They note that the evidence found is related to the generation of the auroral
emissions which are not strictly linked to the magnetosphere-ionosphere coupling of
the jovian system. Their findings suggest that due to many observed features of the
main auroral emissions, such as local axisymmetry, response to the solar wind changes
and the dawn/dusk asymmetry in auroral brightness, challenge the widely accepted
theory of corotation enforcement currents as the auroral driver. Another argument
Bonfond et al. (2020) put forward is the lack of net field-aligned currents (FACs)
observed from recent Juno observations (Kotsiaros et al., 2019). They found that the
FAC was more fragmented and confined in longitude as opposed to the expected thin
and regular current shells, as expected from corotation breakdown. Such fragmented
FACs questions the current-aurora relation in the jovian magnetosphere.
Alternatively, more emphasis should be placed on calculating the Poynting flux and
Alfvén wave power contribution when comparing the outputs of auroral images.

When observing the main oval emissions, there are recognisable spatial features that
can be related to changes in the auroral driver. One key feature is a “discontinuity”
(labelled (3) in Figure 2.7, a region of where the intensity of the emissions are very dim
compared to the typical main oval brightness. The region is found to map to the
pre-noon magnetosphere and is associated with a reverse in flow and direction of the
field-aligned current (e.g. reversed to flow downward into the jovian ionosphere)
(Radioti et al., 2008). Other features of the main UV emissions include major
enhancements of the dawn auroral arc accompanied with a dramatic broadening in
latitude called an auroral dawn storm (e.g., Bonfond et al., 2021). Such jovian auroral
phenomena have been found to be possibly connected with injections of hot plasma in
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the middle magnetosphere (labelled as (5) in Figure 2.7: purple patches) (Kimura
et al., 2017). A recent study by Yao et al. (2020) suggested that both features are
causally connected. Dawn storms were found to be linked to dawnside magnetic
reconnection resulting and dipolarisations of the jovian magnetic field (e.g. the field
line changing from a stretched topology to a relaxed, dipole shape, causing it to move
towards the planet in the middle magnetosphere) mapping to auroral injection sites.
Magnetic reconnection and dipolarisations have been observed to be connected and
therefore explains why auroral dawn storms and injections are sometimes observed
simultaneously. Juno also found an extended region of highly energetic particles near
the magnetopause following the dawn storm while in the dawn outer magnetosphere,
possibly associated with a reconfiguration of the magnetosphere (Swithenbank-Harris
et al., 2021), again agreeing with previous literature. The importance of dawn storms
and how they relate to the X-ray auroral emissions will be discussed later in this
chapter and in more detail in this research (Chapter 6).

2.2.3.3 Polar aurora

The third more elusive main feature of the jovian auroral emissions is the polar region.
As previously mentioned, these emissions are very difficult to map due to the
associated field lines occurring at very high latitudes as well as the morphology of
these features varying with time during a jovian rotation (e.g., Grodent et al., 2003b).

The most dynamic emissions from within the polar aurora are found in the active
region, characterised by flaring of the UV emission accompanied with bright spots
and arc-like sub-structures (labelled as (9) in Figure 2.7: green patch). The brightness
of such flares in this region are found to be comparable to that of the main oval (a few
hundred kilo-Rayleigh (Grodent et al., 2003b), a unit of photon flux where 1 Rayleigh
= 4π × 10−10 photons m−2 s−1 steradian−1, compared to the intensity of the main oval
of 50 - 500 kR (Grodent et al., 2003a)) and have characteristic timescale of the order of
∼minutes. The unit of ‘Rayleighs’ is used to define the brightness, or apparent
emissions rate, of planetary aurora along a column of emissions throughout the field.
The active region is found to map to approximately noon and is located poleward of
the main oval and therefore likely to be associated with interactions with the solar
wind or the cusp reconnection (e.g., Bunce et al., 2004). Grodent et al. (2003b)
interpreted the flaring of the UV emissions as a signature of “explosive” reconnection
occurring on the dayside jovian magnetosphere due to their minutes-long time scale
and the arc-like sub-structures as a possible dayside X-line associated with
Dungey-like processes, as argued by Cowley et al. (2003).

As shown by region (10) in Figure 2.7, the dark region is a crescent-shaped and
appears mainly dark in the UV emissions, only peaking ∼ 0 - 10 kR above background
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(Grodent et al., 2003b), significantly dimmer than the main oval emissions. This dark
region is fixed in local time but has been observed to contract and expand as Jupiter
rotates, mapping to the outer magnetosphere (Pallier and Prangé, 2001) (∼ 70 RJ;
based on the VIP4 model (Connerney et al., 1998)). Southwood and Kivelson (2001)
argued that the dark polar region will most likely map to the cushion region if the
main emissions are driven in the plasma disc, as the dark polar region is found to be
slightly poleward of the main auroral emissions (e.g., Grodent et al., 2003b; Grodent,
2015) e.g. a region where empty flux tubes rotate to the dayside after being emptied
by Vasyliūnas-type reconnection on the night side (as depicted in Figure 2.5).

The swirl region, located poleward of the dark and active regions (red region (11):
Figure 2.7), is composed of patchy and turbulent auroral emissions and forms the
centre of the polar aurora. Previous literature associates this patchy region with open
field lines (e.g., Pallier and Prangé, 2001; Cowley et al., 2003), as it is found to almost
coincide with a feature in the infrared emissions, the fixed Dark Polar region (f-DPR),
where the flows produced from the ionosphere are found to be nearly stagnant (in a
frame of reference fixed to the jovian magnetic poles, rotating with the planet)
(Grodent et al., 2003b; Stallard et al., 2003). These stagnant flows in the f-DPR,
mapping to the swirl region, are found to map to possible open field lines linked with
a Dungey-like return flow (Cowley et al., 2003), flowing across the ionosphere slowly
due to the vast length of the jovian magnetotail. A recent study by Greathouse et al.
(2021) analysing Juno UV data, form the Ultra-Violet Spectrograph (UVS) (Gladstone
et al., 2017), observed a local time dependence in the swirl region (and the entire polar
aurora region). Greathouse et al. (2021) analysed several UVS data during numerous
Juno perijove passes, the point in its orbit closest to the planet, as the spacecraft was
above the poles. They observed a strong ionospheric local time dependence in the
swirl region with the emissions being more intense at ∼ 5 - 7 ionospheric local time
and found to disappear ∼ 20 - 22-hr. The higher colour ratio, ratio of emissions driven
by the spectrum of methane absorption in the UV emissions, observed in the swirl
region than the dark and active regions imply that the emissions are driven by
different mechanisms. A higher colour ratio implies more energetic electrons
impacting that region of the ionosphere and therefore different ratio values may
correspond to different electron populations or magnetospheric drivers located in the
jovian magnetosphere.

Additional features in the auroral emissions such as the polar auroral filament (white
line (12): Figure 2.7) and dawn and midnight spots, (13) and (14) respectively, are
beyond the scope of this research. This is because the brightest auroral X-ray
emissions at Jupiter, the main focus of this research, are located equatorward from
these regions, coinciding with the swirl and active regions. However, the dawn and
midnight spots are still a useful proxy to decipher the dynamics of the jovian
magnetosphere. Understanding the dynamical process and where the polar aurora
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map to is imperative in order to fully develop the full picture of the jovian
magnetosphere. When comparing UV images and X-ray maps, the majority of the
X-ray emissions are co-located with the UV polar emissions with some overlap with
the main auroral emissions suggesting a possible link between the auroral drivers.
This idea is explored in more detail through the rest of this research.

2.3 General X-ray Mechanisms

Astronomical X-ray emissions span across wavelengths of ∼ 10 - 0.01 nm (or energies,
E, 0.1 ≤ E ≤ 100 keV) on the electromagnetic spectrum and are absorbed by the
molecular gases of Earth’s atmosphere, through photoelectric scattering. Therefore,
astronomical X-ray observations are carried out > 400 km above the Earth’s
atmosphere to ensure all X-ray photons can be detected from celestial objects without
any contaminant from the Earth. Key current operational space-based X-ray
telescopes include Chandra (CXO, see Chapter 3), XMM-Newton and NuSTAR. As
discussed in more detail in Chapter 3, the geometric design of the X-ray telescope
dictates the resolution of your observations. For the higher end of the X-ray energies
telescopes resemble collimators, a device to narrow the X-ray beam onto the detector
at the end of the telescope. For lower X-ray energies (0.1 < E < 1 keV), grazing
incidence optics can be used to image the X-rays onto the focal plane of the telescope
which is difficult to do for X-rays beyond this range as the telescopes need to be
significantly longer to account for the smaller grazing incidence angles of the higher
energy photons (e.g., Longair, 2011). This research focuses on data taken from the
latter type of telescope. The remainder of this section will discuss the X-ray
mechanisms and contextualise the processes for the jovian X-ray observations.

2.3.1 X-ray regimes

In the field of X-ray astronomy, it is common to separate the emissions into two
categories based on their energy: soft (0.1 < E < 5− 10 keV) and hard (E > 5− 10 keV)
X-rays. For Jupiter, this regime is slightly altered to define soft X-rays having E < 2
keV and the harder X-ray emissions having energies E > 2 keV due to the different
mechanisms involved in X-ray production (Branduardi-Raymont et al., 2008). These
X-ray emissions will therefore be produced from different processes depending on the
energy of the charged particles involved in the interaction. The more energetic hard
X-rays will have a greater penetration depth than their softer counterpart. For
example, hard X-rays are used for medical imaging and crystallography as they are
energetic enough to penetrate through the materials and allows the interior structure
and composition of the objects to be imaged. In the field of X-ray astronomy, the more
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energetic X-ray photons are associated with relativistic processes such as Inverse
Compton scattering and synchrotron radiation (e.g., Longair, 2011), where the charged
particles responsible for X-ray production have velocity, v, close to the speed of light, c
(e.g. v ' 0.8c). The softer X-rays are more likely to be generated from a non-relativistic
process, such as Thomson scattering and thermal bremsstrahlung, where the velocity
of the charged particle is v� c. The remainder of the section will briefly describe
astrophysical X-ray processes relevant to Jupiter.

2.3.2 Bremsstrahlung

Bremsstrahlung (translated as ’braking radiation’) or free-free radiation is the emitted
radiation associated with the acceleration or deceleration of a charged particle in the
vicinity of an electrostatic field produced from another charged particle. X-ray
emissions are produced when the charged particle loses kinetic energy due to
deceleration which is then converted into emitted radiation (e.g. X-ray photons: see
Figure 2.8). For the case of an incoming, free-ranging charged particle affected by the
electrostatic field, the photons emitted can have variety of energies associated with the
velocity and amount of deceleration/acceleration the charged particle has
undergone3. The distribution of these photon energies produces a continuous
spectrum or continuum emissions where the peak frequency is dictated by the extent of
the particle deceleration/acceleration (e.g. Rybicki and Lightman, 1986; Longair, 2011).

As the research examined in this thesis focuses mainly on the spatial and temporal
behaviour of jovian auroral X-rays as opposed to X-ray spectra, we do not fully derive
the expression for bremsstrahlung radiation here (full derivation can be found in
Rybicki and Lightman (1986) and Longair (2011)). Here, we state and explain the
meaning behind the expressions describing emitted bremsstrahlung radiation in
different regimes. The expression for non-relativistic bremsstrahlung emission of an
electron with charge −e moving past an ion of charge Ze (in CGS units), ε

f f
ν , is

ε
f f
ν =

dW
dV dt dν

=
32π2e6

3
√

3c3m2v
neniZ2g f f (v, ω) [erg s−1 cm−3 Hz−1] (2.4)

where dW
dV dt dν is the emission spectrum of bremsstrahlung emissions (energy per unit

volume, frequency range and time), ne and ni are the density of electrons and ions in
the medium (or plasma), m is the mass of the electron, c is the speed of light, v is the
velocity of the electron and g f f (ν, ω) is the Gaunt factor (a correction term used when
deriving the emission using a quantum mechanical treatment) given by (Rybicki and
Lightman, 1986)

3https://www.chandra.si.edu/edu/formal/snr/bg5.html

https://www.chandra.si.edu/edu/formal/snr/bg5.html
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FIGURE 2.8: Cartoon showing production of X-ray photons via bremsstrahlung or
free-free radiation. Image taken from https://www.chandra.si.edu/edu/formal/

snr/bg5.html.
Credit: CXC team/NASA

g f f (v, ω) =

√
3

π
ln
(

bmax

bmin

)
(2.5)

where bmax and bmin are the extrema of dimensionless collision parameters related to
the electron interacting with the ion in close proximity over a time interval, τ. The
Gaunt factor is a specific function calculated from the energy of the electron and the
frequency (and therefore angular frequency) of the bremsstrahlung emission. Again,
the full quantum mechanical derivation is beyond the scope of this research but it is
important to note the different types of bremsstrahlung emissions found relating to
the distribution of the particles. Thermal bremsstrahlung is observed when we average
Equation 2.4, a single-speed expression, over a Maxwell-Boltzmann distribution
(thermal distribution). The probability, dP, of the particle speed lying within a
Maxwell-Boltzmann velocity distribution in the speed range dv is given by

dP ∝ v2 exp
(
−mv2

2kT

)
dv (2.6)

where k is the Boltzmann constant, T is the temperature found from the thermal
distribution of speeds and we have assumed an isotropic distribution of thermal
velocities.

https://www.chandra.si.edu/edu/formal/snr/bg5.html
https://www.chandra.si.edu/edu/formal/snr/bg5.html
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Similarly for non-thermal bremsstrahlung, where the single speed expression
(Equation 2.4) is averaged over the actual distributions of velocities (e.g. not assumed
to be a thermal distribution), expressions can be found using the appropriate Gaunt
(correction) factors (e.g., Rybicki and Lightman, 1986). Further corrections need to be
applied for the relativistic case. The different types of bremsstrahlung can be isolated
from an X-ray spectra as non-thermal emissions occur at higher energies as a power
law, following from the bremsstrahlung curve. This will be examined further for the
case of Jupiter’s hard X-ray aurora in Section 2.4.

2.3.3 Charge Stripping and Charge Exchange

The jovian soft X-ray auroral emissions are produced from an excitation reaction
following from the ions being first charge stripped to a highly ionised state and the
products undergoing charge exchange (e.g., Cravens et al., 1995; Bhardwaj and
Gladstone, 2000). Charge stripping occurs when an ion interacts with a neutral or
collision partner causing a free electron to be stripped from the ion, leading to the
product ion having a more positive charge than the initial ion. For the case of jovian
aurora, the ion collides with neutrals in the jovian atmosphere (e.g., Cravens et al.,
1995). This process can be represented by

Y(q−1)+ + X → Yq+ + X + es (2.7)

where Y represents the ion (for Jupiter, iogenic ions oxygen (O) and sulphur (S)), X is
the neutral in the atmosphere (in this case hydrogen (H) or molecular hydrogen
(dihydrogen: H 2)), q is an integer number stating the charge state of the ion or the
number of electrons short of the ion being neutral and es is the secondary electron
produced from this process.

The products of the charge stripping process (Equation 2.7) can then undergo a charge
exchange (or charge transfer) reaction. Charge exchange occurs when a colliding ion
captures one or more electrons from a neutral atom in the atmosphere, summarised by
the following reaction

Yq+ + X → Y(q−1)+∗ + X+ (2.8)

where Yq+∗ denotes ions in an electronically excited state and other symbols have their
previously defined meanings. The once neutral atom becomes ionised as a result of
the process. After charge exchange, the ion in an excited electronically state can relax
and release a photon (hν, where h = 6.626× 10−34 m2 kg s−1 is Planck’s constant and ν

is the frequency of the emissions) with energy corresponding to change of energy level
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FIGURE 2.9: Schematic of the fluorescence process for the case of ionisation and ejec-
tion of an electron, relaxing an L-shell electron to the vacant K-shell orbital. All orbitals

are labelled with nuceleus at the centre

Y(q−1)+∗ → Y(q−1)+ + hν (2.9)

Therefore different values of q will produce a spectrum of photon energies from the
cascade of photons produced in this process. The sequence of reactions above are
responsible for the jovian soft X-ray aurora and will be examined further in later
sections.

2.3.4 Fluorescence

When observing X-ray emissions from the planetary disk, fluorescence of solar X-rays
in the atmosphere play an important role. This has been observed at Jupiter in the
form of certain line emissions in the X-ray spectra. The fluorescence process takes
place when an X-ray photon (e.g. from solar X-rays) is absorbed by the ion, resulting
in either: (1) the excitation of an electron to a higher orbital where it then relaxes and
emits an X-ray photon or 2) the ionisation and ejection of an electron located in the
inner orbital (i.e. K-shell) creating a vacancy for an electron in an outer orbital (e.g.
L-shell) to relax and occupying the inner orbital, ejecting a photon in the process. The
latter case is shown in Figure 2.9 where the energy of the emitted photon is the energy
difference between the higher orbital and the inner orbital that the electron occupies
after relaxing (e.g. from L-shell (n = 2) to K-shell (n = 1), a Kα X-ray photon is released
where n is the principal quantum number). This case results in characteristic X-ray
line emissions observed in the spectra. For the case of Jupiter, emission from carbon
fluorescence in methane is observed in the planetary disk (Maurellis et al., 2000).
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2.3.5 Elastic scattering

The K-shell fluorescence emissions from oxygen and carbon dominate the X-ray
emissions in the atmospheres of the terrestrial planets such as Venus, due to their
dioxide atmospheres containing more of these species than the gas giant atmospheres
(e.g., Cravens and Maurellis, 2001). For the atmospheres of the gas giant planets,
elastic scattering with the neutrals and hydrogen dominate the observed disk
emissions (e.g., Maurellis et al., 2000; Cravens et al., 2006). For non-relativistic charged
particles (i.e. low energy regime), elastic scattering of electromagnetic radiation is the
dominant scattering process, known as Thomson scattering. This only occurs when the
incident photon energy is less than the energy of the charged particle (e.g. hν� mc2).
As the photon collides with the charged particle, the particle accelerates in the
direction of the oscillating electric field from the photon re-emitting electromagnetic
radiation of the same wavelength as the incoming photon in the process. The direction
of the re-emitted photon is perpendicular to the particle motion.

For the high energy regime, Compton scattering dominates: inelastic scattering between
incoming photons and charged particles where the X-ray photon loses energy at the
expense of the charged particle gaining kinetic energy. When the charged particle
loses energy at the expense of the incoming photon, Inverse Compton scattering applies.
This scattering regime may be more applicable to the jovian radiation belts where the
charged particles are highly relativistic (as discussed in Section 2.1).

The X-ray mechanisms discussed in this section are summarised in Table 2.2. The
name of the mechanism (in the order discussed in the text), the associated charged
particles and a summary of the process are all shown in the table.

The remainder of this section and research will mainly focus on X-ray production
from bremsstrahlung and the series of reactions/excitations from charge exchange
and charge stripping, the mechanisms relevant to jovian aurora. The kronian disk
emissions (from fluorescence and scattering processes) and how this applies to this
research will be briefly discussed in Chapter 7.
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2.4 Jovian Auroral X-ray emissions

As briefly discussed in Section 2.2, the first observation of jovian X-ray aurora, and
indeed X-ray emissions detected from another planet other than Earth, were found by
the imaging proportional counter and high resolution camera on board the Einstein
X-ray observatory in 1979. Metzger et al. (1983) analyse three observations taken during
1979 (April 13, November 24 and December 2) and show the first X-ray image of
Jupiter’s X-ray aurora during the 6 January 1981 observation. They report finding
X-rays in the 0.2 - 3.0 keV energy band, emitting from both poles of Jupiter as mapped
in Figure 2.10b) with the locations of Jupiter and the Galilean moons shown in panel
(a) for the January 1981 observation which lasted ∼ 6 hours. Showing the location of
Jupiter in this way allows the brighter emissions observed on the superimposed disk
(panel (b)) to be distinguished from any other bright sources on the detector. With the
spatial resolution of the camera, it was confirmed that the bright “lobes” of emissions
corresponded to the jovian poles.

The three observations taken during the 1979 campaign utilised the imaging
proportional counter on board the telescope. Figure 2.11 shows the resulting
background-subtracted count rate spectra for each observation and found that the
corresponding energy spectrum was extremely soft (i.e. detected in the 0.2 - 3.0 keV
band) and can be characterised by a power law with an exponent of ∼ 2.3 (e.g. a
possible indicator of non-thermal bremsstrahlung). The luminosity of the X-rays were
found to be ∼ 4× 109 W (or 4 GW) for the northern and southern emissions
combined, in the 0.2 - 3.0 keV energy band. Metzger et al. (1983) postulated that the
shape of the response and observed X-ray power suggested that the auroral emissions
were less likely associated with electron bremsstrahlung but from line emissions from
iogenic ions (O and S) between 0.03 and 4.0 MeV/nucleon located on the outer limits
of the Io plasma torus (magnetic fields ∼ 8 RJ from the planet). Metzger et al. (1983)
found evidence of O Kα and S Kα (e.g. potential line emissions from fluorescence) at
0.52 keV and 2.3 keV respectively from fitting the spectra with the identified power
law. They state the soft line spectrum could not be distinguished from the continuum
due to the insufficient energy resolution of the instrument, therefore softer X-rays may
still be emitted from the aurora.

Metzger et al. (1983) rule out solar wind and solar X-ray flux (i.e. sources providing
external energy to the jovian system) as both sources are insufficient to provide the
energy needed to produce the X-rays. Previous studies found that the solar wind
provides a very minor contribution to jovian aurora (e.g., Eviatar and Siscoe, 1980)
and the recorded quiet time solar flux during the Einstein observations was out by a
factor of 104 when comparing to the X-ray flux values. Metzger et al. (1983) therefore
argued that ion precipitation (internal sources) was the likely source of X-ray
production, stating that the electron precipitation would supply insufficient energy to
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FIGURE 2.10: One of the first observations of jovian X-ray auroral emissions found
by the high resolution imager on board the Einstein Observatory (Metzger et al., 1983),
taken January 6 1981. The location of Jupiter and the Galilean moons are shown dur-
ing this interval (given in right ascension and declination) in panel (a). The numbers
correspond to the location of each object during the time interval which spanned from
2.1h - 7.8h UT. The quadrilaterals mark the outline of the two sources associated with
Jupiter as shown in (b), with the maxima shown by small squares. Panel (b) shows the
emission regions in terms of X-ray intensity, superimposed on the location of Jupiter’s
disk (orange circle) and the location of the jovian equator (straight line). The motion

of Jupiter is from right to left. Image taken from Plate 2 Metzger et al. (1983).
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FIGURE 2.11: The spectra taken from the three 1979 observations (denoted with
different markers) using the imaging proportional counter. The spectra represent
the background-subtracted X-ray ray count rate (energy (keV) vs. net count rate
(counts s−1 keV−1)) for each observation. Note the log-scale on the y-axis. Figure

taken from Figure 2 in Metzger et al. (1983).
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generate the aurora. This sparked many studies to search for a plausible mechanism
for X-rays involving ion precipitation.

As discussed in Section 2.3, ionisation and excitation processes producing the auroral
energy needed may be one possibility for the observed X-ray aurora involving ions.
Horanyi et al. (1988) presented a theoretical model explaining the interaction of
oxygen precipitating into the upper atmosphere with neutrals in the jovian
atmosphere (some processes summarised in Equations 2.7 and 2.8, where Y is
replaced with O) based on auroral particle precipitation found from Voyagers 1 and 2
(e.g., Sandel et al., 1979; Broadfoot et al., 1981). Their models suggests that sulphur
and oxygen lines occur at 1256 Å and 1304 Å respectively (where 1 Å = 10−10 m) if S-
and O- precipitation was the source of the main auroral emissions (e.g. UV emissions).
Therefore they suggest energetic ion and electron precipitation will have similar
effects for the jovian atmosphere (with H and H 2) and ionosphere. A followup study
by Waite et al. (1988) analysing high signal-to-noise spectra at UV wavelengths from
the International Ultraviolet Explorer (IUE) Observatory found no detection of the
1304 Å oxygen line and an non-significant detection of the sulphur line. They
concluded that the UV auroral emissions were likely to be from electron precipitation,
as there was little to no contribution from the ions, and the precipitation of more
energetic ions (> 300 keV/nucleon) are responsible for the X-ray auroral emissions.
This was therefore consistent with the hypothesis stated by Metzger et al. (1983) that
ion precipitation was the source of the X-ray auroral emissions and not the UV.

The original Metzger et al. (1983) hypothesis was further supported from later
observations from the Röntgen satellite (ROSAT) with a higher energy resolution than
the Einstein Observatory. Waite et al. (1994) analysed observations from ROSAT’s
high-resolution imager (HRI) and position sensitive proportional counter (PSPC)
taken in April 1991 and May 1992 of the jovian emissions. With the improved spatial
resolution, the HRI found that the X-ray auroral emissions originated from the
northern hemisphere at all jovian longitudes and were time-variable and also sensitive
to the rotation of Jupiter. This is shown in Figure 2.12 for the May 22 1992 observation
at different observer longitudes (stated in each panel), or central meridian longitudes, to
show the behaviour changes with rotation. The PSPC data revealed a very soft X-ray
spectrum that was difficult to extract from previous observations. When fitting the
spectra (as shown in Figure 2.13) with models for electron bremsstrahlung and line
emissions for iogenic ions, Waite et al. (1994) found a better statistical fit with the line
emissions from S and O ions (e.g. the χ2 value was closer to 0, as labelled on
Figure 2.13). This again showed the line emissions dominated the jovian auroral
spectrum and agreed with the results and arguments first suggested by Metzger et al.
(1983).
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FIGURE 2.12: Individual X-ray images of 6 ROSAT HRI data intervals at various cen-
tral meridian longitudes (CML), noted in the bottom right of each panel. The images
show how the northern hemisphere X-ray emissions change in time and over a jovian
rotation. The disk, equator, latitude and longitude are shown in each panel. The posi-
tion of the planet is shown in right ascension coordinates. Image taken from Plate 2 in

Waite et al. (1994).
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FIGURE 2.13: The photon energy spectrum from the combined ROSAT PSPC obser-
vations with 1-σ errors. The curves of the best fit for O and S emission lines (solid
line) and bremsstrahlung model (dotted) convolved with the detector response are
also shown with their associated statitsics also shown. Spectrum taken from Figure 5

in Waite et al. (1994).

The results from Waite et al. (1994) provided valuable information to extend the model
for auroral production associated with ions first proposed by Horanyi et al. (1988).
Cravens et al. (1995) extended the original model for oxygen by including all charge
states from neutral oxygen up to fully stripped oxygen. The Horanyi et al. (1988)
model only considered the four lowest charge states (O, O+, O2+, O3+). This extension
of the model provided the needed requirements to study jovian auroral X-ray
emissions associated with highly energetic charged ions in more detail. Cravens et al.
(1995) calculated that the total auroral X-ray power from highly charged oxygen ions
was ∼ 108 W (∼ 0.1 GW), in agreement with the ROSAT observations analysed by
Waite et al. (1994) and therefore provided further evidence that ion precipitation may
be responsible for jovian auroral X-ray emissions. All the observations and models up
to this point provided a likely series of mechanisms for the observed jovian auroral
X-ray power regarding the precipitation of O ions interacting with neutrals. This can
be summarised as the following
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O(q−1)+ + H 2 → Oq+ + H 2 + es (2.10)

Oq+ + H 2 → O(q−1)+∗ + H 2
+

O(q−1)+∗ → O(q−1)+ + hν

where all the steps and symbols of the above reaction are previously defined in
Equations 2.7 - 2.9 for the general case and 0 ≤ q ≤ 8 (e.g., q = 8 corresponds to O8+

or O IXas shown by Horanyi et al. (1988); Cravens et al. (1995) and references therein).
The above set of reactions also apply to precipitating S ions for different values of q
(e.g. Bhardwaj and Gladstone, 2000). During the Cassini flyby of Jupiter of the outer
dusk magnetosphere (December 2000 - Januaray 2001), heavy iogenic ions with ion
charge states (q ≤ 3) were observed confirming the existence of charge stripped ions in
the jovian environment (Allen et al., 2019). However, how the ions get fully stripped
to account for the X-ray auroral emissions and the driver behind energising the ions to
the required high energies is still up for debate in the field today.

2.4.1 First detection of the pulsating ”hot spot”

Following the ROSAT telescope, NASA launched the Chandra X-ray Observatory in
July 1999 (see Section 3.1) with unrivalled spatial resolution from its high resolution
camera (HRC) and imaging spectrometer (ACIS). On December 18 2000, Chandra
performed its first observation of Jupiter for ∼ 10 hours (10 - 20 UT) (Gladstone et al.,
2002). Figure 2.14 shows the resulting intensity map (in Rayleighs), in planetocentric
coordinates, with each X-ray photon convolved with the point spread function of the
instrument. The jovian disk and S3 longitude-latitude grid with the Io (orange lines)
and 30 RJ (green lines) magnetic footprints from the VIP4 model are also plotted. Due
to the higher spatial resolution of HRC, the auroral emissions were found to be
mapped to a higher latitude than expected from previous observations suggesting a
possible connection to the outer magnetosphere.

As discussed in greater detail in Chapter 3, Gladstone et al. (2002) were the first to
map Chandra photons to the jovian poles and disk in a polar projection to allow the
full auroral morphology to be examined in detail. Figure 2.15a) shows the polar
projection of the individual Chandra photons (crosses, where the size gives an idea of
uncertainty in position) overlaid on multiple auroral images of UV HST averaged
intensity (as shown by the colour bar). The mapping assumes that the peak auroral
emissions (both UV and X-ray) occur at 240 km above the 1-bar pressure level in the
jovian atmosphere. The VIP4 model is shown by the dark blue contours with the same
magnetic footprints in Figure 2.14 also plotted. With high spatial resolution images of
HST, the X-ray aurora appeared to be more poleward than the UV main auroral
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FIGURE 2.14: Chandra image in planetocentric coordinates of the 10 hour X-ray ob-
servation on 18 December 2000. Each individual photon has been convolved with the
point spread function of the high resolution camera (more details in Chapter 3). The
colour bar shows the intensity of the X-ray emissions in units of Rayleighs. The Io
and 30 RJ magnetic footprints of the VIP4 model are shown by orange and green lines
respectively (for both hemispheres). Image taken from Figure 1 in Gladstone et al.

(2002).
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FIGURE 2.15: Figure summarising analysis of the ”hot spot” from Gladstone et al.
(2002). (a) Polar projections of Chandra X-ray photons (crosses with size proportional
to uncertainty in position) overlaid onto averaged HST images (colour bar). Surface
magnetic field strength from the VIP4 (dark blue contours) and the magnetic footprints
shown in Figure 2.14 are also plotted. The X-ray auroral emissions are found to be
poleward of the UV emissions with the hot spot identified by a red circle. The timing
analysis results of the hot spot is shown in panel (b) with the peak ∼ 45-min period
identified. The dashed lines labelling the probability of a random signal occurring at
that frequency bin (i.e. the ∼ 45-min period had a 4× 10−6 likelihood of occurring at

random). Image adapted from Figures 2 and 3b in Gladstone et al. (2002).

emissions in both hemispheres (left: North, right: South). As shown clearly in the
North, a collection of photons occur within the labelled 5◦ circle at ∼ 170◦ S3
longitude and 65◦ latitude. This region was found to be the first observation of the
so-called X-ray auroral hot spot. The “hot spot” was found to be fixed in magnetic
longitude and latitude (i.e. rotated with the planets magnetic field) and could only be
viewed when the emissions rotated into view.

More puzzling than the high-latitude aurora, timing analysis of the light curve of the
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photons within the identified hot spot region revealed the emissions to be pulsating.
Figure 2.15b) shows the resulting power spectrum from the Gladstone et al. (2002) hot
spot signal with the dashed lines labelling the probability of a random signal
occurring at that frequency bin. In this observation, a peak period of ∼ 45-min is
found from the timing analysis with the peak having a 4× 10−6 likelihood random
chance occurrence. This periodic signal was not found in contemporaneous Galileo
and Cassini particle data or Cassini upstream solar wind data at ∼ 200 RJ. A ∼ 40-min
periodicity was found from radio data during the Ulysses flyby (MacDowall et al.,
1993) with the origins remaining unclear.

Gladstone et al. (2002) argued that these results put the original Metzger et al. (1983)
hypothesis into questions as the pulsations suggest the precipitation of heavy ions is
not steady. Alternatively, they propose the unknown driver of these emissions resides
in the outer magnetosphere, producing highly localised and variable emissions. They
suggest the pulsations may arise from global ultra-low frequency (ULF) oscillations of
the magnetic field line the ions precipitate down into the jovian ionosphere,
previously observed to have a 10 - 20-min period in the middle magnetosphere (e.g.,
Khurana and Kivelson, 1989; Wilson and Dougherty, 2000a), with the periodicities in
the X-ray auroral emissions possibly associated with the bounce periods of the
magnetically trapped charged particles. This revolutionary study changed how we
viewed the pulsating jovian X-ray auroral emissions and opened many avenues of
study in this interesting field. The key discoveries of jovian X-ray auroral emissions
since this revolutionary discovery will be examined in the remainder of this chapter.

2.4.2 Discovery of jovian disk emissions and auroral hard X-rays

The launch of Chandra revolutionised how we could resolve the observable universe
in X-rays in fine detail. Soon after the Chandra launch, in December 1999 the European
Space Agency (ESA) launched their X-ray imaging spectrometer XMM-Newton (Jansen
et al., 2001) which had unrivalled spectral resolution. XMM-Newton therefore had the
capabilities to fully resolve the jovian auroral spectra for the first time with its greater
energy resolution that the previous generation of X-ray telescopes (Einstein, ROSAT
etc.). The first XMM-Newton observation of Jupiter occurred for 110 ks (∼ 3 jovian
rotations, where 1 rotation ≈ 36 ks) between April 28 and April 29 2003
(Branduardi-Raymont et al., 2004). The spectral analysis conducted by
Branduardi-Raymont et al. (2004) found that all X-ray emissions in the auroral hot
spot were confined to 0.2 - 2.0 keV and found an X-ray spectrum from a southern hot
spot for the first time. Both spectra were modelled with emission lines of highly
ionised oxygen (O6+, O7+) and a model consisting of a superposition of many weaker
lines (a pseudo-continuum). They found a 2.8σ enhancement in the spectrum at ∼ 0.57
keV associated with the identification of O6+ therefore supporting the arguments of
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FIGURE 2.16: Example XMM-Newton photon spectrum of the northern X-ray aurora
during November 2003. The spectrum has been fitted with a combination of a ther-
mal bremsstrahlung model, power law continua and four emission lines. Taken from

Figure 10 in Branduardi-Raymont et al. (2007b).

ions being captured and charge stripped in the jovian magnetosphere before
undergoing charge exchange to produce X-rays (e.g., Horanyi et al., 1988; Cravens
et al., 1995). Timing analysis of the hot spot regions found no statistically significant ∼
45-min oscillation discovered by Gladstone et al. (2002).

With the finer spectral resolution, the X-ray spectrum of the planetary disk was
retrieved and isolated from the auroral emissions. Elsner et al. (2005) found the
spectrum to be consistent with a picture of scattered solar X-rays off the upper
atmosphere with little evidence of the fluorescence lines as predicted by Maurellis
et al. (2000). Although the main focus of this research is the jovian auroral emissions, it
is important to separate these emissions, and therefore the processes responsible, to
understand fully the magnetosphere-ionosphere coupling to energise the ions
responsible for the X-ray aurora.

Followup XMM-Newton observations of the jovian emissions in November 2003
discovered the existence of an electron bremsstrahlung component in the auroral
spectra Branduardi-Raymont et al. (2007b), previously predicted in the literature but
never found due to the lack of sensitivity at the softer energies (e.g., Metzger et al.,
1983; Waite et al., 1988, 1994). An example spectrum is shown in Figure 2.16, where
the fitted model consists of a thermal bremsstrahlung component, power law continua
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(e.g. non-thermal emissions) and line emissions. The bremsstrahlung component was
found to vary in shape and intensity over the 3.5 days observed in November 2003
and was found to harden (i.e. the peak increased in energy, changing the power law
index) with increasing flux. Branduardi-Raymont et al. (2007b) found that this new
component accounted for all X-ray flux > 2 keV and hypothesised that the variability
may be linked to solar wind activity.

Using the high spatial resolution of Chandra and its ACIS instrument,
Branduardi-Raymont et al. (2008) mapped the photons according to energy as a polar
projection (similar to Gladstone et al. (2002)) to analyse the spectral morphology of the
northern X-ray auroral emissions. The X-ray photons observed in February 2003 were
overplotted on simultaneous far-UV HST data (as shown in Figure 2.17 for 4
HST orbits) to analyse their difference in location within the auroral regions.
Branduardi-Raymont et al. (2008) argue that the same population of energetic
electrons may be responsible for both the hard X-rays (> 2 keV: big green dots in
Figure 2.17) and far-UV emissions as both ionospheric photons are located close to
each other during this observation window. The soft X-rays (< 2 keV: small green
dots) were located more poleward, found to cluster in the classic hot spot region and
associated with the classic ion charge exchange idea. They state the difference between
hard and soft X-rays in the auroral emissions due to the different spectral shapes.

Unfortunately due to the degradation of the Chandra ACIS instrument (see
Chapter 3), mapping the hard X-rays in recent studies is an impossible task. Therefore
recent studies looking into the hard X-ray component of the auroral emissions utilise a
combination of XMM-Newton, HST and Hisaki (planetary spectrometer launched by
JAXA, looking at the UV and extreme-UV (EUV) wavelengths) to analyse the
variability and spectral properties of these emissions. A very recent study by
Wibisono et al. (2021) found that the hard X-ray auroral emissions observed by
XMM-Newton got more intense with the EUV auroral emissions observed by Hisaki
during a dawn storm. An increase in brightness in both spectra suggest an increase in
electron precipitation caused by the dawn storm (e.g., Bonfond et al., 2021).
Interestingly, the dawn storm did not cause the soft X-ray aurora, associated with
iogenic ions, to increase in brightness or trigger any periodic pulsations. This therefore
shows how both components of the X-rays are dependant on different magnetospheric
processes and require further analysis. Trying to determine a way to map the hard
X-rays using Chandra is discussed further in Chapter 6.

2.4.3 First resolved image of the southern auroral “hot spot”

Following the discovery of the southern hot spot emissions by Branduardi-Raymont
et al. (2004), the next step was to determine the location and morphology of these
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FIGURE 2.17: Polar projections showing the spectral morphology of the hard X-rays
(big green circles) and soft X-rays (small green circles). The Chandra X-ray photons
are overplotted on HST data (orange emissions) during 4 orbits. The full exposure is
shown in Chapter 3. Projection grid split into 10◦ graticules. Image taken from Figure

5 in Branduardi-Raymont et al. (2008).

emissions. Dunn et al. (2017) analysed Chandra observations on May 24 and June 1
2016 and a simultaneous XMM-Newton observation on May 24 to compare timing
analysis and analyse spectral properties of the emissions. The ACIS degradation
meant that no Chandra spectral observations were taken during this time.

Figure 2.18a shows the combined projection of the May and June X-ray photons
Chandra observations (per 2◦ bin) with the VIP4 surface model overplotted as gold
contours. The thick gold contours represent the magnetic footprints of Io, Ganymede
(15 RJ) and 50 RJ. The red dot indicates the location of the jovian magnetic pole. As
shown in the polar projections, the southern emissions were found to be far more
diffuse and less intense than their northern counterpart. To determine if this was a
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result of different magnetospheric drivers, Dunn et al. (2017) used the Vogt et al. (2011,
2015) flux equivalence mapping model to find the location of potential X-ray drivers
in the jovian magnetosphere. The flux equivalence mapping model relates a position
in the ionosphere to a source region in the equator, at a given radial distance from the
planet (in units of RJ) and local time. This model assumes that the flux through a
given region in the joviographic equator, calculated using a 2-D fit to Galileo data,
should match the flux through the ionosphere in the region to which it maps. The
mapping depends on the sub-solar longitude (SSL) and the internal field model used
(examined further in Chapter 5). In this instance, Dunn et al. (2017) use the VIP4
model and found that driver of the X-ray auroral emissions were found to lie in the
noon-dawn sector for the southern hot and noon-dusk for the North (Figure 2.18b)),
between the predicted compressed and expanded magnetopause limits of the Joy et al.
(2002) model.

To unveil new light on the potential auroral drivers for the hot spot emissions in both
hemispheres, Dunn et al. (2017) performed Fourier transforms on the light curves for
both the North and South (Figure 2.19). The light curves alone showed that the peak
of the emissions were out of phase (i.e. rotation dependant when observed) and had a
different underlying envelope with the southern emissions being more “spread out”.
The resulting periodograms (or power spectra from the timing analysis) from the
Chandra data (both observations; Figure 2.19b)) showed that southern emissions
exhibited a significant regular period of 9-11-min (> 10−6 likelihood of the pulsation
occurring from random chance, using similar methods to Gladstone et al. (2002)).
Interestingly, the northern auroral emissions were found to exhibit no significant
pulsations during this time, indicating that the northern and southern hot spots
behave independently during this observation. This was the first discovery of
non-conjugate behaviour between the poles, raising questions whether the drivers of
both emissions were different (coupled with the slightly different locations in the
magnetosphere) or whether it was lagged emissions.

Dunn et al. (2017) proposed that the location of the ion populations (drivers) on the
magnetopause suggest that Kelvin-Helmholtz Instability (KHI)-driven Alfvén waves
may generate the observed periodicity of the emissions and provide a possible
mechanism. This argument agrees with the ULF wave hypothesis originally made by
Gladstone et al. (2002) although with no clear idea of what could produce such ULF
wave activity. A very recent case study by Yao et al. (2021) argued that the potential
driver for pulsed auroral emissions may be ion cyclotron waves modulated by
planetary electromagnetic waves; they say that such a process would cause periodic
heavy precipitation of ions, producing the observed pulses. Yao et al. (2021) analysed
simultaneous in situ Juno data (particle, magnetic field and wave data) with
XMM-Newton light curves and found the pulsations caused by ion cyclotron waves
evident across all datasets.
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FIGURE 2.18: Results of the mapping analysis from Dunn et al. (2017). Panel (a) shows
the combined projection of the May and June X-ray photons for the Chandra observa-
tions (per 2◦ bin) with the VIP4 surface model overplotted as gold contours. The thick
gold contours represent the magnetic footprints of Io, Ganymede (15 RJ) and 50 RJ
and the red dot indicates the location of the jovian magnetic pole. Panel (b) shows the
results of the Vogt et al. (2011, 2015) flux equivalence model (see text for details) with
the VIP4 internal field model. Northern and southern emissions are shown in blue
and gold respectively. Images adapted from Figures 1 and 4 from Dunn et al. (2017).

Regarding the southern emissions, Dunn et al. (2017) state that the lack of southern
emissions may be associated with the viewing geometry (i.e. planetary tilt), causing
the southern emissions to be tilted out of view in previous campaigns. This can
therefore lead to the southern X-ray photons having to travel through more of the
jovian atmosphere which have a likelihood of being absorbed due to opacity effects
(as modelled by Ozak et al. (2010)) not accounted for in the mapping and timing
analysis. The effects of geometry are explored further in Chapters 5 and 6. The
possible theories and evidence surrounding X-ray auroral drivers are discussed in
greater detail in Chapters 4 - 7.

Another contributing factor to the less intense and more diffuse auroral X-rays in the
South may be a preference for electron precipitation over ions due to stronger and
more persistent electron currents, as found from recent Juno observations (Kotsiaros
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FIGURE 2.19: Panels (a) and (c) show the light curves for the northern (blue) and
southern (gold) emissions for the two Chandra observations. The normalised visibility
of the emissions are shown in the corresponding dashed line with the same colourings.
Panels (b) and (d) show the resulting timing analysis of the light curves via Fourier
transforms with the horizontal dashed lines representing the likelihood of random
occurrence as used by Gladstone et al. (2002). Figure adapted from Figures 2 and 3

from Dunn et al. (2017).
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et al., 2019). This observation may provide the reason why the southern auroral hard
X-ray emissions in the 3-20 keV range are almost twice as intense than its northern
counterpart, first discovered by the Nuclear Spectroscopic Telescope Array (NuSTAR)
from 5 observations during 2015 - 2018 (Mori et al., 2022). NuSTAR is an imaging
spectrometer, capable of resolving X-rays in the 3 - 79 keV X-ray energy band,
surpassing the upper energy limits of both Chandra and XMM-Newton at 10 keV. Prior
to this discovery, the strongest significant jovian auroral X-rays detected had energies
of ∼ 7 keV from XMM-Newton (Branduardi-Raymont et al., 2007b). The study
conducted by Mori et al. (2022) found that HXRs in this energy range are produced
from non-thermal bremsstrahlung from precipitating electrons with energies of keV to
MeV. They also found that the jovian auroral X-ray spectrum is found to get softer
beyond 20 keV (i.e. the slope found from the power law steepens). This provides a
new insight into the non-conjugate behaviour and asymmetries observed between the
poles. Mori et al. (2022) suggest that due to the more powerful and persistent electron
currents in the southern auroral emissions, the southern auroral region would be
likely dominated by precipitating electrons where as the northern X-ray emissions are
found to have a preference for ion-related processes such as charge exchange and line
emissions. This opens up many new avenues to explore the southern emissions,
across all wavebands, in more detail with Juno’s extended mission taking it into the
southern portion of the magnetosphere providing wider coverage of the South pole
and the southern regions of the jovian magnetosphere.

2.4.4 Jovian auroral X-rays during a solar wind compression

Throughout the ongoing X-ray campaigns to provide a wealth of data to analyse the
jovian X-ray auroral emissions, there are many observations which are either planned
or coincidentally occur at the same time as a solar wind compression impacting
Jupiter. As discussed in Chapter 1, solar wind compressions can occur in the form of
irregular transients like coronal mass ejections or corotating interacting regions which
have a relatively predictable occurrence rate (solar-cycle dependent). The arrival time
of thee transient phenomena however is very difficult to predict and is ongoing in the
space weather field. When these solar transients arrive at the jovian magnetosphere,
the impact generates a shock causes the magnetosphere to compress. Dunn et al.
(2016) report the first jovian observation, taken in October 2011, planned to coincide
with the predicted arrival of an interplanetary coronal mass ejection (ICME) impacting
the jovian magnetosphere. At the predicted arrival time calculated from the mSWiM
propagation model (Zieger and Hansen, 2008), a 1-D numerical MHD model to
propagate the solar wind from 1 - 10 AU in a non-rotating frame, the X-ray aurora was
found to become more intense by a factor of ∼ 8. Within 1.5 hours of the change of
auroral intensity, STEREO-A and -B observed bursts of non-Io decametric radio
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emissions possibly associated with a compression event. During the compression
event, the timing analysis results from Dunn et al. (2016) found two significant
periods associated with different ion populations: ∼ 26-min from sulphur ions and ∼
12-min from a mix of carbon/sulphur and oxygen ions (e.g. a mix of heavy ions from
Io and the solar wind). Using the Vogt et al. (2011, 2015) flux equivalence model, they
found that the highly charge stripped sulphur ions are likely to originate between 50
and 70 RJ. Highly stripped oxygen ions and sulphur/carbon ions were found to
originate between 70 and 120 RJ (e.g. in the outer magnetosphere, close to the
magnetopause boundary). Dunn et al. (2016) argued that, to account for possible solar
wind precipitation, the driver in this case responsible for the X-ray enhancements was
likely to be cusp reconnection on the dayside magnetopause proposed by Bunce et al.
(2004). This type of magnetic reconnection may be triggered from a solar wind
compression, for example from an ICME, and may provide a possible mechanism for
the observed pulsations in the different ion populations.

A more recent study by Wibisono et al. (2020), analysing XMM-Newton data from June
2017 found that, during a solar wind compression, confirmed by magnetopause
crossings observed in the in situ Juno data, a 23 - 27-min pulsation was observed which
lasted for 12.5-hours of the ∼ 23 hour long observation. They also found that for a
period of time, the northern and southern hot spot were synchronous, pulsating at the
same time. Spectral analysis revealed that iogenic ions were responsible for X-ray
aurora production. This was the first observation of conjugate behaviour from the
northern and southern X-ray auroral emissions. A simultaneous Chandra observation
found the same (quasi-)periodicity and is examined in greater detail in Chapter 4,
discussing the possible drivers behind the auroral emissions during a compression
event and how we can map the pulsations to their locations in the magnetosphere.

2.4.5 Sparsity of auroral quasi-periodicities

As discussed throughout this section, many observations have found the X-ray
auroral emissions to exhibit pulsations or quasi-pulsations. In order to fully
understand the auroral driver responsible for energising the ions, we need to
understand how often the significant pulsations occur throughout the X-ray
campaigns. Jackman et al. (2018) conducted a statistical study looking at Chandra data
from November 25 1999 up to and including April 20 2014, searching for
quasi-periodicities in auroral X-ray data and assessing the different timing analysis
methods. From their analysis, using significance threshold from Monte Carlo
simulation, they showed that significant quasi-periodic oscillations (QPOs) vary from
observation to observation and are infrequently observed. This has important
ramifications for understanding the driver of the X-ray auroral emissions.
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FIGURE 2.20: Example result from the Rayleigh testing method with the (A) light
curve of the selected region, binned by 60-sec for viewing purposes only (the unbinned
light curve is sued for analysis); (B) the resulting periodogram from the Rayleigh test
using Equation 2.11, with the max period identified with the blue dot-dashed line
and the 99th percentile associated with 10,000 Monte Carlo simulation shown by the
horizontal black dashed line; (C) a log-log plot of frequency vs. power to determine
any power law in the signal associated with coloured noise and (D) a cumulative his-
togram (cumulative frequency shown in red) of maximum Rayleigh powers from the
10,000 randomly shuffled light curves, highlighting where in the distribution the iden-

tified max period lies. Figure taken from Figure 2 from Jackman et al. (2018).

When assessing various timing analysis techniques for analysing the X-ray auroral
emissions, Jackman et al. (2018) found that Rayleigh testing and Monte Carlo
simulation seem to best-suited for the time-tagged data obtained from Chandra. The
Rayleigh test is designed to work with unbinned, time-tagged sparse data and assigns
each time-tagged photon with a different phase for each assumed frequency in the
generated grid. This allows the full distribution of phases to be analysed to search for
either a uniform signal (e.g. an absence of a quasi-pulsation) or any local anomalies
associated with possible significant pulsations. This is found from the Rayleigh Power,
αp, expressed as

αp =
(∑ cos(ωt))2 + (∑ sin(ωt))2

N
(2.11)

where ω is a full set of test angular frequencies specifically chosen to correspond with
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the time and cadence of the light curve, t is the arrival times of all of the time-tagged
photons and N is the total number of photon counts over the observation window.
The highest αp corresponds to data containing a signal associated with coloured noise
(when the periodogram has a significant power that can be fitted to a power law > 0
in logspace), a quasi-period or a strict periodic pulse. The advantage of using this
method is that any sparse data sets are not smoothed (or binned) and therefore no
temporal information is lost from the analysed light curve. An example of an output
from the Rayleigh test is shown in Figure 2.20 showing: (A) the light curve used,
binned only for viewing purposes here (the unsmoothed light curve is used for
analysis); (B) the resulting periodogram from the Rayleigh test using Equation 2.11,
with the resulting max period identified with the blue dot-dashed line. The 99th
percentile associated with 10,000 Monte Carlo simulation shown by the horizontal
black dashed line to show the likelihood of the signal occurring from random chance.
Above this line, the signal is deemed significant in this regime. A log-log plot of
frequency vs. power is shown in (C) to determine any power law in the signal
associated with coloured noise. If there is slope found in this signal (e.g. red noise -
see Chapter 4 for more details), it can provide us with false significances by raising the
Rayleigh power. Finally, (D) shows a cumulative histogram (cumulative frequency
shown in red) of maximum Rayleigh powers from the 10,000 randomly shuffled light
curves (from the Monte Carlo simulation), highlighting where in the distribution the
identified max period lies. If the max period lies in the tail of the distribution, as
shown in his example, it is very unlikely the signal occurred by random chance using
the Rayleigh test statistic.

The timing analysis examined in Chapters 4 - 6 uses the Rayleigh testing and Monte
Carlo method as suggested by Jackman et al. (2018) to search for significant
quasi-periods. We note that the context used in this research slightly differs from
Jackman et al. (2018) by introducing specific limitations on photon concentrations and
locations within the auroral regions. The remainder of this thesis will discuss how this
research contributes to the field to decipher the auroral driver(s) of the X-ray auroral
emissions by looking at different regions of the magnetosphere and how the
quasi-pulsations produced are spatial dependant and not necessarily uniform across
the auroral region. The final research chapter, Chapter 7, changes focus slightly and
analyses how the jovian magnetosphere can affect the kronian X-ray emissions.
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Chapter 3

Instrumentation

”Extraordinary claims require extraordinary evidence.”
- Carl Sagan, 1979

Which has apparently been given the acronym ECREE...

The data used in this thesis were obtained primarily from the Chandra X-ray
Observatory (Section 3.1) and the NASA Juno spacecraft (Section 3.2). This chapter
concludes by briefly discussing one from a plethora of solar observatories used to
monitor solar activity during planetary observations (Section 3.3) and how other
remote sensing observations, such as ultra-violet (UV) emissions found by the Hubble
Space Telescope, can be compared with Chandra data to provide vital magnetospheric
context, absent from the X-ray data.

3.1 Chandra X-ray Observatory (CXO)

The Chandra X-ray Observatory (CXO) or Chandra was launched on July 23 1999 by
Space Shuttle Columbia as part of NASA’s Great Observatories campaign.
Chandra played a key role as the only X-ray telescope as part of NASA’s mission,
utilising its great angular resolution (full width half maximum (FWHM) . 0.5′′) to
provide detailed images of X-ray sources within our Solar System and beyond
(Weisskopf et al., 2000; Wilkes et al., 2019). Chandra was placed in an elliptical orbit
around Earth with its apogee (furthest point in orbit from Earth) at ∼ 133,000 km and
perigee (closest point) at 16,000 km, with a period of ∼ 64 hours. The eccentricity of
the elliptical orbit means that Chandra spends 85% of its orbit outside of the Van Allen
belts (or Earth’s radiation belts, containing highly energetic ions and electrons),
resulting in ∼ 55 hours of uninterrupted, useful observation time1. This is dependent

1https://chandra.harvard.edu/about/tracking.html
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on many factors including, but not limited to, heating effects of the on board
electronics, the position of bright X-ray sources near the target and the location of the
Sun. The high altitude of the orbit means that there is very limited contamination
from the geocorona which affects observatories at lower/near-Earth orbits.

This unmatched spatial resolution is provided by Chandra’s High-Resolution Mirror
Assembly (HRMA), a telescope (focal length = 10 m) composed of four pairs of
concentric thin-walled, grazing-incidence, Wolter Type-I mirrors. The Type-I mirror
configuration of each pair consists of a parabolic front mirror and hyperbolic back
mirror (Wolter, 1952). The HRMA is shielded from sunlight as shown in Figure 3.2a).
X-ray photons entering the HRMA will reach the integrated science instrument model
(ISIM), comprising of Chandra’s two focal plane cameras: the Advanced CCD Imaging
Spectrometer (ACIS) and the High Resolution Camera (HRC). ACIS was used to
image Jupiter in November 1999 (4 observations), February 2003 (2 observations),
February and March 2007 (6 observations) and February and April 2011 (2
observations). However in more recent years, there has been significant contamination
build-up which severely inhibits the detection of X-rays below 1 keV (see Plucinsky
et al. (2018)), where we expect the peak X-ray photon energy from Jupiter to lie.
However, the spatial resolution (∼ 0.4′′) of the wide-field imager on HRC (HRC-I) is ∼
50% better than that of ACIS allowing us to map any detectable X-ray emissions onto
the planet in greater detail (as discussed in Section 3.1.3). Therefore the X-ray
observations analysed and discussed in this thesis were primarily taken by HRC-I.
The timeline of all Chandra ACIS and HRC-I (green and black dashed lines
respectively) and planned observations (orange dotted line) with respect to the solar
cycle is shown in Figure 3.1. There are 14 ACIS and 33 HRC-I observations in the
Chandra data archive2. The 4 planned HRC-I observations are to happen
September/October 2021. Other X-ray observatories such as the X-ray Multi-Mirror
Mission (XMM-Newton) and Nuclear Spectroscopic Telescope Array (NuSTAR) have
observed Jupiter at this time, but the details of their instrumentation are not expanded
here as those datasets are not used in the thesis chapters.

3.1.1 High Resolution Camera (HRC-I)

The Chandra wide-field imager on HRC (HRC-I) incorporates a single large-format
microchannel plate and allows high spatial resolution of ∼ 0.4′′over a 30′× 30′field of
view (FoV) (Weisskopf et al., 2000; Wilkes et al., 2019). The aim point is at the centre of
the FoV, where the best image quality is found. The location of the aim-point is
indicated in Figure 3.2b) - a schematic of HRC-I’s focal plane layout. The instrument
can detect photons with energies between 0.08 and 10 keV. The HRC-I detector
on-board Chandra has limited spectral resolution. For the case of Jupiter, this cannot be

2https://cda.harvard.edu/chaser/

https://cda.harvard.edu/chaser/
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FIGURE 3.1: The sunspot number from 1999 to July 2021 plotted as a function of time
is shown in black with individual Chandra HRC-I observations represented by dashed
vertical black lines. ACIS observations are shown in dashed vertical green lines. Black
and green labels on top of the Chandra lines show the number of HRC-I and ACIS indi-
vidual observations in a given year respectively. Dotted orange lines with respective
label show planned observations. The ongoing timeline of the Juno mission is shown

in grey. Sunspot number source: WDC-SILSO, Royal Observatory of Belgium, Brussels

utilised as the observed photons are softer (in X-ray energy) than targets typically
observed by Chandra. As a consequence, all jovian photons lie in the low pulse height
amplitude (PHA) channels associated with a soft X-rays and are there not
distinguishable. Therefore the X-ray photons we analyse here cannot be filtered into
energy bins, making it difficult to differentiate between the different possible
processes responsible for X-ray production (e.g. bremsstrahlung, solar X-ray
scattering) at Jupiter which will discussed further in Chapter 2. The ongoing X-ray
Multi-Mirror Mission (XMM-Newton) has high spectral resolution and therefore it
possible, for some studies, to compare and contrast the data from both Chandra and
XMM-Newton (Jansen et al., 2001). Future X-ray missions, such as the upcoming
Athena mission (Barret et al., 2016) (launch date 2031), will have greatly improved
X-ray sensitivity and will provide an entirely new window to explore jovian and other
planetary X-rays. This is discussed further in Chapter 7.

The HRC-I instrument when pointed at Jupiter, can trace the planet’s motion across
the sky. As a result, the full image taken by HRC-I appears as multiple streaks of
jovian X-ray emission due to the fast motion of Jupiter across the detector (see
Figures 3.3a, b)). Section 3.1.2 discusses how this can be corrected for due to the data
being time-tagged, enabling the photon positions to be traced back to their origin on
Jupiter’s disk.
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FIGURE 3.2: (a) Labelled schematic diagram of Chandra with (b) the focal plane layout
of the imager on the High Resolution Camera (HRC-I), as highlighted in (a). Schematic

diagram is taken from Wilkes et al. (2019)
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3.1.2 Correcting images for Jupiter’s motion

Early studies by Gladstone et al. (2002) and Elsner et al. (2005) developed methods to
process the raw Chandra data into time-tagged photons fixed on Jupiter, and
projected correctly onto the planet. This algorithm first correct for the motion of the
planet across the HRC-I detector. Prior to image correction, as shown in Figure 3.3b)
and introduced in Section 3.1.1, the X-ray emissions of Jupiter appear as multiple
streaks on the detector. This streaking effect is a result of Jupiter moving across the sky
during the observation window. The brightest streaks appear at the top and bottom of
the planet, corresponding to the brightest emission from the poles. As the data
collected by Chandra are time-tagged, the original positions of the photons on Jupiter’s
disk can be traced back and correct for the streaking effect. To perform this correction
the new orbital positional coordinates of Chandra need to be determined. These were
found from the orbit ephemeris file (found in the retrieved Chandra data) once a
1D-linear interpolation was performed to the Day of Year (DOY) of the time interval of
the question found from JPL Horizons3. From this new set of coordinates, the new
positional coordinates of Jupiter, using the RA and DEC found from the interpolation,
can be determined and used to calculate the corrected photon positions in
planetocentric coordinates (x, y). The correction algorithm then produces a new event
FITS file with the new positional coordinates with Jupiter found to be placed at the
centre of the chip (i.e. to minimise the error associated with viewing the source). The
corrected image (as shown in Figure 3.3c) can then be used for further data analysis.
Each time-tagged photon that strikes the detector will generate a charge in a PHA
channel. As mentioned previously, the softer jovian photons fall in the lower PHA
channels. Therefore in this research, we limit our analysis to photons lying between
channels 0 - 90 (soft X-ray range), to remove most of the particle background and
ensure that any photons observed on Jupiter’s disk are real. The jovian disk also
occults any X-rays from sources that may be situated behind Jupiter. We then select a
circular region of radius 30′′at the centre of the chip that envelopes all the jovian
X-rays with minimum background and accounting for possible limb effects. This
method is sufficient when analysing the jovian X-ray auroral emissions as the
signal-to-noise ratio (SNR) is high. However with the continued degradation of
Chandra (implications of which are discussed in Chapter 6) due to the age of the
instrument leading to increased contaminant in the background, this algorithm may
need to be adapted to include these effects.

The correction algorithm is not limited for use on Jupiter but can be applied to many
other sources (e.g. Saturn - see Section 7). As Jupiter is titled and the auroral emissions
are fixed in magnetic latitude and longitude, the brightest auroral X-ray emissions are
not present for the full Chandra observation and rotate into view. Therefore the

3https://ssd.jpl.nasa.gov/horizons.cgi

https://ssd.jpl.nasa.gov/horizons.cgi
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apparent brightening of the full pole in the corrected image is a result of the exposure
time of the image when the X-ray emissions traverse the full disk (e.g. the full pole is
illuminated as the exposure time is ≥ 1 jovian rotation).

3.1.3 Mapping jovian photons to the planet

The X-rays can then be mapped using the Gaussian point spread function (PSF) of the
instrument and a coordinate transformation into jovian System III (S3) coordinates (as
defined in Chapter 2.2.3) from planetocentric (x, y) coordinates. With this coordinate
transformation, each time-tagged photon is associated with an ionospheric position in
(λIII , θIII ) which can be used in further analysis, such as mapping the emissions. The
mapping of Chandra X-ray emissions is calculated using the point spread function
(PSF) of the instrument which is wrapped around Jupiter’s surface, showing the
locations of X-ray emissions found by Chandra . We want to ensure Jupiter is centred
on the HRC-I chip as the PSF of the detector is observed to increase with distance
away from the centre. The PSF is calculated from a Gaussian function using the
corrected λIII and θIII positions corresponding to the photon flux (counts arcsec−2 s−1)
detected by HRC-I. The photon flux, J, is then converted to brightness, I, (in
Rayleighs: see Section 2.2.2) using

I =
4πθ2 J

109 (3.1)

where θ = 1 radian ' 206265” and θ2 = 1 steradian. This conversion factor assumes
that the effective area of the instrument is 40 cm2, appropriate for X-ray photons with
mean energy ∼ 300 eV. The factor of 109 accounts for the column area of the emissions
used for the analysis. The brightness is therefore proportional to the photon flux and
is an easier quantity to interpret on any plots produced from the pipeline.

The maximum PSF associated with each photon is then plotted at each λIII and θIII on
a 360◦ × 180◦ grid, divided into 1◦ λIII × 1◦ θIII sized cells. This produces a
2D-histogram in Cartesian space of the X-ray emission on Jupiter’s surface, providing
information of the morphology of the X-ray emissions as well as the intensity. In this
research, the 2D histograms are used for visual purposes to provide a general idea of
the auroral morphology and intensity as applying the PSF to the photons in this way
results in a slight degradation of the effective spatial resolution of HRC-I.

The auroral/polar regions can be explored in greater detail by performing a polar
coordinate transformation on the Cartesian maps to create a polar 2D-histogram with
radial, r, and azimuth, ϕ, coordinates accounting for the oblateness of Jupiter using
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FIGURE 3.3: Example Chandra observation taken on May 24 2016 (ObsID 18608) with
the raw image shown in (a) and emissions labelled in (b). The corrected image is

shown in (c)
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ϕ = λIII and r =

√
1 +

(
RP

Req
tan

(
θIII −

π

2

))2

(3.2)

where RP ' 66854 km and Req ' 71492 km are the polar and equatorial radius of
Jupiter respectively and λIII and θIII are in radians. Equation 3.2 defines the
planetocentric polar projection. In many cases, the planetographic projection is more
useful to compare with other datasets across multiple wavelengths and is defined as

ϕPG = 2π − ϕ and rPG = arctan

(
tan(r)

(
RP

Req

)−2
)

(3.3)

An example of the planetographic mapping of the X-ray emissions is shown in
Figure 3.4 with the planetographic polar transformed Voyager Io Pioneer 4 (VIP4)
(Connerney et al., 1998) Io (dashed line) and Grodent Anomaly Model (GAM)
(Grodent et al., 2008) Ganymede footprints (solid line). θIII ≥ |40◦| are labelled to help
provide context to the location of the auroral emissions. Both panels in Figure 3.4 are
orientated as the observer looking down onto each of the poles over the entire ObsID
18608 observation. The Chandra interval can also be split into equal time intervals to
observe the changing morphology (as shown Chapter 4 in more detail). The
assumptions used for the mapping assume that the FWHM of the HRC PSF is
0.8′′with a PSF size of 25′′. The altitude at which X-ray emission occurs was assumed
to be 400 km above the 1-bar atmosphere (e.g., Cravens et al., 1995; Ozak et al., 2010).
The scaling used for the maps was 0.13175 arcsec/pixel for Chandra HRC-I. The
pipeline discussed was translated from the methodology used by Gladstone et al.
(2002) and Elsner et al. (2005) (written in Mathematica and Interactive Data Language
(IDL)) to Python. This was used for data analysis and produced the planetographic
polar plots shown in the remainder of the thesis. The code by Weigt (2021) has been
made public for others in the field to use4 and can be used to correct, analyse and map
data from ACIS as well as HRC-I.

3.2 Juno

NASA’s Principal-Investigator (PI) led mission Juno was launched on August 5 2011 as
part of NASA’s New Frontiers Program. As part of its journey to reach the orbit of
Jupiter, Juno performed two deep-space manoeuvres (DSM) beyond Mars’s orbit on
August 30 and September 14 2012 before initiating an Earth fly-by (EFB) on October
9th 2013 (Bolton et al., 2017). The spacecraft performed its Jupiter orbit insertion (JOI)
on July 5 2016, entering an elliptical polar orbit to minimise the exposure time of

4https://github.com/waledeigt/zeno-py

https://github.com/waledeigt/zeno-py
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FIGURE 3.4: Polar planetographic projection of auroral emissions from the corrected
data (as shown in Figure 3.3) looking down onto the (a) North and (b) South poles.
θIII ≥ |40◦| are labelled with the Voyager Io Pioneer 4 (VIP4) (Connerney et al., 1998)
Io (dashed line) and Grodent Anomaly Model (GAM) (Grodent et al., 2008) Ganymede

footprints (solid line).

Juno inside Jupiter’s dangerous radiation belts. A schematic of Juno’s journey to the
jovian magnetosphere as observed from the ecliptic North pole is shown in Figure 3.5.
Following the JOI manoeuvre, Juno orbited Jupiter with an orbital period of ∼ 53.4
days. This was an unexpected change from the initial plan of ∼ 14 days due to a
malfunction of the engine’s fuel pressurisation system during Juno’s period reduction
manoeuvre during the second perijove (PJ2)5 (closest to Jupiter, above the poles). At
the time of writing, the current orbital period of Juno during PJ35, during the extension
of the main science mission, was reduced to 43 days after performing a fly-by of
Ganymede. The trajectory of Juno’s elliptical polar orbit in the jovian equatorial (x-y)
plane during the main science mission is shown in Figure 3.6. The compressed and
expanded limits for both the bow shock and magnetopause from the Joy et al. (2002)
model are also plotted. As shown in Figure 3.6, Juno had apojove near the dawn
magnetopause from the JOI and has been moving around toward the tail in later years.

Juno orbits Jupiter with a scientific payload consisting of eight instruments (as labelled
in Figure 3.7). These allow for in situ exploration of magnetic field, energetic particles
and plasma, in concert with ultra-violet (UV) and infrared (IR) observations of the
planet. Juno is the first spacecraft exploring the outer planets to be powered by solar
arrays (three 9-metre long arrays) and spins at 2 rpm (1 full rotation every 30 s) while
obtaining data on the jovian magnetosphere. The purpose of the vast array of

5https://www.missionjuno.swri.edu/news/next-jupiter-pass

https://www.missionjuno.swri.edu/news/next-jupiter-pass
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FIGURE 3.5: Ecliptic North pole view of Juno’s trajectory to Jupiter from launch up to
and including obrit insertion (JOI). The Earth fly-by (EFB) and deep space manoeuvers

(DSMs) are also shown on the plot. Taken from Bolton et al. (2017).
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instruments is to help achieve the primary science objectives6 of Juno (Bolton et al.,
2017):

1. Origin: to calculate the water abundance at Jupiter and obtaining a better
estimate of the mass of Jupiter’s core.

2. Interior: to analyse the distribution and dynamics of Jupiter’s internal mass as
well as proprieties of interior structure.

3. Atmosphere: to analyse and map variation of the composition, temperature and
cloud opacity across the planet

4. Magnetosphere: to explore and characterise the structures of the polar
magnetosphere and jovian aurora in three dimensions.

The X-ray data from Chandra (and from other remote sensing data in other
wavelengths) can be used to complement the in situ Juno data to address objective (4),
exploring the magnetospheric drivers which produce the jovian X-ray emissions. The
thesis work incorporates data from many of the instruments on-board Juno to help
provide vital magnetospheric context to the X-ray data as well as the auroral drivers.

3.2.1 Jovian Auroral Distributions Experiment (JADE)

The in situ data from Juno Jovian Auroral Distributions Experiment (JADE) are used to
measure the properties and provide diagnostics of the jovian magnetospheric election
and ion populations. This provides vital magnetospheric context to the Chandra HRC-I
observations. JADE provides measurements of the electrons and ions via 2 separate
detectors: JADE-I and JADE-E. JADE-I consists of a single ion sensor and can measure
ions from ∼ 5 eV to ∼ 50 keV over a 270◦ × 90◦ FoV in 2 s over all directions in each 30
s rotation of Juno and can also separate heavy and light ions in the jovian
magnetosphere McComas et al. (2017). JADE-E is comprised of three electron sensors
which are separated 120◦ apart around Juno to measure electron distributions from ∼
0.1 to ∼ 100 keV. The arrangement of the sensors are shown in Figure 3.8. The JADE-E
sesnors can view all spin phases instantaneously resulting in detailed measures of the
electron pitch-angle distribution during each orbit at a high time cadence, detrended
from the spin of the spacecraft. As there is only one ion sensor, JADE-I records ion
data mainly perpendicular to the JADE-Es plane and can sweep out all angles during
each Juno 30 s spin (McComas et al., 2017). These ion and electron measurements can
also allow us to determine what state Jupiter’s magnetosphere is in during each
Chandra observation. JADE data are used in Chapter 4 of this these to elucidate the

6https://www.jpl.nasa.gov/news/press_kits/juno/science/
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FIGURE 3.6: Obtial trajectory information of Juno’s science mission up to and includ-
ing PJ34 (i.e. not including extended mission). Each orbit indicated on plot is 53 days
long and viewed from the jovian equatorial system. The x-axis points towards the Sun,
z-axis is Jupiter’s spin axis and the y-axis completes the orthogonal system. Juno’s tra-
jectory is plotted in the (x-y) plane. Bow shock and magnetopause limits are taken

from the Joy et al. (2002) model. Image is taken from Bolton et al. (2017).

local conditions at the spacecraft during an apojove interval (point of Juno’s orbit
furthest from the planet) in 2017 which coincided with a Chandra observation.

3.2.2 Jupiter Energetic-particle Detector Instrument (JEDI)

The Jupiter Energetic-particle Detector Instrument (JEDI) measures the energetic
electrons and ions that: a) are a key component to the production of the aurora on
Jupiter; b) are found to heat and ionize the upper atmosphere of Jupiter and c) provide
signatures of the structure of Jupiter’s magnetosphere, focussing mainly on particles
belonging to the inner magnetosphere (Mauk et al., 2017). JEDI makes measurements
of the energy, pitch angle and ion composition distributions of ions from 20 keV (H)
and 50 keV (heavier O) to energies > 1 MeV from its three sensors (Figure 3.9). Each
sensor runs independently from each other and are spaced as such to provide the best
viewing geometry throughout Juno’s orbit. The energies of electrons, E, detected by
JEDI are between E < 40 to E > 500 keV. The time of flight and pulse height of
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FIGURE 3.7: Image of NASA’s Juno spacecraft and its science payload. Taken from
Bolton et al. (2017).

FIGURE 3.8: Locations and field of view (FoV) of JADE-I and all three JADE-E sensors
on the Juno spacecraft. Middle structure is the high gain antenna and points towards

the Sun and Earth during operations. Image taken from Mauk et al. (2017).
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FIGURE 3.9: Similar schematic as shown in Figure 3.8 for the three JEDI sensors, with
numbered labels identifying which side of the spacecraft each sensor is on.

incoming ions are measured using microchannel plates and thin foils. The total
energies of both ions and electrons are measured using solid state detectors.

Like JADE, the data on the ion populations of the jovian magnetosphere are vital to
understand the possible driver(s) of the X-ray auroral emissions and how the ions are
accelerated to the high energies require for charge exchange to take place in the
ionosphere above the poles. When Juno is at perijove, JEDI can be used to analyse the
large potential drops also required for very energetic processes, such as charge
exchange, to occur at the poles (e.g., Clark et al., 2020). Therefore combining the JEDI
and Chandra mapping, potential correlations in ionospheric locations can be found
with additional magnetospheric context from the Juno in situ data.

3.2.3 Juno Waves

The Juno Waves instrument is composed of an 2.4 m (geometric length) electric dipole
antenna parallel to the spacecraft y axis and perpendicular to Juno’s spin axis (as
shown in Figure 3.7) and a search coil magnetometer, mounted the body of the craft
(Kurth et al., 2017). The magnetometer is aligned such that the sensitive axis is parallel
to the spin axis. The Waves instrument collects electric spectra (between 50 Hz and 40
MHz) and magnetic spectra (between 50Hz and 20 kHz). The cadence of the data
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collected by Waves is dependent on the frequency range used and position of
Juno during its orbit. The Waves instrument during allocated times can record
waveforms that allow for enhanced temporal and spectral resolutions of the obtained
spectra, when the instrument is switched periodically on and off. For the highest
frequencies Waves can observe, waveforms from an ∼ 1 MHz band tuned to include
the electron gyrofrequency (ωce; Equation 1.16), and therefore information on the
magnetic field, are collected (Kurth et al., 2017).

The spectra collected from Waves can be compared to the X-ray data to find any links
between the emissions. During perijove passes, radio sources can be mapped onto the
jovian poles and compared with mapped emissions at different wavelengths (e.g.,
Louis et al., 2019). This allows any connections between the location of the switched
on radio source and any auroral features to be explored in detail. When Juno is further
away from the planet, the behaviour of the radio emissions can still be observed
(assuming there is no contamination from the surrounding magnetosphere) and
compared to other remote sensing data. Chapter 6 will examine this in more detail
when using Juno data to constrain X-ray drivers from different types of
magnetospheric dynamics found by Juno.

3.2.4 The Juno Magnetic Field Investigation (MAG)

The Juno Magnetic Field Investigation (MAG) is designed to accurately measure the
magnetic field vector components in Jupiter’s environment, using the high temporal
and spatial resolution of the magnetometer to map the planetary magnetic field
(Connerney et al., 2017). The accurate field mapping is achieved from two identical
sensors, one Inboard (IB) and one Outboard (OB). The sensors are aligned along a
radius vector at about 10 and 12 m respectively from the centre of the spacecraft,
placed at the end of one of Juno’s solar arrays (see Figure 3.7). Both sensors consist of a
fluxgate magnetometer (FGM) to measure the three components of the vector
magnetic field surrounding the spacecraft and a two non-magnetic star cameras (ASC)
to provide accurate attitude support at the FGM sensor. The FGM and support camera
are aligned by the MAG optical bench which all the three sensors are attached,
providing enough separation between the FGM sensor and the camera heads to
exclude any contaminant magnetic fields generated within the camera heads and any
other inductive hardware (Connerney et al., 2017). The MAG data is provided in
different time resolutions to allow various properties of the planetary field to be
explored at different stages of Juno’s orbit.

Like the spectra obtained from Juno Waves, the Juno MAG data can be utilised to
constrain X-ray drivers. With the timing resolution of the field data, potential drivers
can be found from the different types of wave activity in the planetary field and
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compared to the pulsations found in the X-ray aurora (as examined in Chapter 2). The
field model developed from Juno MAG data, JRM09 (Connerney et al., 2018), can also
be used to explore the relationship between the gradient of the magnetic field at the
poles with the location of the X-rays. Chapter 6 will examine this in more detail and
compare with other in situ and remote sensing data sets.

3.3 Geostationary Operational Environmental Satellites
(GOES)

Chapter 7 focuses on a Chandra observation of Saturn, and utilises data from the
Geostationary Operational Environmental Satellite (GOES) to monitor solar activity.
GOES is a joint NASA and National Oceanic and Atmospheric Administration
(NOAA) mission to monitor space and meteorological weather at Earth (Lemen et al.,
2004). The first satellite was launched on October 16 1975 and many more have been
launched to form a fleet of telescopes over the past 30+ years. At the time of writing,
GOES-16, GOES-17 and GOES-18 (or GOES-T launched in March 2022) are currently
in operation (Goodman et al., 2013) in a geostationary orbit. One side of GOES is
always directed towards the Sun to monitor space weather effects using instruments
such as the GOES X-ray Sensor (XRS), part of the Extreme Ultraviolet and X-ray
Irradiance Sensor (EXIS) (shown in Figure 3.10). The main focus of XRS (and EXIS) is
to monitor solar activity and characterise solar flares. In this thesis, data was used
from XRS on GOES-16 to monitor any flaring activity from the Sun. The XRS monitors
both soft (1 Å - 8 Å) and hard (0.5 Å - 4 Å) solar X-rays and measures the flux emitted
from the Sun. The magnitude of the soft X-ray flux is then used to identify the type of
solar flare observed from an A-class (weakest flare: 10−8 W m−2) to an X-class flare
(strongest flare: ≥ 10−4 W m−2). The solar data is used to help establish a possible
correlation between solar activity and planetary X-ray flux during this time, as found
by Bhardwaj et al. (2005c) and Branduardi-Raymont et al. (2010).

When using the GOES data, we take into account the Sun-Earth and Sun-planet-Earth
light time to ensure we have the correct time for when the radiation from the flare was
detected by GOES and impacted the planet respectively (i.e. as viewed by Chandra
and/or other remote sensing telescopes like the Hubble Space Telescope (HST)). The
planet-Sun-Earth angle must also be considered during each of the Chandra
observations to get an idea of the direction of any flares found by GOES. If this angle
is large, the uncertainty of a solar flare found from any detectors near the Earth-facing
side of the Sun impacting the planet will also be large. This will affect any
interpretation of results and any interpolation models of solar wind parameters (Tao
et al., 2005), especially as there is currently no upstream monitor at either of the gas
giants.



3.4. Hubble Space Telescope (HST) 89

FIGURE 3.10: Schematic of the GOES-R series telescope. The X-ray Sensor (XRS) is
part of the Extreme Ultraviolet and X-ray Irradiance Sensor (EXIS) as labelled on the

diagram. Image taken from Goodman et al. (2013)

3.4 Hubble Space Telescope (HST)

Chapter 6 compares Chandra with in situ data from Juno and remote sensing data from
the Hubble Space telescope (HST) to help identify X-ray ”auroral families” as a way to
further constrain sources/drivers of different types of magnetospheric dynamics. HST
was launched into a low-Earth, geocentric orbit in 1990 to observe and analyse a vast
array of objects in the observable universe. HST observes Jupiter’s far ultra-violet
(FUV) and ultra-violet (UV) emissions to help aid our understanding of the gas giant’s
complex magnetospheric dynamics in tandem with campaigns from Juno and other
telescopes. The brightest FUV emissions are found within Jupiter’s main auroral oval
and are observed using the Space Telescope Imaging Spectrograph (STIS) on-board
HST (Grodent et al., 2003a). As the detector is sensitive to the H2 Lyman and Werner
bands and the strong line emission produced from H Lyman-α, HST images of Jupiter
are taken when the telescope is in the shadow of Earth. This is to reduce
contamination from Lyman-α produced from Earth’s geocorona. As a result, each
image has a typical exposure time of 45 mins (e.g. the time in takes for HST to traverse
Earth’s shadow). The STIS field of view of 24.7′′× 24.7′′provides a high spatial
resolution of ∼ 0.0025′′, detecting FUV auroral emissions of wavelengths ∼ 130 - 170
nm (photon energies ∼ 7 - 10 eV) after the longpass filter has been applied.
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FIGURE 3.11: Polar projection of a HST STIS image of the northern auroral emissions
taken on February 24 2003. All X-ray photons observed during a simultaneous Chan-
dra observation are overplotted (green dots). The hard X-ray photons (> 2 keV) are
represented by large green dots and the soft X-rays (< 2 keV) by the small dots. The
grid is separated by 10◦ latitude. The Figure is taken from Branduardi-Raymont et al.

(2008).

A series of images can be taken during one HST orbit to analyse the dynamic
emissions that can occur on and within the main oval. Once the images are cleaned
and processed, they can be compared with other data such as time-tagged, X-ray
photons from Chandra to compare spatial and temporal behaviour of the emissions
and the ionospheric location of the emissions. Like Juno , comparing to remote sensing
data like HST provides the X-ray observations with vital magnetospheric context. An
example of a Chandra - HST STIS comparison of the northern auroral region is shown
in Figure 3.11 with the soft and hard X-rays identified with small and large green dots
respectively. As the images are limited to ∼ 45 mins, timing analysis of the jovian HST
data needs to be treated conservatively (e.g. to ensure that there are enough cycles of a
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detected significant FUV pulsation throughout the observation) and to ensure that
comparisons of temporal behaviour between wavelengths is carried out carefully and
effectively.
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Chapter 4

Chandra Observations of Jupiter’s
X-ray Auroral Emission during
Juno Apojove 2017

”Like what you do, and then you will do your best”
- Katherine Johnson, NASA interview in 1966

Inspired by the completion of my first ever PhD study that made me enjoy my
research.

4.1 Abstract

As discussed in Section 2.4, the jovian auroral X-rays have been observed and
analysed for over 40 years with an unknown driver producing quasi-periodic
emissions, the majority of which are concentrated into auroral “hot spots” at the poles.
In this chapter we analyse a ∼ 10 hour Chandra observation from 18:56 on 18 June
2017. The research presented here uses a new Python pipeline (Weigt, 2021), adapted
from previous routines used by Gladstone et al. (2002) and Elsner et al. (2005), to
analyse the auroral morphology. We also use the timing analysis methods used by
Jackman et al. (2018) by incorporating Rayleigh testing, as discussed in Section 2.4.5,
with significance testing via Monte Carlo simulations. To infer the conditions of the
magnetosphere during this time, we use in situ Juno data. Here, the jovian
magnetosphere was found to be compressed during the Chandra interval. At this time,
Juno was near its apojove position at a radial distance of ∼ 112 RJ from Jupiter,
situated on the dawn flank of the magnetosphere heading inbound. Juno was near the
nominal, or average compressed, magnetopause position as found from the Joy et al.
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(2002) model. In this chapter we present new dynamical polar plots showing, for the
first time, an extended X-ray “hot spot” in the northern auroral region traversing
across the jovian disk as it rotates into view. The results of our mapping allowed us to
set a numerical threshold of > 7 photons per 5◦ System III longitude × 5◦ latitude,
over ∼ a jovian rotation, to define a threshold to allow us to locate and analyse the
brightest and most concentrated northern auroral X-ray emissions within the “hot
spot”. This criterion is used for the remainder of the research presented here. The
results of our timing analysis reveal two significant quasi-periodic oscillations (QPOs)
in the northern emissions of ∼ 37 and ∼ 26 minutes, mapping to the dayside
magnetopause boundary using the Vogt et al. (2011, 2015) flux equivalence mapping
model. There were no significant QPOs in the southern emissions during this time.
This chapter will discuss in detail the interpretation of these results to find the
potential driver(s) of the X-ray auroral emissions in context of these results.

4.2 Introduction

Section 2.4 examined in great detail the theories and mechanisms behind X-ray auroral
production. In this chapter we focus on the morphology, location and pulsations of the
soft X-rays (SXRs, photon energy < 2 keV), produced from charge exchange (CX)
processes between various precipitating ion species and neutrals in the jovian
atmosphere (Cravens et al., 1995; Bhardwaj and Gladstone, 2000;
Branduardi-Raymont et al., 2008). The heavy ion precipitation needed for these SXRs
can occur either on open field lines connected to the solar wind (i.e. an external
source) or on closed field lines mapping to the outer magnetosphere (i.e. an internal
plasma source, such as iogenic ions) (Cravens et al., 2003). The CX process on either
types of field lines requires strong field-aligned electric fields, capable of producing
potentials of ∼ 200 kV - 8 MV between the ionosphere and the magnetosphere.

As examined in Section 2.4, the SXRs are found to mainly concentrate in a so-called
“hot spot” of emissions near both poles. Each “hot spot” has been observed to emit
auroral X-ray emissions with a total power of 1 GW to a few GW and have been
observed to exhibit quasi-periodic pulsations during several intervals (e.g., Gladstone
et al., 2002; Elsner et al., 2005; Kimura et al., 2016; Dunn et al., 2016, 2017; Jackman
et al., 2018). A recent study by Houston et al. (2020) using updated ion models and in
situ data from Juno found that the very energetic precipitating heavy ions (up to ∼ few
MeV and above in some cases) used in the CX process for SXR production in this
region are likely responsible for large proportion of the total X-ray auroral power
emitted. As discussed in Section 2.4.3, there have been very few studies and
observations focusing on the southern X-ray auroral emissions due to a combination
of the viewing geometry of the emissions themselves and the tilt of the planet, as
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viewed from Earth, making for unfavourable viewing conditions. Ozak et al. (2010)
also noted that, from their extensive modelling of the precipitation of iogenic ions (O
and S ) at high latitudes fitted to observations, the opacity of the jovian atmosphere
may also block outgoing X-rays. Therefore a highly opaque atmosphere coupled with
poor viewing geometry will drastically reduce the intensity of the X-rays observed.

The true origin of the SXRs and where they map to in the magnetosphere are also
under debate. Previous studies have found X-ray observations where internally
driven processes dominate the production of the X-rays (detections of S+, O+ and
O++ from Io flux tubes) and times where the solar wind ions (detections of lighter ions
such as carbon) dominate (e.g., Elsner et al., 2005; Branduardi-Raymont et al., 2007a;
Dunn et al., 2016; Kimura et al., 2016). A concurrent XMM-Newton observation which
overlapped with the latter 5 hours of this Chandra interval found that the ions were
iogenic of nature and therefore most likely internally driven (Wibisono et al., 2020).

Prior studies to our analysis here were looking at observations pre-Juno and relied on
propagation model to infer the solar wind conditions from Earth-based data in an
attempt to infer the driver. As discussed in Chapter 3, we can utilise Juno in situ
auroral high energy electron and ion data in concert with X-ray observations to help
determine the state of the magnetosphere without the need of propagation models
which may be highly dependant on the alignment of Jupiter, Sun and Earth. The in
situ may also help identify the source of the SXRs and therefore the variations we
observe. In this chapter, we utilise data from the Jovian Auroral Distributions
Experiment (JADE) (McComas et al., 2017) and the Jupiter Energetic Particle Detector
Instrument (JEDI) (Mauk et al., 2017) on board Juno (Bolton et al., 2017) [details in
Chapter 3] to search for magnetopause crossings over a 5 day period, bracketing the
Chandra interval (Ebert et al., 2017a; McComas et al., 2017; Mauk et al., 2019). The
position of these crossings are then used in the Joy et al. (2002) (as described in
Section 2.1.1) model to infer a dynamic pressure of the magnetosphere during the
observation window, without acquiring large errors on the solar wind parameters that
can occur when using propagation models. The errors in the propagation models
depend on the Jupiter-Sun-Earth angle and can be up to a few days. We do note
however that the method we use here to infer the state of the magnetosphere is very
dependant on the location of Juno within the jovian system (i.e. need to be close to a
boundary in the magnetosphere to identify a potential crossing).

As well as using magnetopause crossings in this research, we take full advantage of he
unique polar orbit of Juno. This highly eccentric orbit (see Chapter 3) can allow many
different magnetospheric processes and auroral drivers to be explored in one orbit,
when the instruments are operational, to allows us to get a full picture of the solar
wind-ionosphere-magnetosphere coupling at Jupiter. When Juno is at or near perijove
Juno (closest to the planet in its orbit), the main focus of the science payload is to
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observe in detail the various processes that produce the auroral emissions, turbulent
storms and other phenomena at the poles as Juno directly traverses the magnetic field
lines along which auroral currents flow. At apojove (furthest from the planet in its
orbit) in the early part of the mission, Juno is located near the nominal magnetopause
position at the dawn flank, allowing likely auroral drivers such as Kelvin-Helmholtz
instability (KHI), magnetopause reconnection (Ebert et al., 2017a) and possible cusp
reconnection, depending on the local time of Juno, (Bunce et al., 2004) to be analysed in
greater detail.

As we examined in Chapter 3, the high spatial resolution of Chandra combined with
the time-tagged nature of the X-ray photon data enable us to spatially select hot spots
and study any quasi-periodic oscillations (QPOs) in the X-ray emission. There have
been many theories regarding the source of the QPOs in the auroral emissions at
different locations in the jovian magnetosphere (e.g., Gladstone et al., 2002; Bunce
et al., 2004), as discussed in Section 2.4 in greater detail, with no subsequent
observations of the significant ∼ 45-min period reported by Gladstone et al. (2002)
with the discovery of the northern “hot spot”. Rather, a large statistical study by
Jackman et al. (2018), and one presented in Chapter 5 (Weigt et al., 2021a) using
updated datasets and definitions of the X-ray auroral emissions, found that
statistically significant QPOs are relatively rare in the jovian X-ray data, and, where
present, periods can differ from observation-to-observation. In some cases, the QPOs
can change on timescales less than a Jovian rotation. Dunn et al. (2017) observed that
the North and South hot spots can exhibit non-conjugate behaviour and can pulsate
independently from each other, during one of the very intervals that both the northern
and southern emissions were clearly in view. Chapter 5 identifies a clear spatial
dependence of the QPOs within the northern auroral emissions, when analysing the
entire Chandra catalogue.

In Chapter 3, we discussed how we map the X-ray photons and re-register the brighter
pulsating hot spot to its location within the jovian ionosphere in System III
coordinates. We combine these results with the flux equivalence mapping model by
Vogt et al. (2011, 2015) to map the hot spot emissions (and therefore any QPOs) to their
origin within the magnetosphere. This model returns a local time (LT) and radial
distance (within uncertainties) at which the ions, and therefore auroral driver,
producing currents are thought to originate. Previous mapping attempts by Kimura
et al. (2016) and Dunn et al. (2016, 2017) used the VIPAL (Hess et al., 2011a) and
Grodent Anomaly (Grodent et al., 2008) field models respectively with the Vogt et al.
(2011, 2015) flux equivalence model. In this chapter, we update this mapping with the
JRM09 internal magnetic field model, which utilises the Juno magnetometer data to
improve upon previous models (Connerney et al., 2018). The mapping techniques
from both Chandra (see Chapter 3) and the magnetospheric mapping model allow us
to try and constrain the origin of the X-rays found in Jupiter’s pulsating hot spot.
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In Section 4.3, we briefly discuss the location of Juno during the Chandra interval and
any other concurrent observing campaigns. The datasets used for this study and
Python pipeline used to analyse the Chandra data obtained are examined in Chapter 3.
Section 4.4 discusses the morphology of the X-ray emissions, the definition of the hot
spot, and the timing analysis of the pulsating emissions. Furthermore, the X-rays are
mapped using the flux equivalence mapping model by Vogt et al. (2011, 2015), using
Juno magnetopause crossings from JADE and JEDI, with the latest JRM09 magnetic
field model (Connerney et al., 2018) to attempt to isolate the location of their source.
Section 4.5 contains a discussion and interpretation of the results.

4.3 Chandra HRC-I observation window

Chandra observed on 18 June 2017 for ∼ 10 hours (∼ 1 Jupiter rotation) when Juno was
close to apojove at ∼ 111 RJ on the dawn flank, close to the nominal location of
Jupiter’s magnetopause. Data from Chandra HRC-I are analysed in this study. An
XMM-Newton observation lasting ∼ 24 hours in total and overlapped with the final 5
hours of the Chandra observation. Recent findings from this study are in Wibisono
et al. (2020). The Nuclear Spectroscopic Telescope Array (NuSTAR) also observed Jupiter
during this time taking full advantage of Juno’s apojove position (Mori et al., 2022). A
Hubble Space Telescope (HST) observation of the ultraviolet (UV) auroral emissions was
taken a few hours before the Chandra interval, as discussed further in Grodent et al.
(2018) and Chapter 6.

4.4 Results

4.4.1 Auroral X-ray morphology

Using the pipeline by Weigt (2021) discussed in Chapter 3 to map the auroral X-rays,
polar plots were produced to examine the morphology of the auroral X-rays and
properties of the hot spot in detail. Figure 4.1 shows (a) the North and (b) South pole,
as viewed from above the pole, over an interval of ∼ 10 hours from 18:56 on 18 June
2017 to 19 June 2017 05:15. Chandra observed a total of 2883 photons from Jupiter with
342 photons detected from the North pole and 180 from the South. The counts at the
poles were isolated by a region defined in SAOImageDS9 (Joye and Mandel, 2003) and
spatially select regions of the concentrated X-ray emissions. Assuming a photon
energy of ∼ 0.5 keV (halfway between the sulphur and oxygen emission lines), the
auroral power of the northern and southern X-ray emissions were calculated to be ∼
2.6 and 0.7 GW respectively. We exclude the remaining disk counts as this is not the
focus of this research. We note that although Jupiter’s disk occults X-ray sources and



98
Chapter 4. Chandra Observations of Jupiter’s X-ray Auroral Emission during

Juno Apojove 2017

therefore the any disk emissions are likely real, with the increased gain degradation of
HRC (see Chapter 3) the disk emissions are likely to be just a above background.
Future studies into the disk emissions will need to account for this effect.

Like previous studies, we find the northern X-ray auroral region to be more intense
than its southern counterpart (Dunn et al., 2017; Jackman et al., 2018), over the 0.08 -
10 keV photon energy range of Chandra HRC-I. Similar to that found in previous
literature, the majority of auroral X-ray emission was found to be localised into a “hot
spot” (e.g., Gladstone et al., 2002; Branduardi-Raymont et al., 2004, 2008; Dunn et al.,
2016, 2017). However unlike previous studies, the morphology of the northern hot
spot X-ray emissions during this interval is found to be more extended poleward in
the North at ∼160◦ - 190◦ S3 longitude and ∼ 57◦ - 76◦ latitude, using a numerical
threshold for photon concentration to find the location of the more intense emissions.

Due to the rotation of the planet, the northern and more diffuse southern X-ray hot
spots are observed to traverse the jovian disk when they rotate into view of
Chandra HRC-I. The soft X-ray (SXR) auroral emissions SXRs from the hot spots are
found to be more concentrated in a particular joviographic longitude region. The
highest concentrations of X-ray are found in the hot spot regions as shown by the
colour bar giving the values of intensity (in units of Rayleighs (R)) with the brightest
emissions shown in bright green. Figure 4.2 shows the evolution of the morphology of
the northern X-ray emissions over the full Chandra observation, split into six ∼ 60◦

sub-solar longitude (SSL) intervals. Each interval has a duration of ∼100 minutes. The
brighter X-ray region appears in the Chandra observations as shown in Figure 4.2a), (b)
and (f). All of these intervals show the presence of the extended hot spot emission in
the northern auroral region (as highlighted in Figure 4.1a)). When the hot spot rotates
fully into view, the majority of the photons detected are found in this region as
expected. As shown in the colour bar, the blank white regions on both Figures 4.2
and 4.5 illustrate the regions where Chandra observed little-to-no X-ray emissions
during this interval. The brightness calculated from the point spread function (PSF) in
Figures 4.2 and 4.5, as described in Chapter 3, appears as streaks of emissions on the
polar plot. This is because the longitude of the observer (or central meridian
longitudes (CML), in this case Chandra , changes as Jupiter rotates. This causes the the
emissions to “move” across the disk. This effect is highlighted by applying the polar
coordinate transformation to the PSF wrapped around Jupiter itself. Such effects are
again enhanced in the X-ray emission detected away from the chip’s centre, or aim
point of the detector. Using the SSL from Earth to Jupiter1 and the hot spot location
found from Figures 4.1a and 4.2, we expect the extended northern auroral emissions to
be in view with CML of 60◦ - 290◦ (taking ± 90◦ to the S3 longitude of the hot spot).
The time at which this CML range occurs during the Chandra observation is found

1from JPL Horizons https://ssd.jpl.nasa.gov/

https://ssd.jpl.nasa.gov/
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FIGURE 4.1: Planetocentric polar projections of X-ray emissions at an altitude of
400 km above the 1-bar atmosphere of (a) Jupiter’s north and (b) south poles as viewed
from directly above each pole. The azimuthal angle (represented in joviographic lon-
gitude) within the polar plot (in degrees) is labelled around the polar plot. The con-
centric circles represent 10◦ latitude increments. The black dots show the location of
individual X-ray photons as detected by the Chandra -HRC instrument. The brightness
of the X-ray emissions is proportional to the photon flux (calculated from the point
spread function (PSF)) and is denoted by the colour bar below in units of Rayleighs
(R). The areas of the poles which have little to no X-ray emissions are shown in white.
Regions out of Chandra ’s field of view for the full observation window are denoted by
the cross-hatched area. Photons over plotted onto regions of no X-ray emission result
from photons detected on the limb of Jupiter, resulting in larger errors in position. As
these photons are usually observed off-centre on the chip, the positions are difficult to

trace back accurately. Figure taken from Figure 1 in Weigt et al. (2020).

from JPL Horizons and is then compared to the intervals shown in Figure 4.2. We
therefore find that the hot spot should traverse the disk over a period of ∼ 320 mins.

Examining the distribution of photons in Figure 4.1a, we set a threshold of > 7
photons per 5◦ S3 lon × 5◦ lat over ∼ 1 jovian rotation to define the more concentrated
X-rays in the northern auroral region, including those in the hot spot. We use this
threshold for the remainder of this research. We count that photons that lie on the
boundary and found to lie within this area (Figure 4.3). This threshold is determined
from counting the number of photons within the more concentrated emissions in the
X-ray hot spot from previous Chandra studies (hot spot locations for Gladstone et al.
(2002) ∼160◦ - 180◦ S3 longitude, ∼ 57◦ - 76◦ latitude and Dunn et al. (2017) ∼155◦ -
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FIGURE 4.2: The full∼ 10 hour observation of the northern emissions spli into 6 equal
∼ 60◦ sub-solar longitude (SSL) intervals (each corresponding to ∼ 100 mins of the
observation), in a similar format to Figure 4.1a. The SSL midway through each ∼
100-min interval is indicated by the orange line. The concentric circles represent 20◦

latitude increments. The northern hot spot emissions are observed in intervals (a), (b)
and (f). Figure taken from Figure 2 in Weigt et al. (2020).

180◦ S3 longitude, ∼ 60◦ - 75◦ latitude). The position and density of the photons
observed within a 1◦ S3 lon ×1◦ lat region from the numerical threshold are also
plotted (Figure 4.4), allowing the number of photons to be found and finer structures
within the hot spot region to be explored in more detail at higher resolution. Using
such a numerical threshold also allows us to confirm the position and morphology of
the extended hot spot as shown in Figure 4.1a). We remove any effects from
double-counting of the photons lying on the boundary by plotting the positions using
a 2D histogram as shown in Figures 4.3 and 4.4. It is clear that, although the X-ray
region seems to appear in approximately the same location as found from previous
studies, the morphology of the emitting region does not always resemble that of a
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FIGURE 4.3: Cartesian plots of S3 longitude vs. latitude showing the position and
number of photons per 5◦ S3 lon × 5◦ lat of the (a) full map and (b) the northern X-ray
auroral region during the full Chandra observation. The threshold used for selecting
the brighter X-ray aurora is defined by any emissions containing > 7 photons, using
the HRC-I instrument, within an area of 5◦ × 5◦ or lying on this boundary. The colours
here represent the number of photons within the region of X-ray emission defined by
the threshold. (b) shows that the northern hot spot (depicted by the darker blue and
green regions) is more extended than what was observed in previous studies (Glad-
stone et al., 2002; Dunn et al., 2017). The centres of two possible independently driven
X-ray regions are highlighted by black cross-hatched rectangles. Figure adapted from

Figure 3 in Weigt et al. (2020).



102
Chapter 4. Chandra Observations of Jupiter’s X-ray Auroral Emission during

Juno Apojove 2017

FIGURE 4.4: Identical format to Figure 4.3 highlighting the ionospheric position and
number of photons per 1◦ S3 lon × 1◦ of the brighter northen X-ray emissions. The Io
footprint (black dashed line) and main auroral oval (black solid line) are overplotted
(Grodent et al., 2008) to apply context to the magnetospheric location of these emis-
sions. The same threshold as used in Figure 4.3 is used here. The extended hot spot
observed in both Figures 4.1 and 4.3 is still present when looking at the mapped data

using a higher spatial resolution. Figure taken from Figure 4 in Weigt et al. (2020).

concentrated “spot” of emission. The morphology we observe here suggests that two
possible independent X-ray sources may be driving the emissions, highlighted by two
distinct regions within the auroral emissions of high photon concentration, separated
by a low density boundary. The centres of both regions are highlighted in Figures 4.3
and 4.4 by a black cross-hatched rectangle. The peak concentration of the brighter
X-ray source is 23 photons per 5◦ S3 lon × 5◦ lat with the centre of the second source
∼ a factor of 2 less dense at 12 photons per 5◦ S3 lon × 5◦ lat. This therefore suggests
an extended region of X-ray emission may be a result of various or identical processes
at different locations in the jovian atmosphere. In order to investigate the numerous
X-ray hot spot hypothesis, future studies should perform forward modelling via
simulations (e.g., Monte Carlo simulations) to determine what one versus numerous
hot spots look like in Chandra data.

Figure 4.5 shows how the morphology of the southern auroral emissions evolve
during the full Chandra observation, split into the same time intervals used in
Figure 4.2. The southern X-ray emissions during this time are more diffuse and less
intense than the North, resulting in no definitive “hot spot” observed by Chandra (as
expected from Figure 4.1). Therefore an exact position (in S3 lon, lat) of the southern
hot spot emissions could not be determined. The difference in intensity indicates that
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FIGURE 4.5: Identical format to Figure 4.6 except for the South pole. The more diffuse
southern hot spot emissions are observed in panels (d), (e) and (f). Figure taken from

Figure 5 in Weigt et al. (2020).

the North and South X-ray emission may originate from different locations and/or
created by different mechanisms as found by previous studies (e.g., Dunn et al., 2017;
Jackman et al., 2018). From the JRM09 magnetic field model by Connerney et al.
(2018), in general the magnetic field in the South is found to be weaker and is more
dipolar than the internal field at the North, that is more complex due to a magnetic
anomaly (Grodent et al., 2008). Chapter 7 will discuss in more detail how the magnetic
field may also contribute to the clear asymmetry in intensity. The brighter component
of the diffuse hot spot detected by Chandra is shown in Figure 4.5d) - (f).



104
Chapter 4. Chandra Observations of Jupiter’s X-ray Auroral Emission during

Juno Apojove 2017

4.4.2 Rayleigh Test results

With the location and morphology of the hot spot identified for this interval, we use
timing analysis to find any statistically significant periodic emission in the auroral
X-rays. As mentioned in Section 4.4.1, during the ∼ 10 hour Chandra window on 18
and 19 June, the extended northern emissions rotated into view twice: once at the
beginning (0 to 210 mins - North HS1, as labelled in Figure 4.6) and at the end of the
interval (500 to 620 mins - North HS2). This is shown clearly from the light curve of
the entire observation in Figure 4.6a) where flaring of the X-ray emissions are resolved
by Chandra . Both intervals, of duration 210 and 120 minutes respectively, are shown in
Figures 4.6d) - (f) and Figures 4.6g) - (i). We use a spatial down-select of S3 longitude
150◦ - 200◦ and latitude 55◦ - 80◦ for both intervals to isolate the photons associated
with the extended hot spot region (Figures 4.3 and 4.4).

Figures 4.6a), (d) and (g) show the light curve of X-ray photons from the North polar
region with 60s binning (i.e., splitting the time series into minute long observation
windows), purely for presentation purposes and not used in the timing analysis. The
quantised nature of the X-ray photons is shown clearly in the light curves with many
time bins containing no photons at all. The periods where these 0 values occur are true
non-detections made by Chandra and are not gaps in our dataset(see Jackman et al.
(2018) for more details).

To account for the low photon count detected by Chandra , we use a Rayleigh test to
perform our timing analysis on the X-ray auroral emissions to look for
(quasi-)periodicities in the light curve. As discussed in Section 2.4.5 and Jackman et al.
(2018), this method is ideal for a low count regime as it requires that the data are
unbinned and can account for an irregularly sampled dataset (Brazier, 1994) (e.g.
random detection times of time-tagged photons detected by Chandra ). We believe this
method is superior to Fast Fourier Transforms (FFTs) and Lomb-Scargle analysis used
elsewhere in the field because it does not require any binning of the data (which can
result in missing shorter periods). The Rayleigh technique is particularly suitable for a
sparse count regime as we observe in jovian Chandra observations as well as on other
planets such as Saturn (Chapter 7; Weigt et al. (2021b)) and Uranus (Dunn et al., 2021).
The technique is described in greater detail in Section 2.4.5. The statistical significance
of any quasi-periodic signals in the Chandra light curve can be evaluated when
combined with Monte Carlo simulations. This allows us to estimate the likelihood of
finding a maximum peak as observed from the data under the null hypothesis (no
periodic signal). The Monte Carlo simulations used in this research consist of
randomly shuffled fake light curves over the same time interval as the real data. We
perform identical Rayleigh analysis on each light curve over the same frequency grid
and is carried out for 10,000 different shuffled combinations. The Monte Carlo
simulations take into account the fact we inspect many frequencies when searching for
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FIGURE 4.6: Results from the Rayleigh test performed on the full light curve [panels
(a) to (c)], the first time the extended hot spot is in view [North HS1: panels (d) to (f)]
and when it rotated into view again at the end of the Chandra interval [North HS2:
panels (g) to (i)]. Panels (a), (d) and (g) show a 60-sec smoothed light curve, purely
for presentation purposes and not used in our analysis, of time tagged photons in the
Northern region of Jupiter from the full observation, North HS1 (0 to 210 mins) and
North HS2 (500 to 620 mins) respectively. Panels (b), (e) and (h) show the resulting pe-
riodogram (power versus period) from the Rayleigh analysis applied to the light curve
used for each interval. The peak power corresponding to the best quasi-period found
is indicated by a vertical dashed blue line and the 99th percentile of the power from
the 10,000 Monte Carlo simulations by a horizontal black dashed line. This definition
is used for all panels shown here. The best periods are found to be ∼ 35 mins for the
full light curve, ∼ 37 mins for HS1 and ∼ 26 mins for HS2. Panels (c), (f) and (i) dis-
play a histogram of the maximum powers from the Rayleigh analysis of 10,000 light
curves generated from the Monte Carlo simulation based on the original input data,
randomly shuffled. The solid red line shows the cumulative probability distribution
of the maximum powers found from the Rayleigh test. We used an identical Rayleigh
test for each region of the light curve (i.e. all assumptions about the frequency grid,
number of steps etc. remained the same). Figure taken from Figure 6 in Weigt et al.

(2020).
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a statistically significant (quasi-)periodic signal. Figures 4.6b), (c), (e), (f), (h), and (i)
show the results of the Rayleigh analysis with the Monte Carlo simulations.

Figures 4.6 b), (e) and (h) show the resulting periodogram of the Rayleigh power
versus period. The best quasi-period from the light curves and their associated power
is indicated by a blue dashed vertical lines. The frequency grid used for the
periodogram consist of 150 logarithmically spaced out frequencies and corresponds to
a period range between 2 and 100 min. From the Chandra observation window and
based on the results of previous statistical surveys (e.g., Jackman et al., 2018), we
might expect to find frequencies corresponding to periods of ∼8 to ∼46-mins. The
logarithmic frequency grid we use in this study ensures that any peaks found in this
range will be well defined.

Figures 4.6c), (f) and (i) show histograms generated from our timing analysis of the
maximum Rayleigh power found from each of the 10,000 Monte Carlo simulations as
a Poisson distribution. The corresponding power from the most significant period is
plotted as a vertical dashed-blue line. The cumulative distribution of the histograms is
shown by the overlaid red curve. The position of the dashed blue line with respect to
the red cumulative distribution curve in these panels shows where the highest power
from the Chandra input data would lie on any random distribution of photons. The
99th percentile of the 10,000 Monte Carlo simulations is depicted as a horizontal black
dashed line in the figures and any quasi-periods detected above this line are
considered significant in this research. We use such a strict threshold to compensate
for the low count regime of our data. When there are multiple peaks above this 99th
percentile (as demonstrated in Figures 4.6 b), the analysis considers the peak with the
highest Rayleigh power to be the best (quasi-)period for the interval.

From our Rayleigh analysis of the full light curve (Figures 4.6a) - (c)), we observe a
99.94% significant (p-value 0.0006 or 6 out of 10,000 results from test greater than peak
power) quasi-period of ∼ 35 min. The light curve (Figure 4.6a) shows that there are
pulses from the full light curve when the northern emissions rotate into view.
Figure 4.6b shows that there are multiple peaks in the periodogram above the 99th
percentile line, indicating the possibility of quasi-pulsations within the signal.

Figures 4.6d) - (f) show the light curve and our Rayleigh analysis for the first 210 mins
of the Chandra observation (North HS1). The periodogram (Figure 4.6e) shows that a
best period of ∼ 37 min is found from the North HS1 light curve with a significance of
99.98% (p-value 0.0002 or 2 out of 10,000 results from test greater than peak power).
This peak is found to be the only one to extend beyond the threshold. Figures 4.6g) -
(i) show the light curve and Rayleigh analysis for the final 120 mins of the interval
(North HS2). The periodogram (Figure 4.6h) shows that we find a best period of ∼ 26
mins during this interval and is the only one to again extend beyond our threshold.
The highest Rayleigh power from both North HS1 and HS2 is far above what we
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would typically expect from analysing any random distribution of photons (as shown
in Figures 4.6f) and (i)). Therefore, for this Chandra observation, we identify two
significant best periods for QPOs over a timescale less than a Jupiter rotation. Jackman
et al. (2018) found from their large statistical heritage study only one other
Chandra observation (∼ 11 hour observation from 08:18 8 April 2014) had two
significant QPOs using the Rayleigh test but the pulsations were located in the
southern hot spot emissions.

The multiple significant periods we find in this study may be a result of an
amalgamation of multiple processes within the elongated northern emissions and
changing magnetospheric conditions. We note that the significances calculated for
both QPOs using the Rayleigh test do not take into account the red noise found in the
light curve (as explained in Section 2.4.5). A process that generates a time series in
which the periodogram has a significant power that can be fitted by a power-law index
> 0 is known as coloured noise. Many colours of noise exist when processing signals
however in astronomy, we talk about either white noise (where the periodogram
shows no significant signal and the powers are well modelled by a power law index of
0), or red noise (where the power follows a power-law index > 0). It is important to
quantify the contribution of the red noise to any power spectra to ensure the real
significance of a signal is found. To do this, one can normalise the power spectra by
the true underlying spectra (i.e. the expectation value of the power spectra, see, e.g.
Vaughan (2005)). For the intervals considered in this paper, the overall power-law
index of the periodogram is ∼ 0 through the whole frequency range, and therefore red
noise is not contaminating our QPO detections (see Jackman et al. (2018) for more
details). The location of the origin of the pulsations found in this study is mapped out
using the model created by Vogt et al. (2011) and the results are shown in Section 4.4.4.

To further improve and validate the significance of the QPOs found in our timing
analysis, we tested the sensitivity of the light curve to frequency using a Jackknife test
(Quenouille, 1949, 1956). This is carried out by removing a number of photons from
the HS1 and HS2 light curves and running the Rayleigh test again on the modified
light curve (Efron and Stein, 1981). All the power spectra are then plotted together and
the distance between the minimum and maximum period is found. This provides an
estimate of how sensitive the light curve is to frequency. As Chandra observes very few
photons from Jupiter, the Jackknife test used in this study removed 3 photons each
time, ensuring no degeneracy from the selection process. The test for HS1 and HS2
found the time between the lowest and highest best period to be ∆P = 0.9809 and
1.3765 min respectively. For both HS1 and HS2, > 107 power spectra are generated
using the Jackknife test. This small shift in period over this many trials shows that the
derived QPO frequencies are quite robust. There was a ∼ 5 hour overlap with
XMM-Newton from June 19 ∼ 00:20 - 05:15 where QPOs can be compared. During this
interval, XMM-Newton found the same QPO at ∼ 28 mins further increasing our
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FIGURE 4.7: Our timing analysis for the southern auroral region, using the same
Rayleigh test and format as shown in Figure 4.6. Figure taken from Figure 7 in Weigt

et al. (2020).

confidence in the significant HS2 signal detected by Chandra . XMM-Newton continued
observing for ∼ 16 hours after Chandra , and examination of the light curve from that
time interval indicates the same QPO is still present for another full rotation
(Wibisono et al., 2020). Performing the Rayleigh test discussed in this study on the full
XMM-Newton light curve, we find a 99.92 % significant ∼ 28-min QPO.

Figure 4.7 shows the light curve and results from the same Rayleigh test used to
analyse the southern region. As shown in Figure 4.7b, the best quasi period found
from the full light curve of the southern region is ∼ 92 mins and had a significance of
24.30% (p-value 0.7570 or 7570 out of 10,000 results from test greater than peak
power). The large p-values found in the southern region demonstrate that the best
periods found from the Rayleigh test are not significant. This is further illustrated in
Figure 4.7c, which compares the highest power found with the red cumulative
distribution curve. The best period with the highest power from the southern X-ray
auroral emissions lie near the peak of what we would typically expect from a random
distribution of photons. This therefore suggests that this is not a significant signal and,
unlike the northern extended hot spot, there are no significant quasi periods found
during the observation.

4.4.3 Accompanying in situ Juno data

Around the time of the Chandra observation analysed in this research, Juno was
executing a series of orbits which took its apojove position to ∼ 112 RJ on the dawn
flank of the jovian magnetosphere, near the nominal magnetopause position. As
previously discussed, this allows possible auroral drivers like KHI and magnetopause
reconnection to be explored in greater detail. Figure 4.8 shows the JADE data over a 5
day period bracketing the Chandra interval. The top panel shows data from the
time-of-flight (TOF) mass spectrometer of the ion populations surrounding
Juno during this interval. The middle panel shows the corresponding electron
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FIGURE 4.8: Juno data displayed as spectrograms of the ion time-of-flight (TOF) and
electron data taken by JADE. These observations were taken over 5 days while in-
bound from the apojove position of Juno. The top panel shows ion data from the
various plasma populations as Juno was sampling the magnetosheath and magneto-
sphere. The middle panel shows the associated electron distributions during this time.
The bottom panel confirms the radial distance of Juno as it travels towards Jupiter dur-
ing the 5-day interval. We highlight the Chandra interval by vertical dashed lines, cor-
rected for light travel time. The colour bars used in the spectrograms show the count
rates (and therefore energy flux) of the electrons and ions detected during this time.
The key magnetospheric regions Juno flew through during these 5 days are labelled
and represented by arrows above the plot. Figure taken from Figure 8 in Weigt et al.

(2020).

distributions. The colour bars in both plots represent the count rates (which is
proportional to energy flux) for both the electrons and ions detected. The bottom
panel shows the radial distance of Juno from Jupiter during the observation, in units of
Jupiter radii. Arrows at the top of the plot show the region (e.g. magnetosphere,
magnetosheath) which Juno was sampling at a given time with the
Chandra observation interval highlighted by dashed vertical lines.

From the JADE data, we define a magnetopause crossing as a steep change in density
(or intensity) of the ion plasma population when Juno crosses from a region of colder,
dense plasma (magnetosheath) to one of hotter, less dense plasma (magnetosphere)
and vice versa. In between both regions, Juno may cross the boundary layer which
looks like a combination of both plasma populations. Figure 4.8 shows that, while
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Juno was inbound (heading towards the planet) from apojove, there are several
magnetopause crossings prior to the Chandra interval. Juno was found to cross from
the magnetosphere to the magnetopause at ∼ 14:30 on day of year (DOY) 167 (16 June)
and crossed back into the magnetosphere region at ∼ 14:00 on DOY 168. Another
crossing out into the magnetosheath was detected by JADE at ∼ 09:00 on DOY 169 (18
June), and thereafter Juno was found to be in the magnetosheath until nearer the end
of the Chandra observation window. We also observe a short crossing into the
magnetosphere between ∼ 00:00 and ∼ 01:00 on day 170 within the Chandra interval.
Juno crossed back into the magnetosphere ∼ 03:30 with no further crossings detected
during the 5 day window. The magnetopause crossings are verified using other
Juno data in Chapter 6. We also analyse JEDI data during this observation window
and found magnetopause crossings at identical times to JADE, confirm the
approximate timeline of these events.

With the position of the magnetopause crossing, we use the Joy et al. (2002) model to
infer the state of the magnetosphere during the observation window. This particular
model is used to find the most probable sub-solar standoff position (as examined in
Section 2.1) of the magnetopause boundary. As explained in Section 2.1.1, the Joy et al.
(2002) magnetopause and bow shock model provides us with the necessary tools to
infer the dynamic pressure of the solar wind upstream of Jupiter and therefore the
sub-solar standoff distance from the location of any crossing of the magnetopause
boundary. The model uses a combination of multiple spacecraft observations with
magnetopause encounters and magnetohydrodynamics (MHD) simulation to predict
the most probable position of the magnetopause boundary. More details of the Joy
et al. (2002) model are found in Section 2.1.1. Using the closest magnetopause crossing
from the JADE data (∼ 111 RJ , 4.4 LT), the Joy et al. (2002) model inferred that the
dynamic pressure of the solar wind, Pdyn, during this time (DOY 170, ∼ 03:00) was
0.319 nPa and the sub-solar stand-off distance, RMP, was 62.52 RJ . Comparing these
inferred solar wind parameters to distributions of the solar wind upstream from
Jupiter from Jackman and Arridge (2011) and Ebert et al. (2014), shows that the
magnetosphere during this time was in a state of compression, well above the 90th
percentile of previously observed solar wind dynamic pressures.

4.4.4 Vogt mapping results

To map where in the magnetosphere the hot spot photons and therefore the QPOs
originate, the ionospheric position (S3 longitude and latitude) and sub-solar longitude
(SSL) of the time-tagged hot spot photons (found using the Weigt (2021) pipeline) are
used in a flux equivalence mapping model created by Vogt et al. (2011, 2015) [herein
also referred to as the Vogt model, both used interchangeably].
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FIGURE 4.9: Planetocentric polar projections of Jupiter’s North pole for (a) all auroral
photons during the full observation and those associated with the hot spot emissions
from (c) HS1 and (e) HS2, as defined in the text. The magnetospheric mapping of the
auroral photons in each case are determined from the Vogt et al. (2011, 2015) model
shown in panels (b), (d) and (f). Error bars of 15 RJ are used to depict the likely error
of the flux equivalence model under compressed magnetospheric conditions. The 15
RJ (black oval), 90 RJ and 150 RJ of the flux equivalence model applied with the JRM09
internal field (Connerney et al., 2018) are plotted in (a), (c) and (e) at various sub-solar
longitudes (SSL). Unmapped photons equatorward (< 15 RJ) and poleward (> 15 RJ)
are denoted by black and orange triangles respectively. The different colours in panel
(a) represent the 90 RJ and 150 RJ contours of various SSLs observed throughout the
interval. (c) and (e) show the 90 RJ (navy line) and 150 RJ (light blue line) contours
midway through the interval. The location of Juno is denoted by the yellow star. The
concentric ellipses in (b), (d) and (f) represent the distance form Jupiter in 10 RJ in-
crements. The sub-solar standoff distance inferred from the Joy et al. (2002) magne-
tospheric model from the Juno magnetopause crossings is plotted in red (at 62.52 RJ),
as well as the compressed (black dashed line) and expanded boundary limits. Figure

taken from Figure 9 in Weigt et al. (2020).

The Vogt model is built from Galileo data, and is valid from ∼ 15 RJ (Ganymede
footprint) to ∼ 150 RJ (beyond which there were insufficient data to constrain the
model in the jovian magnetotail). The Vogt model and its possible limitations are
discussed in greater detail in Chapter 6 where it is used to a greater extent. Figure 4.9a
shows the polar plot of both the mapped (black circles) and unmapped equatorial
(black triangles) and auroral (orange triangles) photons over the full Chandra interval.
Figure 4.9b illustrates the associated magnetospheric mappings using the flux
equivalence model with the JRM09 field model (Connerney et al., 2018) for all
mappable X-ray photons. Rows (c)-(d) and (e)-(f) are in a similar format for the
intervals corresponding to the viewing of HS1 and HS2 respectively. The Ganymede
footprint (15 RJ ; black oval) is overplotted in Figures 4.9 a), (c) and (e). The coloured
contours plotted in Figure 4.9 a) show how the magnetic field mapping of the 90 RJ

and 150 RJ changes during the full Chandra observation at 120◦ SSL intervals from
130◦ to 10◦ SSL during approximately one jovian rotation. At the beginning of the
observation (130◦ SSL), the dayside magnetosphere is on the right hand side of the
polar plot and moves clockwise throughout the Chandra interval. Figures 4.9 c) and (e)
show the position of the magnetic field mapping midway through the hot spot
intervals (170◦ and 110◦ SSL respectively). As expected photons that have ionospheric
positions equatorward of the Ganymede footprint are not mapped by the flux
equivalence model. The 90 RJ and 150 RJ contours are indicated in navy and light
blue, respectively. Contours mapping to 90 RJ in the equator and beyond are excluded
as they correspond to locations in the magnetosphere beyond the Joy et al. (2002)
expanded magnetopause limit. The photons shown in grey in Figure 4.9, which we
refer to as “unmapped”, map to radial distances in the magnetosphere that lie beyond
the expanded Joy et al. (2002) magnetopause or the 150 RJ limit of the Vogt model. It is
therefore likely that these ionospheric positions are on open field lines. Photons that
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have ionospheric positions equatorward of the Ganymede footprint are not mapped
by the flux equivalence model as they map to radial distances inside 15 RJ .

Figures 4.9 b), (d) and (f) show the positions of the mapped photons determined from
the flux equivalence model within the jovian magnetosphere. The dynamic pressure
inferred from the Juno magnetopause crossings is used to plot the position of the
magnetopause during this time with an inferred sub-solar standoff distance of 62.52
RJ (shown by the red dotted line). Our inferred magnetopause boundary coincides
with the sub-solar standoff distance limit in the Joy model for a compressed
magnetosphere (0.306 nPa with sub-solar standoff distance ∼ 60 RJ : black dashed
line). The Joy model limit of an expanded magnetosphere is represented by the solid
black line (0.039 nPa with nose standoff distance ∼ 90 RJ). The approximate position
of Juno during the Chandra interval is denoted by a yellow star.

Figure 4.9b shows the spread of the mapping throughout the magnetosphere (∼ 50%
auroral photons were mappable using the flux equivalence model). The Vogt flux
calculation applies a fit to entire catalogue of Galileo data collected under all solar
wind conditions. Therefore our mapping results represents an “average”
magnetospheric state. In our analysis, we include any ionospheric points that map to
the magnetospheric positions between the compressed and expanded Joy et al. (2002)
magnetopause values (the black dashed and solid lines, respectively, in Figure 4.9). In
this research, we interpret these points to map on closed field lines for an expanded
magnetosphere/low solar wind dynamic pressure and on open field lines for a
compressed magnetosphere/high solar wind dynamic pressure. As the model uses
“averaged” solar wind conditions throughout the Galileo mission, the most likely state
of the jovian magnetosphere throughout the majority of the Galileo campaign would
be an expanded state or one returning to its equilibrium position. Therefore, the
mapping in Figure 4.9 is probably not suited for the highly compressed conditions
during the Chandra observation interval. As the Vogt model maps photons to points
that lie exclusively within the magnetosphere (i.e., on closed field lines), we assume
that the points in Figure 4.9 that lie outside the compressed magnetopause would
probably actually map to a region near but inside the magnetopause if the compressed
conditions were accounted for. From the mapping model however, we are unable to
determine quantitatively whether the QPOs found lie on open or closed field lines.

As examined in Section 2.2, during intervals of high solar wind dynamic pressure, as
was the case during these observations, we may expect the change in the
magnetospheric field geometry to lead to a change in auroral mapping (e.g.,
Southwood and Kivelson, 2001; Cowley and Bunce, 2003a,b) during intervals of a
highly compressed magnetosphere. Such an increase in the solar wind dynamic
pressure has been observed to change Jupiter’s magnetospheric magnetic field,
sufficient enough to shift the auroral mapping of a given point in the magnetosphere
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poleward by up to a few degrees (Vogt et al., 2019). Therefore, we estimate a 15 RJ

uncertainty in the mapping of our X-ray photons (see Figure 4.9) to account for this
effect using the arguments put forward by Vogt et al. (2019). We note that the error we
calculate here is a simple estimate and does not include any uncertainties in local time
and photon SSL that will affect the flux equivalence model. How the propagation of
these errors affects the mapping during different magnetospheric states is yet to be
determined.

Figures 4.9 d) and (f) show that the majority of mapped auroral photons, and therefore
any associated auroral drivers, from the HS1 (28 out of 87 photons were mapped) and
HS2 (23 out of 59 photons were mapped) intervals are found to originate in the
noon-dusk magnetosphere, close to the magnetopause boundary within 90 RJ (within
errors). The corresponding polar plots, panels (c) and (e), show that the majority of the
unmapped photons are found to lie beyond the dayside magnetopause boundary.
More specifically, this is the case when the SSL is between 100◦ and 200◦, which occurs
for the full HS1 interval and the latter part of the HS2 interval. This may suggest that
the origin of some the X-ray emissions, hence many of the unmapped photons, lie on
the magnetopause where flux is opened for a short period of time (McComas and
Bagenal, 2007). The possibility of an open field line origin for the X-ray emissions is
discussed further in Section 4.5. One caveat that supports this hypothesis is taken into
account in our analysis: the Vogt model assumes “average” solar wind conditions
from the Galileo mission, as mentioned before. Therefore many unmapped points close
to the 90 RJ contour on the dayside magnetosphere may map to inside, or very close
to, the magnetopause. Alternatively, many mapped photons found in this region may
actually be on open field lines. At lower SSLs found at the beginning of the HS2
interval, 70◦ - 100◦ SSL, some of the unmapped photons are also found to lie on field
lines on the nightside beyond 150 RJ . These field lines may be considered opened or
closed however insufficient volume of data in this region makes verification of this
difficult. The unmapped photons that are found firmly in the middle of the open field
area we consider to most likely lie on open field lines. The photons producing the
pulsations within the magnetosphere in both intervals are also found to lie in
approximately the same locations. This further suggests that the photons responsible
for the pulsations in HS1 and HS2 may be a result of a process happening near the
dayside magnetopause that varies on timescales less than a Jupiter rotation. Panel (d)
shows that the pulsations during the HS1 interval are slightly more spread throughout
the magnetosphere than those observed during HS2 (panel (f)) with the pulses
mapping to ∼ 11− 22 LT compared to the pulses originating mainly in the noon-dusk
sector. The pulsations appear to map to spatially localised regions in the
magnetosphere as shown by the clustering of mapped photons within the noon-dusk
sector present in Figures 4.9 d) and (f).
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4.5 Discussion

The results of this research analysing the ∼ 10 hour Chandra Jupiter observation on 18
June 2017, using a new Python pipeline (Weigt (2021), Chapter 3), reveal an interesting
extended morphology of the northern hot spot that has not been studied in great
detail before.

4.5.1 Morphology and temporal behaviour of the auroral emissions

The polar plots presented in this research show a clear asymmetry in brightness
between the North and South pole. As examined in Section 2.4, Dunn et al. (2017)
found that the morphology of the southern X-ray auroral emissions coupled with an
unfavourable tilt angle of Jupiter, with respect to the sub-observer latitude, made it
very difficult to analyse the South. During this Chandra interval however, the full
southern region is mapped allowing for direct comparison with the North. The JRM09
magnetic field model (Connerney et al., 2018), derived from Juno magnetometer data
(Connerney et al., 2017), revealed that the field in the North polar region is
non-dipolar and more than twice as strong as the more dipole-like field in the South
(Moore et al., 2018). This contrast in magnetic field strength and topology may be a
contributing factor to the clear difference in brightness between the poles, as well as
the diffuse nature of the X-ray emission observed from the South pole. The different
magnetic field magnitude may inject ions into the Jovian ionosphere through a variety
of mechanisms. It may be that the stronger magnetic field in the North leads to a
stronger mirror force and therefore produces a larger potential drop, capable of
accelerating ions to larger energies. Alternatively, it may be that the steeper magnetic
field gradients in the North allow drifting particles to enter the loss cone. Given the
location of the extended X-ray hot spot relative to the surface magnetic field
configuration, we suggest that the former is more likely. Along with the contrast in
brightness, the independent nature of the pulsations (observed here and in Dunn et al.
(2017)) suggest the emission from the North and South may be from different
processes or the same process triggered independently (from a possible time-lag)
either side of the magnetopause boundary.

In this research, we find two significant QPOs in the light curve from the North pole
when the elongated hot spot is in view (North HS1 and HS2) using a Rayleigh test.
Using the same Rayleigh test for the South we found no significant QPOs during this
time. As the viewing windows of the hot spot emissions are ∼ few hours, due to the
location of the emissions, we do note that it is difficult to claim a true “quasi-period”
with absolute certainty. This is because we can only observe 2 - 3 cycles of flaring
activity during each interval. These flares will still rule out the null hypothesis of the
Rayleigh test (that the signal is uniform). We therefore use the term QPO here, and
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throughout the remainder of this research, more conservatively to define any
significant quasi-pulsations (i.e., > 99% statistical significance) found within any
observation intervals of the auroral X-ray emissions. This is a subtle problem which
persists throughout the field of planetary science, and indeed in other areas of
astrophysics. Chapter 8 highlights a few methods that can be employed to improve
timing analysis in this field. In this particular case study, XMM-Newton found the
same HS2 QPO simultaneously with Chandra improving the significances of our
results, using the Rayleigh test and other timing analysis techniques (Wibisono et al.,
2020). XMM-Newton continued to observe Jupiter for a further ∼ 18 hours after the
end of the Chandra campaign. This dataset is explored in detail in Wibisono et al.
(2020). They note that Jupiter continued to pulse with a regular QPO for several
Jupiter rotations after this observation, with the North and South exhibiting similar
QPOs near the end of the campaign.

4.5.2 Potential sources of ultralow-frequency (ULF) waves

Previous studies looking at the hot spot region (Gladstone et al. (2002); Kimura et al.
(2016); Dunn et al. (2016, 2017)) speculate that oscillations may arise from global ULF
waves in the magnetic field. The periodic oscillations from ULF waves have been
observed throughout the jovian magnetosphere. Manners et al. (2018) propose that all
∼ 10-60-min QPOs within the jovian magnetosphere may arise from standing Alfvén
waves. This complements the work of Khurana and Kivelson (1989) and Wilson and
Dougherty (2000a) who found 10-20-min ULF wave pulsations in the middle
magnetosphere. The QPOs we identify here and those found in previous statistical
studies (Jackman et al., 2018) lie within the 10-60-min range. This would apply to
regions of closed field lines where Alfvénic resonances are present. We discuss
potential sources of ULF waves in the regions of interest within the magnetosphere in
the remainder of this section.

4.5.2.1 Kelvin Helmholtz Instablities (KHIs)

Dunn et al. (2017) suggest that Kelvin-Helmholtz instabilities (KHIs) observed at
Jupiter’s magnetopause boundary (Delamere and Bagenal, 2010; Desroche et al., 2012)
may be one possible driver to explain the X-ray QPOs and the asymmetric brightening
at the poles. The KHIs on a planet’s magnetopause boundary allow large quantities of
energy, momentum and plasma to be transferred between separate plasma media and
may cause reconnection in the twisted field lines (Hasegawa et al., 2004). KHIs on
Earth’s magnetopause have been found to produce fluctuations in this region as well
as compressional ultralow-frequency (ULF) oscillations and field line resonances (on
closed field lines), driving standing Alfvén waves in the ionosphere (Mann et al., 2002;
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Rae et al., 2005). Previous observations and simulations have found that KHIs often
originate on the dawn and dusk flanks of the magnetosphere, where the velocity shear
is largest. This has been found to be the case at both Earth and Saturn (Hasegawa
et al., 2004; Wilson et al., 2012; Ma et al., 2015) and predominantly on the dusk side at
Jupiter from simulations (Zhang et al., 2018). In this study, as shown in Figure 4.9,
many of the photons which yield the QPOs are mapped to regions near, or within, the
magnetopause boundary on the dusk flank of the magnetosphere. However, with the
mapping model not optimised for very compressed magnetospheric conditions,
distinguishing between the origin lying on open or closed field lines is difficult.

Dunn et al. (2017) found that the northern and southern X-ray hot spots are
non-conjugate and exhibited different temporal behaviour. Using the Vogt mapping
model, with a different field model, Dunn et al. (2017) also found that the majority of
the northern X-ray photons map onto the dayside magnetopause boundary at
noon-dusk. The southern X-ray emissions were found to map to the magnetopause
boundary on the dawn-noon sector, indicating that the processes producing the QPOs
at the poles may be independent of one another. One possible explanation for this
difference in behaviour is rotationally driven magnetic reconnection on the dayside
magnetodisk. Guo et al. (2018) report finding such a phenomenon in Saturn’s dayside
magnetodisk from Cassini charged particle and magnetometer data. This internally
driven process could accelerate the high energy ions in the jovian system to the
energies required for charge striping and charge exchange to produce the soft X-rays,
which dominate the hot spot region. Electrons may also be accelerated via this process
and may explain the flaring activity we observe in the aurora (in both X-ray and UV
e.g. Bonfond et al. (2016)). Rotationally driven dayside reconnection and reconnection
driven by KHIs on the dawn/dusk flanks occur at different local times along the
dayside magnetopause boundary. This may be the answer to the observed
non-conjugacy of the North and South emissions. For example, the length of the field
line may be different for each hemisphere depending on the location of the
reconnection site. This may therefore lead to a lagged response when the reconnection
occurs, energising the charged particles to the energies required for precipitation.

4.5.2.2 Magnetic reconnection

For open field line regions within the magnetosheath, dawn/dusk flank reconnection
may produce the pulsations we observe in the X-rays. The reconnection process in this
region of the magnetosphere may be triggered by KHIs on the flank, producing
possible field line resonances generating the QPOs we observe (Kimura et al., 2016;
Dunn et al., 2016, 2017). Magnetic reconnection along the dawn flank of the
magnetosphere has been reported before by Ebert et al. (2017a) where it plays a more
significant role within a compressed magnetosphere (i.e. high solar wind dynamic
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pressure). However as Juno was not on the dusk flank of the magnetosphere,
signatures of magnetic reconnection during this time cannot be found. The cusp
reconnection model by Bunce et al. (2004) provides a strong argument for the possible
origin of strong X-ray emission with 40-50-min QPOs. The significant periods found
in this study lie close to this temporal range (in particular the ∼ 37-min quasi period
from HS1). The X-rays we observe here however only have a maximum brightness of
a few Rayleighs (R) as opposed to ∼ kR magnitudes predicted by the cusp
reconnection model. Therefore, cusp reconnection may provide an answer to the
pulsations, estimating an upper limit for the X-ray auroral power and brightness. We
observe the expected X-ray auroral power (∼ few GW) predicted by Bunce et al.
(2004), but our observed auroral brightness is inconsistent with their model. This
inconsistency may be a result of us underestimating the auroral brightness due to the
variable throughput of the Chandra HRC-I instrument and/or the atmosphere being
highly opaque during the Chandra interval (Ozak et al., 2010), which is not accounted
for in the 2D histograms. Furthermore, several authors argue that dayside
reconnection is an ineffective magnetospheric driver within the jovian system (e.g.,
Delamere and Bagenal, 2010; Desroche et al., 2012; Masters, 2018).

The two different significant quasi periods in the North suggest that the process(es)
that cause the flaring activity in the X-rays can change over a timescale less than one
jovian rotation. Only a small number of X-ray observations are conducive to searching
for variability in quasi-periodicity on the timescales of a few planetary rotations or
less. From the Jackman et al. (2018) heritage study, one observation was found (∼ 20
hour observation from 00:21 25th February 2003) where the cadence of the telescope
observation allowed the northern and southern hot spots to be viewed separately on
consecutive rotations. From the Rayleigh test, they found that the only significant
QPO was when the northern hot spot was first in view at ∼ 33 mins. The second time
the northern hot spot was in view, no significant quasi-periodic signal was found.
They found that only one other example (∼ 11 hour observation from 08:18 8th April
2014) exhibited different significant quasi periods in the South over a timescale less
than one jovian rotation. Therefore our study is the first to analyse multiple significant
QPOs in the northern hot spot, and the conditions for the driver to produce such
emission may have been rarely observed. Jackman et al. (2018) also noted that very
few of the identified QPOs from previous studies were actually statistically significant
using the Rayleigh test.

The quickening of the pulsations during this observation may be a result of the
changing conditions of the magnetosphere. If we consider ULF waves to be the source,
the changing periodicity of the QPOs would be a result of the changing thickness of
the plasma sheet (Manners et al., 2018). During a compression event (similar to that
found in the Juno data preceding the Chandra interval), the plasma sheet is expected to
thicken (Southwood and Kivelson, 2001) which in turn, will result in a longer QPO
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dependent on the change of thickness (Manners et al., 2018). As the magnetosphere
enters the recovery phases after the compression, the thickness of the plasma sheet
decreases as does the period of the QPO. However, with the data we have, it is unclear
how quickly the plasma will be ejected from the magnetotail to confirm this ULF wave
process. The inverse is true if we consider the Bunce et al. (2004) reconnection model.

During a compression event, the field line that the MeV ions travel along into the
ionosphere will become shorter, therefore reducing the Alfvén time and generating a
quicker QPO. If we assume that the reconnection site is in the same local time along
the magnetopause and that the magnetosphere is further compressed between both
HS1 and HS2, this may also be an answer to the changing periodicity in this study.
However, from the Juno JADE and JEDI data, we find the magnetosphere expanding
between HS1 and HS2, ruling this mechanism out. From terrestrial observations, the
orientation of the Interplanetary Magnetic Field (IMF) and latitude of the reconnection
site can also change the topology of the magnetic field and can therefore change the
periodicities produced by cusp reconnection processes (Gosling et al., 1990; Fuselier
et al., 2012). This may be the case in this study however the limitations with our data
prevent us from being able to give a clear answer of the location of possible
reconnection sites, if any, close to the mapped photons in the dusk flank.

In the research presented here, we believe that the QPOs observed are more likely
caused by ULF waves on the dusk flank of the magnetosphere, produced by possible
KHIs. However it is unclear if this is true for all QPOs observed from the X-ray
emission as this conclusion is based on one observation. Future work into determining
the source of the pulsations may include a comparison between transit times during
compression and expansion for both ULF waves and reconnection processes described
by (Bunce et al., 2004). Juno is expected to be in the dusk sector from 2021, allowing
these processes to be explored in detail on the dusk flank of the magnetosphere close
to the possible mapped location of the driver we find in this study.

4.5.3 Location of potential drivers in the jovian magnetosphere

The significant number of unmapped photons in both intervals (∼ 68% and ∼ 61% for
HS1 and HS2 of hot spot photons respectively) may suggest the driver for the X-ray
emissions, thus the QPOs, is located on open field lines in a region near but inside the
magnetopause during a compression event (similar to Dunn et al. (2016)). This
however does not provide an answer for the variability of the driver found in this
study. Given the significant number of unmapped hot spot photons combined with
the successfully mapped QPOs to the noon-dusk sector, and with Juno situated on the
dawn flank of the magnetosphere during this time (where only a handful of photons
have been mapped to with an error on radial distance due to compressed conditions,
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as shown in Figure 4.9), this precludes us from being able to fully determine the
auroral driver. If Juno ’s trajectory was closer to the noon-dusk sector, where the vast
majority of photons were mapped to, or crossed field lines connected to the polar
position of the X-ray emissions, further analysis of the in situ energetic particle data
would have been included in our study. The very energetic particles (up to MeV
energies) found in the polar auroral region detected by Juno are believed to lie on
possible open field lines (Ebert et al., 2017b), suggesting that some process producing
(or accelerating) these particles must exist. However, some studies suggest that the
opened flux may close rapidly under such magnetospheric conditions (McComas and
Bagenal, 2007).

The possibility of the source lying along the open-closed field line boundary agrees
with results from Dunn et al. (2016). They observed a significant ∼ 26-min QPO
during the arrival of an interplanetary coronal mass ejection (ICME) at Jupiter (i.e. a
compression event). The hot spot was found to be extended and an expansion
occurred on field lines that mapped to the region where the magnetopause sub-solar
standoff distance was found to move from 92 RJ to 63 RJ (from the Joy et al. (2002)
model). Using the equivalence mapping model, Dunn et al. (2016) found the majority
of X-ray producing ions originated beyond 60 RJ where most of the carbon/sulphur
line emissions were found to originate on open field lines between 50 RJ and 90 RJ (for
the case of a compressed magnetosphere). The 26-min QPO was observed to originate
on the edge of the hot spot (between 150◦ and 160◦ S3 longitude) and was strong in
carbon/sulphur emission. The strong carbon/sulphur emission at the edge of the hot
spot was speculated to be the source of the brightening in this region. Comparing the
Dunn et al. (2016) results to our study, both observe a significant ∼ 26-min QPO
during an inferred compression event and find that the majority of X-ray producing
ions originate > 60 RJ . The observed brightening at the edge of the expanded hot spot
region by Dunn et al. (2016) may also suggest that there are multiple independent
X-ray sources producing this variable emission (as suggested by Figure 4.3 in this
study) during a compression event.

The Juno dataset affords us the unique opportunity to have a window on the
magnetosphere (or upstream environment) to provide important context for the X-ray
observations which has been missing in previous years. From in situ Juno data, we can
infer the condition of the jovian magnetosphere and have a better understanding of
what possible drivers are producing the hot spot emission. When Juno is nearer the
polar regions, JEDI will allow us to detect and analyse the MeV ions that we expect to
underpin the X-ray aurora mechanism. Houston et al. (2020) start to investigate the
MeV polar ions in the context of X-ray emissions to help use the in situ data to provide
a vital contribution on trying to answer the origin of the soft jovian X-rays and their
corresponding (quasi-) pulsating driver.
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An emergency reset of HST meant that a UV observation which was scheduled to
overlap with this X-ray campaign did not happen. Thus we unfortunately lost the
ability to compare the X-ray QPOs with the UV waveband for this case. The
emergency reset itself was possibly triggered by an intense solar event on Jupiter
(perhaps associated with the inferred solar wind compression during this interval).
Future multi-wavelength campaigns during the Juno era should shed light on the
relationship between X-ray, UV and other wavebands, and on the distinct physical
processes which cause these diverse emissions.

It is clear that further work is required to fully understand the driver of Jupiter’s
X-rays and future studies will need to make more comparisons with UV and radio
data. The processing pipeline and numerical hot spot definition employed in our
study combined with Juno in situ data can be used to examine any correlations
between the varying morphology and intensity of the hot spot with the multitude of
different factors that may affect the jovian X-ray emission. These techniques will also
allow a more consistent comparison to be made between all the Chandra data in great
detail. This study provides new information on where the ions originate, although
more data are needed to determine where on the field lines the acceleration takes
place. Comparisons with factors such as solar activity and magnetospheric state will
allow us to determine what conditions produce the different X-ray emission
morphologies we have observed and allow us to fully understand the true origin of
Jupiter’s X-rays.

4.6 Summary

From the expanding catalogue of Chandra observations of Jupiter X-rays during a
variety of solar wind and magnetospheric conditions, this is the first study analysing
an extended northern hot spot emission in great detail during a solar wind
compression. Previous works have found a hot spot of emission in both the North and
South poles but the intensity and elongation of the northern hot spot during this
interval are unique. With accompanying in situ Juno data, we can provide the
Chandra observations with magnetospheric context allowing us to attempt to identify
what conditions are needed to produce the various morphologies of the X-ray aurora
and find their origin. Our results reveal statistically significant quasi-periodic
oscillations from the northern hot spot, with period varying from ∼ 26 to 37 minutes
during 2 separate viewing windows separated by less than a planetary rotation. These
pulsating X-ray photons map to a region close to the dayside magnetopause which
points to processes in that region as a likely driver to the X-ray behaviour.

We hope that the work presented here will provide another avenue analysing the
morphology and intensity of the hot spot emission using a numerical definition with
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more robust timing analysis in the Juno era. The combination of these techniques with
multi-wavelength remote sensing and in-situ data will allow us to finally understand
the physics of the drivers producing these dynamic emissions. We look forward to
exploring further the conditions that produce the varying morphologies of the hot
spot and the range of significant QPOs observed throughout Chandra ’s ongoing
Jupiter campaign.
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Chapter 5

Characteristics of Jupiter’s X-ray
auroral hot spot emissions using
Chandra

”We used to think that if we knew one, we knew two, because one and one
are two. We are finding that we must learn a great deal more about ’and’ ”
- Sir Arthur Eddington

Representative of the motivation behind this statistical study and how using a
consistent definition is key.

5.1 Abstract

Here we expand on the results and definitions from the previous study (Weigt et al.,
2020) an apply them to the entire Chandra HRC-I catalogue to create the first jovian
X-ray auroral first statistical study focusing on the northern emissions. More
specifically, this study examines the spatial and temporal behaviour of the so-called
‘northern hot spot’ (NHS) in an effort to determine the driver of the jovian auroral
X-rays. The Chandra data that forms our catalogue data used in this analysis spans
almost 20 years. We use time-tagged photon data from observations dating back to 18
December 2000 during the Galileo-era up to, and including, 8 September 2019, as Juno
was nearing the end of its prime mission. We use the photon concentration criterion
defined in chapter 4, a number density of >7 photons per 5◦ System III longitude × 5◦

latitude over ∼ 10 hours (the average duration of the observations over 20 years), to
determine the brightest and more concentrated auroral emissions. From this we are
able to characterise the typical (i.e. high occurrence rate throughout the observations)
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and more extreme i.e. low occurrence rate) behaviour of the NHS emissions from our
∼ 20 year dataset. From our catalogue, we calculate the mean power of the NHS to be
1.91 GW with the auroral emissions having an average maximum brightness of 2.02
Rayleighs (R). These auroral emissions are associated with the brightest parts of the
jovian X-ray spectrum. For the first time, we identify a statistically significant X-ray
auroral region within the more concentrated emissions of the NHS (e.g. a region of the
concentrated NHS that appears in all observations of our catalogue), located at the
NHS centre. This region has been coined the averaged hot spot nucleus (AHSNuc).
We calculate the mean auroral power of the AHSNuc to be of 0.57 GW with an
inferred average brightness of ∼ 1.2 R. Results from the Vogt et al. (2011, 2015) flux
equivalent model throughout our catalogue suggest that the driver, or drivers, of the
concentrated NHS emissions associated with the majority of mappable NHS
time-tagged photons reside in the pre-dusk to pre-midnight sector of the jovian
magnetosphere: the dusk flank boundary. The mapping model also identifies a
smaller cluster of mappable photons originating at the jovian noon magnetopause
boundary, dominated by mappable AHSNuc photons. These results suggest, as
eluded to in previous literature (e.g., Dunn et al., 2017), that multiple magnetospheric
sources may be responsible for driving the X-ray auroral emissions. Our timing
analysis (including Rayleigh testing with Monte Carlo and Jackknife testing as used in
Chapter 4) identifies many, but infrequent, cases of statistically significant
quasi-periodic oscillations (QPOs) within the concentrated NHS emissions. These
QPOs are found to range from ∼ 2.3-min to 36.4-min across the auroral region, with
the AHSNuc QPOs dominating the lower limits. These timescales suggest possible
associates with ultra-low frequency activity on the magnetopause boundary as found
by Galileo across a vast range of local times. This study concludes by discussing the
possible drivers responsible for the X-ray emissions given their position in the
magnetosphere and their timescales, such as dayside reconnection and
Kelvin-Helmholtz instabilities.

5.2 Introduction

We have already examined in detail the location and nature of Jupiter’s soft X-ray ”hot
spot” emissions, the most powerful and concentrated of the jovian X-ray auroral
emissions, in Chapters 2 and 4. Gladstone et al. (2002), who discovered the northern
pulsating ”hot spot”, postulated that the driver of these highly localised emissions
was likely located in the outer magnetosphere, > 30 Jupiter radii (RJ) from the planet.
The hot spot was observed to exhibit significant quasi-periodic oscillations (QPOs) of
45-min similar to pulsations identified from jovian radio emissions detected by
Ulysses flyby (MacDowall et al., 1993) and bursts of electrons observed from the
Cassini flyby (Krimigis et al., 2002). From this discovery, subsequent Chandra and
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XMM-Newton observations have allowed us to analyse in detail the composition of the
ions responsible for soft X-ray (SXR) production and how the hot spot varies both
spatially and temporally, as examined in previous chapters. Many studies have found
the temporal behaviour of the hot spot SXRs vary from observation-to-observation
and exhibit a large range of QPOs (e.g., Chapter 4, Dunn et al., 2016, 2017; Elsner et al.,
2005; Gladstone et al., 2002; Jackman et al., 2018; Kimura et al., 2016; Wibisono et al.,
2020) and may be correlated with other types of auroral emissions, such as jovian
radio emissions (Dunn et al., 2020b). Such a large variation in temporal behaviour
makes it difficult to hone in on the auroral driver of these emissions, especially when
the observed QPOs change over timescales shorter than a jovian rotation (e.g.,
Chapter 4 Jackman et al., 2018). A recent study by Yao et al. (2021) suggested the
differences in QPOs we observe may be a result of electromagnetic ion cyclotron
(EMIC) waves being modulated by electromagnetic waves originating from Jupiter.
Therefore the pulsations we observe may be episodic bursts of ion precipitation,
confirmed from in situ data from Juno . Although a very plausible driver, this has yet
to be proven for a larger dataset.

The origin of the heavy precipitating ions responsible for SXR production via charge
exchange processes with neutrals in the jovian atmosphere is also still up for debate,
further complicating matters. Recent modelling by Houston et al. (2020), compared
with in situ Juno data, identify that these heavy ions contribute the most to the total
X-ray auroral power (1 GW to a few GWs), therefore understanding where they come
from is vital to aid our understanding of these emissions. Cravens et al. (2003) stated
that the aforementioned heavy ions can be composed of species found from the solar
wind as they travel down open field anchored to the interplanetary magnetic field
(IMF) carried by the solar wind or from an external plasma source, such as Io, on
closed field mapping to the outer magnetosphere. However this is made complicated
when we observe, for example, iogenic ions in the jovian X-ray auroral emissions
during compression events at Jupiter (e.g., Wibisono et al., 2020), where we would
expect an external source, such as the solar wind, to have more of an effect. Although
many have found the X-ray spectrum was best fitted with iogenic ions (like S and O),
many observations have revealed that the spectral fit is improved by including the
charge exchange lines associated with solar wind ions (Branduardi-Raymont et al.,
2007a; Hui et al., 2010b; Dunn et al., 2020a). As examined in Chapters 2 and 4, the
production of X-rays through charge transfer and exchange process requires that the
field-aligned electric fields responsible for the coupling of the ionosphere and
magnetosphere to produce very high potentials. (Cravens et al., 2003; Bunce et al.,
2004). Juno observed these high potentials at Jupiter’s poles via the Jupiter Energetic
Particle Detector Instrument (JEDI) (Mauk et al., 2017) and were identified to be
associated with charge stripping of heavy iogenic ions responsible for the SXRs we
observe (Clark et al., 2020).
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As briefly discussed in Chapter 4, Dunn et al. (2017) studied both the northern and
southern hot spots for the first time, during an observation when the tilt of the planet
was favourable for both poles to be observed and found that the northern and
southern hot spots were non-conjugate. This behaviour was observed from the results
of their timing analysis of both auroral regions. The South exhibited a significant 9-11
min QPO in the South with no significant QPOs in the north, suggesting that the
driver for both hemispheres may be different. Alternatively, Dunn et al. (2017)
suggested that same driver may have been triggered independently, producing a lag
in the QPOs and/or the different temporal behaviour observed at the auroral regions.
We identify this non-conjugacy of the X-ray auroral emissions in the Chandra data
during a compression event as examined in Chapter 4. Wibisono et al. (2020) observed
identical non-conjugate behaviour during an XMM-Newton observation window
concurrent with Chandra. Outside the Chandra window however, the northern and
southern auroral regions exhibited the same 23-to 27-min QPO over a ∼ 12.5 hours
interval (i.e. more than one jovian rotation), agreeing with the conclusions made by
Dunn et al. (2017) about potential independent drivers for the auroral regions.

In order to explore in detail how variable the hot spot emissions are both spatially and
temporally, we analyse the entire Chandra catalogue. We use all these observations in
the statistical study presented in this research to determine the typical and extreme
behaviours of the auroral hot spot. Identifying such behaviours will enable us to
obtain a better understanding of how various magnetospheric effects (e.g. from the
varying solar wind or changes to Io activity) has on the X-ray auroral emissions, This
analysis will allow these effects to be explored in detail during future X-ray
observations of the jovian aurora. In this research, we apply the Weigt (2021)
algorithm, as discussed in Chapter 3, and definitions from Chapter 4 to identify any
significant regions within the “average” hot spot morphology from comparing the
occurrence rate of X-ray emissions across the catalogue. We also map the concentrated
X-ray emissions using the Vogt et al. (2011, 2015) flux equivalence mapping to find the
likely location of the auroral driver across the catalogue. We also explore the possible
limitations and sensitivity of the flux equivalence model to potential errors resulting
from the ionospheric position of any mappable photons. Our timing analysis uses the
same techniques in Chapter 4 to produce a catalogue of results which we compare to
previous statistical studies (e.g., Jackman et al., 2018) and allow us to identify possible
spatial dependence of the QPOs (i.e. does the region selection affect the QPO
observed? Does the full auroral region pulsate at the same time). This also gives us the
capability to check the validity and robustness of our timing analysis.

In Section 5.3, we briefly discuss the full Chandra catalogue used in this research. We
apply the techniques discussed in Chapter 4 to the ∼ 20-year dataset and also use the
Weigt (2021) mapping to analyse the morphological behaviour of the emissions. The
results from our mapping are discussed in Section 5.4, presenting the average



5.3. Chandra HRC-I catalogue 127

morphology of the hot spot over the entire Chandra campaign for the first time and the
associated any statistically significant regions within the concentrated hot spot
emissions. The ionospheric location and sub-solar longitude (SSL) of the mappable
hot spot emissions are then used in the Vogt et al. (2011, 2015) flux equivalence model
to find the most probable location of the auroral driver. In this research, we explore
the possible uncertainties of the model in greater detail than what was explained in
Chapter 4 to ensure that our interpretations of this very large dataset are fully
informed. As mentioned previously, our analysis of the catalogue concluded by our
timing analysis of the full dataset with a particular focus on exploring any potential
spatial dependence of any identified significant QPOs. Finally Section 5.5 contains a
detailed discussion of our interpretation of the results from our large statistical study,
exploring in the detail the implications of the behaviours identified from the
concentrated northern hot spot emissions.

5.3 Chandra HRC-I catalogue

In this research we use data taken from Chandra HRC-I only as it has maximum
sensitivity to the pulsed emissions produced from the SXRs. Like before, we utilise the
high spatial resolution to map the jovian photons onto Jupiter (see Section 3.1), using
the calculated longitude and latitude of the X-ray photons from the Weigt (2021)
algorithm. The data from our Chandra HRC-I catalogue cover ∼ 20 years of
observations. The HRC-I instrument has conducted 29 observations in total during
this time from 18 December 2000, spanning two solar cycles. The temporal distribution
of the observations is shown in Figure 5.1, with the timeline of the Galileo and ongoing
Juno campaigns and flybys performed by Cassini and New Horizons overplotted.

From these data, 8 observations were spread over multiple campaigns to occur during
flybys performed from other spacecraft at Jupiter, or to the predicted arrival of a
coronal mass ejection (CME) impacting the jovian magnetosphere. These set of
observations is further increased by 21 observations since 2016, planned to coincide
during Juno’s approach to Jupiter and its early orbits. During this time, some
Chandra observations were planned to coincide with campaigns from other remote
sensing observatories to analyse the auroral emissions across the electromagnetic
spectrum (e.g. ultraviolet (UV) observations from the Hubble Space Telescope (HST),
radio observations from round based telescopes etc.) to fully understand the
magnetospheric dynamics at Jupiter. Full details of each observation in our catalogue
including: the observation dates and duration; concurrent missions during the
Chandra interval; geometry of the observer with respect to Jupiter from the sub-solar
longitude (SSL) and sub-solar latitude and the visibility of both auroral regions are
shown in Table A.1 in Appendix A.1. We note that this extra information is not needed
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FIGURE 5.1: The sunspot number from 1999 to beginning of 2020 plotted as a func-
tion of time is shown in black with individual Chandra HRC-I observations, used in
this statistical study, represented by dashed vertical black lines (identical format to
Figure 3.1). Black labels on top of the Chandra lines show the number of HRC-I ob-
servations in a given year respectively. The duration of the Galileo (GAL) mission is
shown by the blue dot-dashed. The ongoing timeline of the Juno mission is represented
by the grey dot-dashed line. Flybys of both Cassini (CAS) and New Horizons (NH) are
shown by the green and orange dot-dashed lines respectively. Sunspot number source:

WDC-SILSO, Royal Observatory of Belgium, Brussels

to understand the analysis in the remainder of this chapter but allows sufficient details
needed for future comparative studies.

To ensure we analyse the auroral regions in the same place for all 29 observations, we
apply a consistent definition across the catalogue for both the northern and southern
auroral region. Here we define the northern auroral region as any X-ray emissions
poleward of 40◦ latitude with an System III (S3) longitude of 100◦ to 240◦. The more
diffuse southern auroral region makes it very difficult to constrain the emissions in S3
longitude and locate any intense southern emissions, especially when the diffuse
emissions are located close to the joviocentric South pole. Therefore we only apply a
latitude constraint to the southern emissions, using the region poleward of -60◦

latitude as our definition here.

As shown in Chapter 4, we observe the northern hot spot to traverse the disk for ∼5
hours as the planet rotates. We note that, although most observations from our
catalogue are ≥10 hours in duration, some have been optimised to look at the northern
hot spot in detail and therefore shorter. This is considered in our mapping analysis.
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Applying these constraints to our catalogue, we find that 28 out of 29 were useable in
our analysis and were successfully mapped using the Weigt (2021) mapping
algorithm. The anomalous observation that was unable to be mapped accurately was
ObsID 18303, as shown in Table A.1. This was a result of Jupiter being observed
off-centre HRC-I, resulting in erroneous photon mapping as the point-spread function
(PSF) of the detector increases with distance away from the centre (see Chapter 3).

5.4 Results

The finer sub-structures within the X-ray auroral emissions can be identified and
analysed in more detail through the selection of various spatial regions within the
auroral emissions and observing the temporal behaviour in each. A recent study by
Dunn et al. (2020b) applied this idea to their analysis of a joint XMM-Newton-Chandra
X-ray campaign during solar minimum in 2007. They compared the X-ray data with in
situ solar wind data from New Horizons, radio data from ground based and remote
sensing instruments (like Juno Waves) and HST UV data. From their analysis, they
discovered that the soft X-ray auroral emissions can be split into three different
sub-categories from their temporal behaviour: regularly pulsed emission, irregularly
pulsed emission and flickering aurora. In this study, our main focus will be analysing
those emissions associated with the first two categories. The pulsed behaviours were
linked with short-lived flaring (or enhancements) of the X-ray emissions, lasting ∼ 1-2
min. Such activity was observed to commence with more concentrated intervals of
flaring immediately followed with extended windows of very dim to no emissions.
Our analysis will therefore analyse in detail the variations in temporal, spatial and
morphological behaviour of the pulsed/flaring emissions and the possible spatial
dependence of any significant QPOs we may identify.

5.4.1 Overall morphological characteristics of the X-ray emissions

With the large catalogue of Chandra data available to us, we can explore in detail the
typical and more extreme conditions of the X-ray auroral emissions. Here we examine
polar 2D histograms of all auroral X-ray brightness observed across the catalogue, in a
planetographic projection. Figure 5.2 shows the averaged X-ray brightness from 28
observations (∼ 97% of all Chandra HRC-I observations). We calculate the average
emissions by mapping all time-tagged X-ray photons in our catalogue to their
predetermined ionospheric positions, in S3 longitude, latitude, from the Weigt (2021)
algorithm. The photon flux found from the point spread function assigned each
photon position was then computed in each 1◦ S3 longitude × 1◦ latitude bin (i.e. the
typical spatial resolution of our data across the entire catalogue) and then averaged
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over the full dataset for each photon in that bin. We use an average observation time
of ∼ 10.2 hours for the auroral regions at both hemispheres. Figure 5.2 shows the
calculated averaged brightness of the X-ray emissions as if observed from above (a)
the North and (b) South pole. We overplot the Grodent Anomaly Model (GAM)
(Grodent et al., 2008) Ganymede footprint in panel (a). The Io footprint calculated
from the Voyager Io Pioneer 4 (VIP4) (Connerney et al., 1998) field model is
overplotted plotted in both panels with the VIP4 Ganymede footprint used for the
South pole in panel (b). The GAM field contours are only modelled for the North pole.
These contours are used, with identical configuration, in all figures herein for northern
and southern auroral regions. This provides vital context to the location of the auroral
X-ray emissions and their associated magnetic position in the jovian magnetosphere.
For example, emissions located close to the Ganymede footprint (∼ 15 RJ from Jupiter)
will be associated with magnetic field lines, calculated from the corresponding field
model, that map to Ganymede’s orbit.

The results presented in Figure 5.2 show a clear asymmetry in the X-ray brightness,
indicated by the colour bar, between the northern and southern averaged auroral hot
spot [herein referred to as NHS and SHS respectively]. The brightest, and therefore
most intense, NHS emissions are found to be concentrated in a tear-drop region.
surrounded by diffuse X-ray emissions emission (dark blue) as shown in Figure 5.2.
The emissions are observed to have an elongated morphology, extending towards the
joviographic pole at S3 longitude of 0◦. We observe the more diffuse emissions from
our catalogue to be located at longitudes of ∼90◦ - 225◦ with a more widespread
morphology than the most intense NHS emissions. These diffuse NHS emissions
extend poleward of the Ganymede footprint (solid) towards the Io footprint (dashed)
and further equatorward in regions 225◦.

The weaker, more diffuse SHS emissions are observed to be most intense within the
Ganymede footprint as shown in Figure 5.2b. The asymmetry we observe across the
catalogue may be the result of unfavourable viewing geometry of the southern
emissions throughout our dataset (Dunn et al., 2017). We note in our analysis, we
observe the same asymmetry in auroral brightness between the poles throughout our
catalogue, including 12 observations which had a sub-solar latitude that allowed for
equal viewing of the aurora in both hemispheres during the Chandra interval.
Therefore the viewing geometry of Jupiter as observed from Earth may be a
contributing factor to the non-conjugate behaviour we observe but will not be the
strongest effect. These results are shown in the Table A.1 in Appendix A and we again
emphasise that these results only provide additional information to the key results we
present here. The asymmetry we observe in the auroral emissions is more likely a
result of the differing characteristics of the magnetic field between both poles, such as
strength and field topology, not conisdered in the mapping (Connerney et al., 2018).
This asymmetry observed in the magnetic field will have an effect on the current
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FIGURE 5.2: 2D histograms of averaged X-ray emissions, with a focus on those ob-
served within the auroral regions, of 28/29 observations in our catalogue. The plots
are shown using a planetographic polar projection, with the emissions plotted as if
they were observed from above (a) Jupiter’s north and (b) south joviographic poles.
Surrounding both panels are the labelled azimuth angles, as represented by the jovio-
graphic longitude. The faded grey-concentric circles indicate increments of 10◦ lati-
tude. Circles representing all latitudes ≥ |40◦| are highlighted to provide the reader
with context of the location of the emissions in this new projection. The averaged
brightness over the catalogue was calculated using the same technique as described
in Section 3.1 and Chapter 4 with the colour bar indicating the brightness of the X-ray
emissions across Jupiter in units of Rayleighs (R). White regions indicate that very few
or no X-ray photons were observed. We overplot the Io footprint from Voyager Io Pio-
neer 4 (VIP4) (Connerney et al., 1998) Io and the Ganymede footprint from the Grodent
Anomaly Model (GAM) (Grodent et al., 2008) Ganymede footprints in panel (a). The
footprints shown in panel (b) are both from VIP4. The Io and Ganymede footprints in
both panels are shown as the dashed and solid black lines respectively. Figure taken

from Figure 1 in Weigt et al. (2021a).

systems that occur at the poles, for instance stronger and more persistent electron
currents observed in the South compared to the North (e.g., Kotsiaros et al., 2019). The
Weigt (2021) mapping algorithm also does not account for possible atmospheric effects
like the opacity of the jovian atmosphere which can block outgoing X-rays from the
auroral regions (Ozak et al., 2010). It is therefore difficult to measure these effects from
the mapping and X-ray data alone and is not the main focus of the research. We do
note that such effects should be highly considered in future auroral studies, to ensure
we are not over- or under- estimating the X-ray emissions we observe.

With regards to the overall morphology of the most intense diffuse SHS emissions, we
observe them to be located in a more spot-like (∼350◦ - 60◦ S3 lon and ∼-60◦ poleward
in latitude). Similar to the NHS, we observe the SHS emissions extending just beyond
the Ganymede footprint (S3 lon of ∼ 45◦ - 180◦). Such spreading of these averaged
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FIGURE 5.3: Distributions of the X-ray auroral power (panels (a) and (d)), associated
energy flux ((b) and (e)) and maximum brightness ((c) and (f)) of the auroral emissions
across our catalogue of 28 observations. Each parameter has been calculated as if it
was observed from Chandra, assuming isotropy. The distributions for the northern
emissions are shown in the top panels in light blue and the southern emissions shown
below in gold. All panels have the calculated mean (µ: solid line), median (M: dashed
line), and standard deviation, σ, of the distribution labelled. Figure taken from Figure

2 in Weigt et al. (2021a).

SHS emissions suggests that morphology is highly variable across the observations
and/or be a result of the previously discussed poorer viewing conditions, which may
affect how accurate we can map the SHS emissions.

The distributions of the calculated average powers, energy flux and maximum
brightnesses found for each observation in our catalogue for both the northern and
southern emissions are displayed in Figure 5.3. The mean (µ: solid line), median (M:
dashed line) and standard deviation (σ) are labelled in each panel. We calculate the
median of the distributions to account for the shortest Chandra interval in our
catalogue (∼ 3-hr observation, ObsID 18676) due to the low exposure time producing
unusually high values of auroral brightness in both polar regions (see panels(c) and (f)
of Figure 5.3). Similar to Chapter 4, to calculate the auroral flux and power without
any energy resolution from HRC-I, we assume the peak auroral photon energy to be ∼
0.5 keV. This energy is observed to be halfway between the emissions lines associated
with S and O. This assumption has also been used in previous X-ray auroral studies
(e.g., Dunn et al., 2016, 2017; Gladstone et al., 2002). We note our energy flux
calculation assumes that we measure the X-ray flux as observed from Chandra . We
account for the varying Chandra-Jupiter distance over the catalogue. For the auroral
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power and associated energy flux, we assume that the northern and southern auroral
regions cover ∼ 10% and ∼ 5% of the observable jovian disk respectively. When
compared to our mapping analysis of the Chandra image data, these values represent
what is typically observed throughout our catalogue. All additional information from
each Chandra observation used in our calculations including: photon counts from each
auroral region, duration of observation, average angular diameter of Jupiter and
Chandra-Jupiter distance are shown in Tables A.1 and A.2 in Appendix A.1 and A.2
respectively at the end of the thesis. The powers and energy fluxes we calculate for the
southern auroral emissions, dominated by the SHS, are interpreted as lower limits due
to the poorer viewing geometry of these emissions throughout the catalogue.

We calculate the mean X-ray auroral power for the northern and southern auroral
regions, using our definitions in Section 5.3, from our catalogue to be ∼1.95 GW and
1.44 GW respectively (panels (a) and (d) in Figure 5.3) with the full results of each
Chandra observation (e.g. auroral power, energy flux, brightness etc), presented in
Table A.2. Interestingly, studying the statistics of all distributions in Figure 5.3 shows
that the standard deviations, σ, for all those associated with the southern emissions
are smaller than the corresponding distributions for the North. This shows that the
there is less variation in the southern emissions and the associated auroral driver may
be less variable than the source responsible for the northern emissions. In other
words, plausible evidence to suggest that the auroral drivers for the North and South
are different which could explain the more diffuse southern auroral emissions.

As shown in panels (b) and (e) of Figure 5.3, our calculated auroral powers were
found to translate to an average flux of 2.92 × 10−13 erg cm−2 s−1 and
2.14 × 10−13 erg cm−2 s−1 for the North and South respectively (where 1 erg cm−2 s−1

= 1× 10−3 W m−2). The final two panels of this figure show the corresponding mean
maximum auroral brightness to be 1.48 R (Rayleighs) and 0.62 R, again highlighting
the strong asymmetry of the intensity of the emissions first highlighted by Figure 5.2.
As noted previously, there is some variation in the duration of each observation (e.g.
some optimised for northern hot spot viewing, some lasting over multiple jovian
rotations etc.) throughout the catalogue which can have an affect on our distributions.

The remainder of this study will focus on the northern auroral emissions due to the
better viewing geometry and more powerful averaged X-ray emissions observed
throughout the catalogue. As there are also many levels to the intensity of the
emissions, we are more likely to gauge the differences between typical and more
extreme behaviour.
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5.4.2 Exploring the persistence of concentrated NHS auroral photons

The average map of the North, as presented in Figure 5.2, provides an overall view of
the typical morphology and structure of full auroral region with some idea of the hot
spot morphology embedded within these emissions. Here we expand our analysis
from these maps by applying a quantitative criteria to locate the more concentrated
emissions within the NHS. We apply the methods and numerical criterion defined in
Chapter 4 to define the averaged northern hot spot emissions across our catalogue.
This criterion is composed of the spatially select region of the northern hot spot
emissions we define here in Section 5.3 (S3 lon: 100◦ - 240◦, lat: 40◦ - 90◦) and Weigt
et al. (2020)’s numerical threshold for photon concentration at > 7 photons per 5◦ S3
lon × 5◦ lat within the NHS region. From our catalogue, 26/29 observations had
emissions that met our criterion as two Chandra intervals (ObsID 15670, 18676) had
insufficient counts to generate the more concentrated emissions we want to analyse.
The results of applying this threshold to the averaged emissions are shown in
Figure 5.4 in the form of a 2-D histogram using 3◦ S3 lon × 3◦ lat bins. The Cartesian
plot is projected onto a planetographic polar plot, as used previously. We use these
plots to identify the typical location of the concentrated emissions within the NHS.
Distributions of the S3 lon and lat of the emissions, using 1-D histograms in panel (a),
allows us to analyse the width of the average hot spot and identifies the spatial
variability within the region (i.e., not a uniform distribution across the NHS). The
colour bar shows the percentage of observations that had X-ray emissions mapped to
each 3◦ S3 lon × 3◦ lat bin in both plots from 0 - 100% (e.g., an occurrence rate of the
X-ray emissions across the catalogue). In our analysis, we have discovered that a
fraction of the NHS is always present. This significant region has dimensions ∼ 162◦ -
171◦ S3 lon and∼ 60◦ - 66◦ lat. We show this region of interest by a black cross-hatched
region in both panels of Figure 5.4 and herein refer to it as the “averaged hot spot
nucleus” or AHSNuc (i.e., a region with photon concentrations above our numerical
threshold in 100% of the observations). The AHSNuc is of particular interest as this
region may map to the location of a magnetospheric driver that is always switched on.

Figure 5.4 shows that we identify the region of hot spot emissions that often appear in
our catalogue (i.e. occurs 70 - 99%) to be ∼ 153◦ - 183◦ S3 lon and ∼ 57◦ - 72◦ lat. This
region is observed to typically surround the significant AHSNuc region and
accompany the central emissions throughout the catalogue due to possible movement
of the hot spot. This suggests that the auroral driver generating the more intense NHS
emissions is likely to be very variable which can leading to the hot spot changing
morphology and position. We observe this further in our analysis with the
identification of regions in the NHS that are associated with locations that the hot spot
is occasionally observed (i.e an occurrence rate between 30% and 70%). These
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FIGURE 5.4: 2D histograms showing the typical and extreme behaviour of the concen-
trated NHS emissions throughout the catalogue using a (a) Cartesian (S3 lon vs. lat)
and (b) polar planetographic projection. The S3 lon and lat distributions of the NHS
photons are shown in panel (a) with 1-D histograms to show the width of the averaged
hot spot emissions in more detail. Panel (b) is of identical format to Figure 5.2, with
the same Io and Ganymede footprints overplotted (in both panels) to provide context
to the position of the auroral driver in the magnetosphere. Both plots, including the
1D histograms, use bins of 3◦ S3 lon × 3◦ lat. The colour bar shows the occurrence
of X-ray photons in each bin from 26/29 observations in the Chandra catalogue that
followed the numerical criterion defined in Chapter 4 (Weigt et al., 2020) for photon
concentration. The cross-hatched area in both panels highlight the region of statistical
significance within the concentrated NHS X-ray emissions that we observe in all 26
observations (i.e., an occurrence rate of 100%). Figure taken from Figure 3 in Weigt

et al. (2021a).

emissions located at ∼ 54◦ - 75◦ latitude and span S3 longitudes ∼ 150◦ - 195◦, more
equatorward than the AHSNuc.

The remaining regions shown in Figure 5.4, < 30% occurrence, are associated with
rare and extreme hot spot behaviour identified from our numerical criterion. These
regions are observed to be the most equatorward, beyond the Io footprint in many
places, and are the width of our Cartesian grid (∼ 120◦ - 237◦ S3 lon). Such regions
may be related to auroral drivers only activated under certain conditions, suggesting a
fragmented hot spot. The variable morphology of the NHS observed throughout our
catalogue is highlighted by the decreasing colour bar from the AHSNuc, clearly
revealing the typical and more rare and extreme behaviour of the NHS.

Similar to our analysis in Section 5.4.1, we produce distributions of the X-ray auroral
power, flux and maximum brightness of the NHS and AHSNuc throughout the
Chandra catalogue. The resulting histograms are shown in Figure 5.5 and are of
identical format to Figure 5.3. We assume that the emissions from these sub-structures
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FIGURE 5.5: Distributions of the calculated auroral parameters across the catalogue for
the NHS (blue) and AHSNuc (cross-hatched) emissions. Histograms of both regions
are of identical format to as Figure 5.3, showing the distributions with labelled statisti-
cal information (mean, median and standard deviation) for (a) the average power, (b)
energy flux and (c) maximum brightness. We note any overlap of the NHS and AH-
SNuc distributions are identified as blue-cross-hatched regions of the histograms. The
mean for each distribution calculated for the NHS and AHSNuc are represented with
the vertical solid line with the value labelled adjacent. The dashed vertical line shows
the median of each distribution. As explained in the text, current mapping methods
used in this analysis make it difficult to find an accurate max brightness of the AH-
SNuc, and is therefore not shown in panel (c). This figure is taken from Figure 4 in

Weigt et al. (2021a).

cover ∼ 7% and ∼1% of the jovian disk for the NHS and AHSNuc respectively. This
assumption was based on comparing the auroral features of the NHS in Figure 5.4 to
the overall averaged northern auroral emissions in Figure 5.2. From our analysis, the
distributions presented in Figure 5.5 show the AHSNuc produces ∼ one quarter of
overall X-ray auroral power of the concentrated emissions of the NHS region (0.56
(AHSNuc) : 1.91 (NHS) GW), corresponding to ∼ one third of the auroral energy flux
(0.86 : 2.87 × 10−13 erg cm−2 s−1 ). The mean maximum brightness of NHS is observed
to be 2.02 R, dominating the brightest portion of the jovian X-ray spectrum. Our
analysis suggests that driver responsible for the AHSNuc is likely to be less variable
than the one responsible for the overall NHS emissions.The standard deviation of the
AHSNuc distribution is smaller than the NHS equivalent, indicative of a smaller
spread across the dataset and therefore less variation from the AHSNuc auroral
parameters. The different shape between the distributions for the NHS and AHSNuc
across each of the calculated auroral parameters suggest that it is likely that multiple
drivers may be responsible for the auroral X-ray emissions. Our analysis finds that the
AHSNuc behaves differently from the full auroral region and therefore possibly a key
feature of the NHS emissions. Future mapping analysis included in X-ray auroral
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studies must therefore take the AHSNuc into account. We do note that with more
scheduled Chandra observation, the statistics of our results will be improved.

Since the location of the AHSNuc is known, We infer the average brightness of the
region from the averaged hot spot emissions presented in Figure 5.2a. With our
current mapping method, calculating an accurate brightness for a very small area has
been proven difficult to obtain. The three intervals 2 - 3σ greater than the calculated
mean NHS brightness (ObsID 18678 NHS1, 15671 NHS1 and 18301 NHS1) correspond
to the shortest observation time of the NHS in our catalogue. As a result intervals with
the shorter exposures times, like the extreme example identified in Figure 5.3, produce
more unusual, like erroneous, values for the brightness of the auroral X-rays. The
results for all NHS and AHSNuc intervals are shown in Tables A.3 and A.4 in
Appendix A.3.

The ∼ 20-hour Chandra observation taken on 28 February 2017 during Juno’s fourth
apojove (AJ4), displayed the most extreme viability in NHS auroral morphology. Such
a long observation window allows Chandra to collect more photon data and therefore
a longer interval to observe any variability that may occur on timescales less than a
jovian rotation, for many cycles. We observe the more concentrated emissions to span
a vast range of longitudes (S3 lon: ∼ 120◦ - 237◦) and latitudes (lat: ∼ 39◦ - 75◦). The
NHS during this time emitted an auroral power of ∼ 3.24 GW (Table A.3), ∼ 7 times
greater than what was observed in a previous observation of equal length: ObsID
2519, 25 February 2003 with calculated auroral power of 0.465 GW. The ObsID 20000
NHS region is also observed to be ∼ 4 times larger in longitude. Any seasonal changes
that may affect the auroral emissions are likely to be very small as both observations
occurred at roughly the same time during the year. This therefore suggests that the
radical change in morphological behaviour and auroral power are most likely
influenced by a possible change in the jovian magnetospheric conditions due to, for
example, changes in the solar wind or with the behaviour of Io (the dominant plasma
source in the jovian system).

One other noteworthy observation, again displaying more extreme behaviour of the
NHS, is a ∼ 7-hr observation (ObsID 22159) taken on 8 September 2019 coinciding
with Juno perijove (PJ22). This is one of the many observations optimised for full
viewing of the NHS. The NHS emissions are observed to be located within the kink of
the GAM Ganymede footprint and are spread equatorward of the Io footprint. The
auroral power was calculated to be ∼ 2σ greater than the mean power at 4.03 GW.
Only one other interval had auroral power exceeding this value: a ∼ 11-hr observation
(ObsID 18608) taken on 24 May 2016 at 4.24 GW. During ObsID 22159 the NHS
emissions were observed to be located in a small region (S3 lon: ∼ 135◦ - 180◦; lat: ∼
48◦ - 66◦). The AHSNuc here is observed on the edge of the X-ray auroral emissions,
providing plausible evidence to suggest that the driver producing can change the
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position as well as the morphology of the auroral emissions, most likely affected by
changing conditions. The ObsID 18608 hot spot emissions were mapped to a similar
position to those observed during ObsID 22159 with a more stretched morphology.
The plots of all the identified extreme cases from our analysis and the remainder of the
catalogue are shown in Figure A.31 to provide the reader further details, although not
required for the interpretation of the results we present here. We note these plots are
of identical format to Figure 5.4 except the colour bar shows the number of photons
found in each bin of the 2D histogram.

5.4.3 Mapping hot spot photons to their magnetospheric origins

We use the Vogt et al. (2011, 2015) flux equivalence mapping model [herein referred to
interchangeably as the Vogt et al. model] to map the origin, and therefore the potential
driver, of the concentrated NHS and AHSNuc emissions identified in Figure 5.4. This
model relates a region defined in the jovian ionosphere to a potential source region in
the equatorial plane. The Vogt et al. model uses an assumption about the location of
flux in the jovian magnetosphere: any flux emitted through an area with a given
ionospheric position is located in the joviographic equator. This assumption is
determined from the plethora of data within the Galileo catalogue with a 2D fit (in
coordinates of the radial distance and local time (LT) of the spacecraft). Therefore the
equatorial flux observed in a given region calculated from the 2D fit applied to the
Galileo data should be equivalent to the flux through a given area within the
ionosphere to which the model identifies a one-to-one mapping. The mapping model
is strongly dependent on the position of the Sun’s zenith point on Jupiter’s surface,
more specifically the subsolar longitude (SSL) of the observed photons. WE note this
differs slightly from central meridian longitude (CML), which is the observers
longitude on the jovian surface as the planet rotates. The inputs of which the Vogt et
al. model uses are the time-tagged photons’ ionospheric position (in S3 lon and
latitude) and their associated SSL. Both are calculated from the Weigt (2021) mapping
algorithm. As the flux equivalence model uses mapping based on the jovian magnetic
field (e.g., what field line is system is the jovian flux associated with), the choice of
field model can have an effect on the mapping. Here we use the internal field from
GAM with the model as it was based on UV auroral data and is observed to fits the
Ganymede footprint better in the north than VIP4 or VIPAL (Hess et al., 2011b) -
excepting Connerney et al. (2018)’s JRM09 model - and is therefore more
representative of auroral mapping. The magnetic anomaly or kink in the Ganymede
footprint is a consequence of a localised quadrupolar term introduced in the northern
auroral region, which agrees with UV observations (Grodent, 2015). Although most

1As Figure A.3 is a large PDF taken from Supplementary Information of Weigt et al. (2021a), the plots
can be viewed here: https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=

10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf

https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf
https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf
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likely a more nuanced effect on the NHS mapping results, it is important we consider
any effects that may affect the modelled magnetospheric position and therefore how
we interpret our findings.

We present the statistical mapping results from using the Vogt et al. model with the
GAM internal field option on all mappable NHS photons found in our catalogue in
Figure 5.6a). The Sun is located to the left of each plot. Identical analysis is performed
on the catalogued AHSnuc photons to produce the statistical map shown in
Figure 5.6b). To account for larger clusters of photons that may be observed from
longer observations, we normalise the photon counts by the exposure time of the
observation window presented Figures 5.6c) and (d), where the number of counts are
normalised by the length of the observation window. We present our statistical
magnetospheric mapping results as 2D histograms showing the number of (panels (a)
and (b)) mapped photons (panels (c) and (d)) average number flux in each 10 RJ × 1
hour local time (LT) bin, represent by their associated colour bars. Similar to the Vogt
et al. model analysis performed in Chapter 4 , we overplot the Joy et al. (2002) model
compressed (subsolar distance ∼ 60 RJ ; black-dashed line) and expanded (∼ 90 RJ ;
solid black line) limits for the magnetopause boundary. Our analysis clearly identifies
two main populations in driver location found from the Vogt et al. flux equivalence
mapping model: a smaller, concentrated population mapped to the noon sector, and a
a larger population mapping across most of the dusk magnetosphere (15 LT - 21 LT).
This trend still appears in the exposure maps where we have normalised for the
exposure time. Most of the mapped events are calculated to be located very close to or
on a magnetopause boundary as well as in between both the Joy et al. (2002) limits.
The larger population mapped to the dusk magnetosphere, more specifically the
pre-dusk to pre-midnight magnetopause boundary, is found to contain ∼ 40% of all
mappable photons in our Chandra catalogue. This suggests that this region in the
magnetosphere is potentially the location of the auroral driver of ions needed for SXR
production. We do note that the wedge of high photon counts (located at 18 LT, dusk
side) observed across all radial distances in this region disappears in the associated
exposure map as one observation, ObsID 20000, dominated the counts here. This is he
Chandra observation that was also identified to have the most extreme hot spot as we
examined in Section 5.4.2.

Panels (b) and (d) show that the driver producing the AHSnuc is different from the
full NHS and is located between noon and 20 LT. The AHSNuc consists of ∼ 7% of all
mappable photons in our Chandra catalogue and dominates the noon population
identified in the other two panels. Our analysis shows the AHSNuc driver is situated
between both modelled magnetopause boundaries, suggesting that these auroral
emissions may be sensitive to fluctuations in the location of the magnetopause and
likely affected by external conditions, for example, changes in the solar wind.
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FIGURE 5.6: 2D histograms of our results from the Vogt et al. model with the GAM
field model for all mappable (a) NHS and (b) AHSNuc photons for 26/29 observations.
The associated exposure maps are displayed in (c) and (d), where we have normalised
each photon with the length of the Chandra observation window for each event in
the catalogue. The mapped magnetospheric positions of the data are binned by 10
RJ (radial distance; outlined by the concentric circles) and 1 hour local time (LT) of
1 hour. We overplot the compressed (black dashed line) and expanded (solid line)
magnetopause boundary limits from the Joy et al. (2002) model. The Vogt et al. model
mapping is also constrained by these limits. The colour bar represents the (panels (a)
and (b)) number of mapped photons and (panels (c) and (d)) the associated average
number flux (counts/s) in each bin. Figure taken from Figure 5 in Weigt et al. (2021a).
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As the Vogt et al. model is built from mainly Galileo data, the mapping is restricted to
where in the magnetosphere the spacecraft was able to sample during its campaign.
Galileo was able to observe the jovian system from Ganymede’s orbit (∼15 RJ) out to
∼150 RJ , beyond which Galileo has insufficient data. The model is also sensitive to
fluctuations in the ionospheric position of the photon. To calculate how sensitive the
Vogt et al. model is to ionospheric position, we estimate the errors in our
magnetospheric by attempting to propagate the uncertainty from each photons’
position by applying the same model configuration (Vogt et al. model + GAM field
model) to simulated data. We model a grid of simulated photons on Jupiter’s northern
auroral, each assigned the same SSL (i.e., to initially remove any viewing geometry
biases) and apply a 2.5◦ shift in lat and S3 lon. This was applied to various grids of
photons observed with different SSL to determine how this is coupled with photon
position. We note the shifts in position are larger than the angular diameter of
Chandra HRC-I’s PSF and therefore show the the most likely extreme case of error in
the photon position, not observed in our catalogue. As shown by many observations
of the jovian magnetosphere, the magnetopause is not static, even during comparable
timescales of a Chandra observation, and therefore our mapping will not be exact. Our
current model capabilities, across the whole field, do not account for the time
evolution of the jovian magnetosphere as we usually have at most one spacecraft
sampling the jovian system at a given time. Therefore our models are very limited.
This is accounted for when we interpret our mapping results. It is therefore very likely
the the ionospheric position is coupled with changing magnetospheric conditions as
well as strongly dependent on the SSL. As discussed in Chapter 4, the flux equivalence
model does not provide errors in radial distance and local time for each mapped
photon. Since the Chandra observation occurred during a compression event, we
applied a qualitative error the mapped positions to account for this. In this case
however, the errors will be different for each observation and the error propagation
calculation will be difficult to carry out given the model does not provide us with any
errors. To try and combat this issue, we instead show in Appendix A.4 our results of
applying shifts to the ionospheric position to at least show one aspect of the error that
needs to be considered with this model (Figure A.1. This is shown in the
supplementary material as we can only qualitatively apply this to our interpretations
and is not the full error on the mapping.

As discussed in Chapter 4, the Galieo data used for the Vogt et al. model is likely to
have been taken during more “averaged” magnetospheric conditions. In other words,
during the full campaign of Galileo, Jupiter’s magnetosphere was most likely to be
expanded or returning to its equilibrium state leading to compression events not
accounted for in the mapping (i.e., time evolution of the system over short timescales)
as it is difficult to model. Vogt et al. (2019) observed that such compression events can
shift the UV main oval auroral emissions towards Jupiter’s magnetic pole at both
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hemispheres, leading to a change in magnetospheric mapping of ∼ tens of RJ . We note
that such effects will likely to not have a strong affect on our statistical study as we
take an average over 26 observations but it must be considered for any future
mapping analysis.

Like in Chapter 4, we interpret any populations located between both the Joy et al.
(2002) model limits and next to the compressed boundary to be situated in a region of
flux right on the magnetopause boundary or just outside the jovian magnetosphere.
Therefore the various LTs the populations span is likely a result of all the effects we
note here that may either shift the auroral position or move the auroral driver in the
magnetosphere. We finally show in Appendix A.4 how the choice of field model can
change the mapping and therefore our interpretations. We compare mappings with
the aforementioned shifts in ionospheric mappings using the GAM and JRM09 field
options. Again, we add this to the supplementary material (Figure A.2) as the full
scale of the errors have yet to be explored in detail. Although we do note that the the
GAM model maps photons closer to the magnetopause boundaries than JRM09, likely
resulting from the more emphasised kink of the Ganymede footprint. We still use the
GAM model results for our final conclusions here as the model is constrained by the
UV auroral emissions. Future studies may want to ensure that their choice of field
model is well-informed, especially with the introduction of JRM33 - the latest jovian
internal field model using magnetometer data taken from all 33 orbits of Juno’s main
mission (Connerney et al., 2022) - with the latest current sheet model by Connerney
et al. (2020) using , to account for the local time dependence of the field.

5.4.4 Searching for quasi-periodic NHS emissions

We use the Rayleigh analysis for jovian auroral X-rays first outlined by Jackman et al.
(2018) and implemented in Chapter 4 (Weigt et al., 2020) on our statistical study. We
search for any significant quasi-periodic oscillations (QPOs) for each interval the NHS
and AHSNuc emissions were observed in our catalogue. Our timing analysis results
for all identified QPOs within (a) NHS region and (b) AHSNuc are shown in
Figure 5.7. All QPOs with a significance below our 99% significance threshold (p-value
(p) > 0.01), from comparisons with 100,000 Monte Carlo simulations, are shown by
the grey QPO-distribution. The p-value here has an identical definition to those used
in Chapter 4 with the null hypothesis of no periodic signal detected. Any QPOs with
calculated statistical significance ≥ 99% (p ≤ 0.01) are represented as the blue and
green distributions for the NHS and AHSNuc respectively. The striped events show
QPOs with significance ≥ 99.999% (p ≤ 10−5) from our analysis. As was the case for
the previous histograms presented in this research, all separate results for each
interval are displayed in Tables A.5 and A.6 in Appendix A.5.
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Here we define an interval to be each time the NHS, and therefore AHSNuc, rotated
into view of Chandra. From the catalogue, we set this interval to be the time between
the arrival times of the time-tagged photons and since we are focusing on the more
intense NHS emissions, there is no contributions from the disk or other auroral
sources that can make the light curve noisy. We set our interval time to be > 180 min
between time-tagged photons striking the detector to allow us to separate NHS
intervals to define each time the NHS is in Chandra’s field of view. To ensure we had
enough photons above possible statistical noise to perform our timing analysis, we
remove any intervals with counts < 30, in either the NHS or AHSNuc, from our
analysis. We present all our results with the relevant interval information (e.g.,
duration, Chandra-Jupiter distance, total counts, count rate) in Tables A.5 and A.6, for
the extra information needed for possible future analysis. The remaining information
on the table regards the number of mappable photons in both the NHS and AHSNuc.
Our analysis identifies that ∼ 90% of observations have < 50% of total photons being
mappable using the Vogt et al. model. This unexpectedly low number of mappable
photos may be a result of the drivers being located outside the model constraints (<
15RJ or > 150 RJ) and/or the mapping errors as discussed in the previous section,
with the dominant effect likely from the SSL dependence (e.g., model disregarding
many photons with poor viewing conditions, which may dominate most
observations).

The duration of the significant QPOs identified in our catalogue are observed to be ∼
3.9 - 36.4 min and ∼ 2.3 - 22.4 min for the NHS and AHSNuc respectively. Our
analysis suggests that the differences in duration, as well as distributions, between the
two regions result from the down-selection of the smaller AHSNuc region from the
larger NHS emissions. This also shows that the full NHS region does not pulsate
simultaneously with specific sub-structures, such as the AHSNuc, likely to pulsate
independently from the full emissions. This is identified to be the case for many
intervals in our catalogue of periods show that in many cases the full hot spot auroral
region does not pulsate simultaneously and that smaller structures within the hot spot
can pulsate independently from the surrounding auroral emissions. The longest
significant QPO identified in our catalogue, with p ≤ 10−5, was observed when the
NHS emissions first rotated into view on 18 June 2017 (ObsID 20001), as examined in
great detail in Chapter 4. As shown in the AHSNuc distrbution of QPOs in
Figure 5.7b), only two QPOs were observed to have duration > 2σ of the mean period
of 8.25-min. These QPOs were identified from ObsID 22146 (one of the sim 7-hr
observation optimised for the hot spot) taken on 13 July 2019 and ObsID 20733 NHS2
(the second NHS interval of ∼ 11-hr) taken on 1 April 2018, with values of 21.7 and
22.4 mins respectively. Many observations contain QPOs in both the NHS and
AHSNuc that produce significant pulsations during the same interval (e.g. ObsID
15669, 18677, 22146). In three instances, the NHS and AHSNuc produce the exact same
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FIGURE 5.7: Resulting distributions of our Rayleigh analysis results for the (a) full
NHS and (b) AHSNuc regions in our catalogue. Histograms are in an identical for-
mat as those shown in Figures 5.3 and 5.5. Any QPOs with with a statistical signifi-
cance < 99% (p-value (p) > 0.01) when tested against our null hypothesis with 100,000
Monte Carlo simulations are shown by the grey distribution present in both panels.
The distributions shown in blue and green indicate QPOs with significance ≥ 99% (p
≤ 0.01).The striped bars represent the most significant QPOs in our catalogue with p
≤ 10−5 (significance ≥ 99.999%) against our null hypothesis. This figure is taken from

Figure 6 in Weigt et al. (2021a).

significant QPO (ObsID 16299 NHS2, 20002, 20733 NHS2), suggesting that the main
X-ray auroral driver during this time dominated the entire NHS emissions, including
those found in the AHSNuc.

In our research, many of the QPOs we observe agree with those previously identified
from Jackman et al. (2018)’s statistical study. Jackman et al. (2018) noted that
differences observed in the QPO period and their calculated significances are highly
sensitive to what is defined as the hot spot region. They applied a simple down-select
for the location of the hot spot at both poles based on the time taken for the emissions
to traverse the disk. In our analysis we use a more strict spatial criterion for the
northern hot spot emissions. Most of the QPOs we identify here are similar to those of
Jackman et al. (2018), however many examples display a different quasi-periodicity
and significance. This highlights the sensitivity of the QPOs to the spatial selection of
the hot spot emissions and therefore likely shows how tightly constrained the driver,
or divers, of the quasi-periodic emissions are. From our catalogue, we note no clear
correlation between the identified QPOs in the NHS and AHSNuc and the average
Chandra-Jupiter distance or any other auroral parameters dependent on distance (i.e.
flux, power). Therefore, we can rule out distance having an effect on inhibiting any
significant QPOs
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TABLE 5.1: Table of Chandra ObsID, hot spot interval and results of the Jackknife test
performed on statistically significant QPOs found in the NHS. All observations with
∆P > 5 min from either Jackknife test are highlighted in bold text. Table taken from

Table 1 Weigt et al. (2021a).

ObsID Region
JK1a

(∆P (mins))
JK2b

(∆P (mins))
15669 NHS2 0.000 0.000
15671 NHS2 19.742 19.921
15672 NHS2 0.063 0.063
16299 NHS2 0.000 9.803
16300 NHS 0.000 0.223
18608 NHS1 0.000 0.000
18609 NHS 0.000 0.000
18677 NHS 0.237 0.473
20000 NHS3 0.000 0.000
20001† NHS1 0.570 0.852
20002 NHS 0.000 0.000
20733† NHS2 0.000 0.175
22146 NHS 0.000 0.000
22148 NHS 0.000 0.000

aResults from Jackknife test removing 1 photon.
b Results from Jackknife test removing 2 photons.
† Hot spot intervals with a 99.999% sig. QPO.

TABLE 5.2: Table of Chandra ObsID, hot spot interval and results of the Jackknife test
performed on statistically significant QPOs found in the AHSNuc. Table taken from

Table 2 in Weigt et al. (2021a).

ObsID Region
JK1a

(∆P (mins))
JK2b

(∆P (mins))
15669 AHSNuc 7.236 7.236
15671 AHSNuc2 19.388 19.564
15672 AHSNuc2 0.291 9.777
16299 AHSNuc 0.106 9.826
18302 AHSNuc 0.000 3.198
18608 AHSNuc2 0.000 0.041
18677 AHSNuc 0.049 0.049
18678 AHSNuc 11.398 11.398
20001 AHSNuc1 0.072 4.182
20002† AHSNuc 0.000 0.622
20733 AHSNuc1 0.065 64.1806
20733† AHSNuc2 0.351 0.702
22146 AHSNuc 0.171 0.512
22147 AHSNuc 0.034 0.034
22148 AHSNuc 4.048 4.048
22151 AHSNuc 0.000 5.681
22159 AHSNuc2 8.013 8.013

Note. Identical format to Table 5.1
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To further improve the statistical significance of the QPOs found here, we test the
sensitivity of each of the light curves to the measured frequency of the signal. We do
this by performing a Jackknife test (Quenouille, 1949, 1956) on the signals, by
removing a number of photons from each of the light curves. We then run the
identical Rayleigh analysis (e.g., using an identical frequency space, same number of
steps as described in Chapter 4) on each new light curve (Efron and Stein, 1981). As
carried out in Chapter 4, we then plot all the new power spectra together and calculate
time interval between the minimum and maximum period, ∆P. The smaller the ∆P
value, the less sensitive the light curve is to frequency and therefore provides as with a
quantity to remove less robust QPOs from the timing catalogue. The variable
throughput of the Chandra instruments means that very few photons make it to the
detector. Therefore, the Jackknife test used in our statistical study removed a
maximum of two random photons each time while removing degeneracy from the
selection process. We present the results of our Jackknife testing for the removal of a
single photon (JK1) and two photons (JK2) in Tables 5.1 and 5.2 for all QPOs with a
significance above our 99% threshold. The first column in the Jackknife testing tables
gives the corresponding Chandra ObsID for each observation. The remaining columns
provide information on the region (NHS or AHSNuc) and interval during the
observation window (i.e. NHS2 = NHS observed or rotated into view of Chandra for
the 2nd time and similar nomenclature for AHSNuc) as well as the results from JK1
and JK2. Any hot spot intervals with a measured ∆P > 5 min are bold text showing
that, although statistically significant from the initial Rayleigh analysis, we interpret
as not robust and highly sensitive to frequency. Therefore these periods are removed
from our timing catalogue, bringing the number of significant QPOs from 14 to 12 for
the NHS and 17 to 9 for QPOs within the AHSNuc. We note that the light curves
found for the AHSNuc are composed of far fewer photons and are therefore will be
more sensitive to frequency. However, Jackknife testing does not consider the
coherence (i.e. how sinusoidal) of the signal resulting in signals with larger coherence
will have a smaller ∆P. This results in some of the QPOs removed may still be robust
but may not be in sinusoidal envelope and therefore penalised by the test. Future
temporal studies of the jovian X-ray aurora will need to account for the coherence of
the QPO signal to remove the biases produced from such tests. We do note however
that this is non-trivial to implement in our current timing analysis.

The range of QPOs identified in our catalogue are likely associated with a variety of
possible drivers. The large range in significant quasi-periodicities suggest that the
possible X-ray auroral driver, or drivers, may be linked with ultra-low frequency
(ULF) activity along the magnetopause boundary. Manners et al. (2018) identified
pulsations of length ∼ 5-60 min from standing Alfvén waves in Galileo magnetometer
throughout Jupiter’s magnetosphere. From the identified magnetospheric location
associated with the AHSNuc emissions, the driver of these emissions may be linked
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with pulsed dayside reconnection on the magnetopause. Modelling conducted by
Bunce et al. (2004) identified that dayside cusp reconnection processes are likely to
generate pulsations of ∼30-50-min and are far more active when the jovian
magnetosphere is compressed. Cusp reconnection may therefore be a likely driver for
larger QPOs located on the dayside magnetopause boundary found in our catalogue.

From our timing and mapping analysis, we suggest that multiple auroral drivers are
likely responsible for X-ray production along the noon-dusk flank magnetopause
boundary. This hypothesis is supported by the distributions shown in Figures 5.6 and
5.7. These suggest that multiple drivers, exhibiting either semi-permanent or sporadic
behaviour, are the main contributors to driving the X-ray auroral emissions in the
northern auroral region.

5.5 Discussion

5.5.1 Characteristics and polar conjugacy of auroral X-ray emissions

Our analysis presented in in Section 5.4.1 clearly identify an asymmetry in the auroral
X-ray brightness and morphology between the northern and more diffuse southern
auroral emissions across our catalogue. This has been observed in research examined
here as well as previous case studies (e.g., Chapter 4 Dunn et al., 2017; Weigt et al.,
2020) and, as discussed previously, is likely a result of an amalgamation of possible
effects including unfavourable viewing geometry of the southern region (Dunn et al.,
2017); different field configuration at the poles (Connerney et al., 2017, 2018) as well as
possible opacity effects produced by the jovian atmosphere (Ozak et al., 2010).
Juno observed the magnetic field at the North pole to be twice as strong as that
observed at the South with a non-dipolar topology (Moore et al., 2018). The topology
of the southern magnetic field is observed to be dipolar. Such a difference in magnetic
field strength and configuration may lead to a preference for ion precipitation in the
North over the South, explaining the differences we observe in our research. Recent
Juno observations by Kotsiaros et al. (2019) found that South hosts more persistent and
powerful electron currents which may inhibit the ion injections into the ionosphere
required for X-ray production. One other possible explanation is that a stronger
mirror force will be generated in a non-dipolar field in the North than the dipolar case
observed in the southern auroral region. As a result, the stronger mirror force will
produce the large potential drop, creating the ideal site for ion acceleration. More ions
in the North will be trapped and likely gain the the larger energies needed for ion
precipitation,necessary for auroral soft X-ray production (Cravens et al., 2003;
Houston et al., 2020) as observed here with the most intense extended tear-drop
morphology in the NHS. The weaker mirror force in the South will therefore lead to
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fewer ions being trapped and accelerated to the required energies for precipitation.
This may therefore explain the dimmer and more diffuse emissions in the South.

A recent study by Dunn et al. (2020b) identified three sub-categories of the X-ray
auroral emissions from a joint Chandra-XMM Newton campaign in 2007: hard X-ray
(HXR: energies > 2 keV) bremsstrahlung, coinciding with the UV main emission;
regular and irregular pulsed SXR emissions and dim flickering emissions which vary
on short timescales. Spectral analysis from XMM-Newton identified the ions producing
the SXR emissions were iogenic in origin, agreeing with recent findings from Wibisono
et al. (2020). They also observed that the brightest X-ray auroral emissions were found
to coincide with expansions of the jovian magnetosphere with a more patchy and
extended morphology across the northern auroral region. During a compression, the
auroral emissions were concentrated into a more localized bright auroral region at S3
lon. ∼160◦ - 180◦. Our analysis presented in Section 5.4.1 agrees with the Dunn et al.
(2020b) analysis with the averaged northern emissions observed to be more elongated
in nature across our Chandra catalogue. The averaged NHS emissions, Figure 5.4, also
highlight the spatial variability of the NHS emissions, likely reflecting the different the
different magnetospheric conditions at Jupiter. The brightest NHS emissions, located
within the tear-drop region identified in Figure 5.2, is observed in approximately the
same location as the X-ray core region discovered by Kimura et al. (2016) during a 2014
UV-X-ray campaign. Therefore it is likely this brightest tear-drop region may be a
recurring structure/characteristic of the northern auroral X-ray emissions.

Previous case studies analysing the X-ray hot spot emissions have occurred during
compressions of the jovian magnetosphere (e.g., Chapter 4 Dunn et al., 2016; Wibisono
et al., 2020). Dunn et al. (2016) observed localized brightenings within the northern
auroral emissions, as also identified later by Dunn et al. (2020b), and a more extended
morphology, as examined in great detail in Chapter 4 (Weigt et al., 2020), during
different compression events. Wibisono et al. (2020) also identified that, contrary to
expectation, the X-ray emissions were dominated by precipitating iogenic ions as
opposed to solar wind ions during the compression. However findings from Kimura
et al. (2016) identified that the core region count rate was positively correlated with
the solar wind velocity and not the auroral morphology. Therefore the flux within this
bright auroral core may respond to the magnetosphere’s response to changing solar
wind dynamic pressure as opposed to the solar wind affecting the auroral emissions
directly (i.e., lack of solar wind ions observed). The variable morphologies we observe
in the northern x-ray auroral emissions (as examined in this study and the Dunn et al.
(2020b) sub-categories) is therefore likely a result of changing dynamic pressure and
changes with the jovian magnetospheric response to external changes
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5.5.2 Morphological variability and origins of the concentrated NHS
emissions

Our analysis in Section 5.4.2 examines, for the first time, the more typical and extreme
behaviour of the NHS emissions as shown in bur polar project 2D histograms. Here
we discover a statistically significant auroral structure within the NHS emissions
present in all of the Chandra catalogue, using our numerical thresholding: the
AHSNuc. This sub-structure is observed to be less variable than the full NHS emission
across the full catalogue (Figure 5.5) and maps to the noon magnetopause boundary.
This provides further evidence of the hot spot being more segmented than previous
thought (e.g., Chapter 4, Dunn et al., 2016). This also highlights that it is likely the
auroral emissions are driven from multiple drivers as opposed to one single one,
eluded to by the classic hot spot picture. We also note that power and brightness of
this region is non-uniform across the catalogue, again eluding to the idea that internal
and/or external changes to the jovian system, like variations in the solar wind
dynamic pressure, may affect the AHSNuc itself as well as any surrounding emissions
in a similar manner to the averaged X-ray auroral emissions.

The more typical behaviour observed from the NHS emissions (occurrences of > 70%
in our) are found to be confined to an ellipse of dimensions ∼ 15◦ (semi-major axis)
and ∼ 7.5◦ (semi-minor axis), with centre at (168◦ S3 lon, 65◦ lat). In this auroral
region, the occurrence of X-ray photons is found to vary with a gradual gradient at
higher S3 longitudes situated away from the AHSNuc, suggesting a movement of
localised brightening of the intense NHS emissions that can occur during a
compression event (e.g., Dunn et al., 2016, 2020b). The most extreme NHS behaviour
(occurrences ≤ 20%) surrounds the boundary of the ellipse that defines typical NHS
behaviour. As suggested by Dunn et al. (2020b), the more expanded regions of the
NHS emissions may be a response to jovian magnetosphere expansions from low solar
wind dynamic pressure. Therefore our analysis suggests, within the accuracy of our
mapping, very few Chandra observations occurred in tandem with an expansion event.

Our results from the Vogt et al. (2011, 2015) flux equivalence model with the Grodent
Anomaly Model (GAM) (Grodent et al., 2008) field model are presented in Figure 5.6.
We identify two ion populations, and therefore driver locations, along the noon-dusk
magnetopause boundary when we use the mappable NHS photons as an input to the
model: one large population in the pre-dusk to pre-midnight sector on the dusk flank
which dominates the majority of mappable photons and a smaller, more concentrated
cluster at noon. The dominant dusk flank ion population identified here agrees with
previous literature using the Vogt et al. model, with various internal field options, to
examine the magnetospheric origin of the NHS emissions (e.g., Chapter 4, Kimura
et al., 2016; Dunn et al., 2017), all suggesting that the auroral driver may be related
with Kelvin-Helmholtz instabilities (KHIs) on the dusk flank. KHIs generated on the
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magnetopause boundary are observed to be responsible for energy, momentum and
plasma transfer between the turbulent plasma in the magnetosheath and the less
dense magnetosphere. This phenomena has already been observed at the jovian
magnetopause boundary (Delamere and Bagenal, 2010; Desroche et al., 2012), where
the velocity shear between the flow generated by the solar wind flow and plasma in
the magnetosheath flow is greatest. Simulations of the complex jovian magnetic field
suggest that KHIs are likely to dominate on the dusk side magnetopause boundary
(Zhang et al., 2018) contradictory to the expectation that velocity shears should be
greatest in the pre-noon sector where the plasma flows (of the solar wind and sheath)
move in opposite directions. KHIs have also been observed at Saturn (e.g., Masters
et al., 2012; Delamere et al., 2013)). From these observations, they theorised that the
dawn-dusk asymmetry of KHIs observed in the magnetosphere may be a result of
fast-growing KHIs at the dawn sector being harder to interpret from the spacecraft
data in comparison than the slow-growing KHIs observed at the dusk boundary (Ma
et al., 2015). This is consistent with our analysis here using the Vogt et al. model.

We compare our Vogt et al. results with those from a statistical study by Manners and
Masters (2020) analysing ultra-low frequency (ULF) activity in the jovian
magnetosphere from Galileo data. We find that equatorial conjugate positions of both
populations identified in our study are consistent with the locations of the most
occurrences of ULF wave activity. Manners and Masters (2020) observed the most
active ULF wave active regions to be near the noon sector at a radial distance of ∼ 40 -
100 RJ (e.g., outer magnetosphere) and the dusk-midnight sector at of ∼ 20 - 120 RJ ,
mainly confined to the magnetopause boundary. The generated ULF wave power was
observed to be anti-correlated with distance, with the weakest wave power located in
the outer magnetosphere. The outer magnetosphere is believed to be the location of
the majority of the X-ray (> 60 RJ ; Dunn et al. (2016)). In the terrestrial magnetosphere,
KHIs on the magnetopause boundary trigger ULF wave activity (Hasegawa et al.,
2004), which can therefore lead to possible reconnection within the KHI vortices
(Nykyri and Otto, 2001). Our analysis therefore suggests that X-ray auroral drivers
may be linked to possible ULF wave activity in the jovian magnetosphere due to the
drivers of both likely residing in the same magnetospheric locations.

5.5.3 Timescales of possible noon and dusk flank X-ray drivers

As discussed throughout this research, much of the literature surrounding jovian
X-ray auroral emissions suggest that the auroral driver is likely situated on the
magnetopause boundary. In the noon region of the jovian magnetosphere, Bunce et al.
(2004) suggested a high-latitude cusp reconnection model may be responsible for
driving the X-ray emissions, producing ∼30- to 50-min QPOs. Their model calculates
that cusp reconnection would contribute to ∼ few Rayleighs (R) of the X-ray
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brightness/intensity up to a few kR (kilo-Rayleighs). We do observe the lower limit of
the cusp model brightness in the AHSNuc in this research, which maps to the noon
magnetopause boundary, and comparable X-ray auroral power to the values predicted
by the Bunce et al. (2004) model. Therefore cusp reconnection may be a likely
candidate for the noon driver we observe in this research. The upper limit of auroral
X-ray intensity predicted by the model may be greater than what we observe here
however we note our flux (and power) calculations do not account for the poor
throughput of HRC-I and/or any opacity effects in the jovian atmosphere (Ozak et al.,
2010). Therefore, we suggest that the AHSNuc is likely driven by cusp reconnection
and the temporal variability we observe in the identified significant QPOs may be
associated with reconnection activity on the noon magnetopause boundary, linked to
solar wind flow.

Other types of magnetic reconnection on the noon sector may also contribute to
driving the AHSNuc emissions. For example at Saturn, Guo et al. (2018) observed
signatures of reconnection driven by the planet’s rotation from Cassini magnetometer
and charged particle data while the spacecraft was in the kronian plasmasheet. Guo
et al. (2018) observed multiple reconnection sites along the plasmasheet and a
secondary “magnetic island”, suggesting that this type of reconnection is not in a
steady-state. With the rapid rotation of Jupiter, a similar reconnection mechanism is
likely to occur in Jupiter’s magnetosphere and may be provide the reason of the
identified noon population also located planetward of the magnetopause boundary on
the equatorial plane. Juno has observed signatures of magnetic reconnection on the
jovian dawn flank magnetopause, where Juno performed its orbit insertion (Ebert
et al., 2017a). Reconnection in this region is believed to contribute more to the
magentospheric dynamics of the jovian system during intervals of compression events
(Huddleston et al., 1997). This therefore suggests that both cusp and rotationally
driven reconnection process may be a likely candidate as an auroral driver for the
noon ion population responsible for producing the AHSNuc.

Many previous studies in the literature have suggested a link between the
quasi-periodic soft X-ray auroral emissions and global ULF waves in the jovian
magnetic field (e.g., Gladstone et al., 2002; Dunn et al., 2017; Yao et al., 2021). ULF
waves have been observed by various spacecraft throughout Jupiter’s magnetosphere
(e.g., Khurana and Kivelson, 1989; Wilson and Dougherty, 2000b) producing pulses
within 10- to 60-min, the significant QPO range proposed by Manners et al. (2018) for
standing Alfvén waves. The Manners et al. (2018) ULF period range is very similar to
the results produced from recent, more complicated models designed specifically to
simulate field line resonances within the jovian magnetosphere (Lysak and Song,
2020).
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The standing Alfvén waves are likely to be a by-product of KHIs occurring on the
magnetopause boundary. The cusp and rotationally driven-ike ”drizzle” reconnection
processes we examine here may produce linear sinusoidal KHI waves or surface waves.
In the terrestrial ionosphere, surface waves drive standing Alfvén waves on field lines
(Mann et al., 2002; Rae et al., 2005) and therefore provide a mechanism to transport
ULF wave activity from Jupiter’s outer magnetosphere planetwards towards the to the
ionosphere, gaining power as it propagates as found by Manners and Masters (2020).
Observations and simulated data of the jovian magnetosphere suggest that surface
waves on the dusk flank boundary may be advected from the dayside boundary, at LT
< 10, as the waves propagate in the direction of increasing velocity shear (Zhang et al.,
2018; Manners and Masters, 2020). As the velocity shear increases, the KHI waves
become more unstable and evolve to a non-linear KHI wave with rolled vortices and
larger amplitudes. First suggested by Dungey (1955), non-linear waves are usually, or
predicted to be, observed in KH-unstable regions located on the dawn and dusk
magnetopause (i.e., regions of greatest velocity shear) where the KHI is likley to grow.
As observed in Earth’s magnetosphere, the orientation of the magnetic field carried by
the solar wind, the interplanetary magnetic field (IMF), cna influence the thickness
and location of the magnetosphere’s KH-unstable (Farrugia et al., 1998; Foullon et al.,
2008). Due to the vast size of the jovian magnetosphere, few studies and observations
have been conducted regarding possible locations of KH-unstable regions at Jupiter. A
recent study by Masters (2018) suggested that the jovian magnetosphere will be
dominated by viscous-like effects, including KHIs growing in KH-unstable regions,
over reconnection-type effects compared to the terrestrial magnetosphere. This is
further evidence to suggest the possible correlation we observe here between X-rays
and ULF may indeed exist in the jovian magnetosphere. In its current extended
science mission, Juno will move towards the dawn-midnight magnetosphere where
dusk flank activity can be analysed in greater detail.

Although recent, and more updated, global simulations of the jovian field by Zhang
et al. (2021) revealed further complexity to Jupiter’s magnetic field. Their simulations
agreed with previous literature, showing that the rate of reconnection on the dayside
of the jovian atmosphere is too slow to generate a fully open polar cap as observed at
Earth, on timescales of a jovian rotation. Instead the majority of the jovian “polar cap”
is associated with magnetic flux that extends from the planet’s interior to the outer
magnetosphere, piling up at the dawn flank due to the fast differential rotation of the
plasma in this region pushes the filed towards noon. Such an unusual configuration
will affect the auroral morphology we observe, across multiple wavelengths, at Jupiter
and may provide an explanation for how dynamic the auroral emissions are and how
numerous magnetospheric drivers may be responsible for energising the ions needed
for the X-ray auroral emissions.



5.5. Discussion 153

Manners and Masters (2020) identified significant ULF QPOs linked with standing
Alfvén waves, spanning ∼ 5-60 min across all local times from their extensive study of
heritage jovian magnetometer data. The Galileo spacecraft sampled the jovian
magnetosphere over a large range of local times with most of its dwelling time in the
dusk-dawn sector. The QPOs indented from the heritage magnetometer dataset are
comparbale with the range of significant QPOs observed in our analysis. Studies of
Saturn’s magnetosphere have found quasi-pulsations of ∼ 35 - 50-min from KHI
waves identified from Cassini magnetometer data in the dawn and dusk flank of the
kronian magnetopause boundary (Cutler et al., 2011; Masters et al., 2009). Since the
quasi-pulsations are within the ULF periodicity range, Manners and Masters (2020)’s
idea of weaker, low-amplitude ULF wave energy building up in the dusk flank due to
advection of ULF waves from the noon sector may be a plausible mechanism that can
be applied to the jovian magnetosphere. How ULF wave energy can modulate local
ion populations in the magnetosphere to energise and pitch-angle scatter ions into the
loss cone is still up for debate. The KHIs along the dusk flank magnetopause may be
responsible for the various auroral morphologies categorised by Dunn et al. (2020b).
As examined in Chapter 2, compression events cause the jovian magnetopause
stand-off distance to shrink and move closer to the planet. As a result, the dusk flank
also shrinks leading to the production of fewer but more powerful KHI waves. These
waves are likely to drive the ULF wave activity on the magnetopause boundary and
produce the more concentrated and localised X-ray brightening we observe here.
During expanded magentospheric conditions, the more patchy auroral X-rays we
observe may result from more vortices being produced, across a larger magnetopause
boundary, generating less powerful KHI waves. Therefore this suggests that the “hot
spot” emissions are likely produced from multiple processes not just a single spot
region. We suggest that using such nomenclature, like “hot spot”, may be unsuitable
and misleading to describe the jovian auroral X-ray emissions.

The mapping and timing analysis we present in our statistical study suggest that
multiple drivers along the noon-dusk magnetopause boundary, including, but not
limited to, cusp/dayside reconnection and KHIs may be responsible for the auroral
X-ray emissions. The drivers we identify in our research on the noon-dusk
magnetopause boundary may be linked to possible ULF wave activity when
compared to the location and significant pulsations highlighted by Manners and
Masters (2020)’s statistical study. The link between the auroral X-rays and ULF
activity (i.e low amplitude ULF waves advected to the nightside?) is still not fully
understood. In this research we have hopefully provided the foundations to explore
this unknown region in more detail in future observations, especially when
Juno’s extended mission takes it further towards the dusk flank magnetosphere. This
will allow us explore ULF wave activity on the dusk flank in more detail and how it is
connected to the pulsation X-ray aurora we observe in both hemispheres.
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5.6 Summary

We present the first Chandra statistical study of its kind, analysing ∼ 20 years worth of
data spanning multiple solar cycles, to analyse typical and extreme behaviour of the
so-called “hot spot” emissions. The analysis we present here includes mapping and
timing analysis to identify any statistical significances in the spatial and temporal
behaviour of the emissions. We identify the AHSNuc, a region of concentrated X-ray
auroral emissions that is present throughout the catalogue, using the numerical
criterion for photon concentration defined in Chapter 4, that maps to the noon
magnetopause boundary. The largest population of mappable photons reside in the
dusk flank boundary, dominating our magnetospheric mapping results. These results
suggest that the northern auroral X-rays are driven from multiple drivers which are
associated with possible ULF wave activity on the magnetopause boundary. Our
analysis suggests that the likely drivers capable of accelerating the ions to energies
required for precipitation are dayside reconnection and KHIs along the magnetopause
boundary, possibly linked with ULF wave activity. We frame the results from our
catalogue with previous key studies analysing the northern auroral X-ray emissions
and provide the foundations for future studies.

We hope that the research presented here helps narrow down the list of possible X-ray
auroral drivers using a consistent definition of the NHS emissions. The idea of a single
driver producing one auroral “hot spot” seems less likely from the conclusions made
in our analysis. Juno’s extended science mission will take the spacecraft through
dusk-midnight sector, with far better coverage of the southern magnetosphere.
Therefore a similar statistical study can be conducted for the southern auroral
emissions with comparisons made between the poles. From there, we can observe and
understand how the X-rays behave on a global scale and how the possible drivers
generate the asymmetries we observe between the northern and southern auroral
emissions.
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Chapter 6

Identifying jovian X-ray auroral
families: tying the morphology of
X-ray emission to associated
magnetospheric dynamics

”Ok, one last time. These are small, but the ones out there are far away.
Small... Far away... Ah forget it.”
- Dermont Morgan (Father Ted), 1996

Recommended and inspired by Sarah Badman. Watch this Father Ted clip1

(https://www.youtube.com/watch?v=MMiKyfd6hA0) for more context and a small
breather.

6.1 Abstract

Many recent studies have found that using the single “hot spot” nomenclature may
not be representative of the jovian X-ray auroral emissions. The variability in both the
temporal and morphological behaviour of the X-ray aurora suggest the possibility of
more than one potential magnetospheric driver. These drivers are likely located on the
noon and dusk flank magnetopause boundary. In this study we aim to explore this
idea further by separating the concentrated X-ray emissions within the northern
auroral region into physics-informed ‘X-ray auroral families’. We apply this analysis
to the catalogue of high spatial resolution observations by Chandra during the
Juno -era. We define the following families: X-ray noon, dusk, polar region, dawn and the

1Morgan et al., 1996: Father Ted: Season 2, Episode 1: ’Hell’

https://www.youtube.com/watch?v=MMiKyfd6hA0
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low latitude extension (LLE) region. The X-ray polar region encompasses both the X-ray
noon and dusk ionospheric regions, poleward of the auroral main oval; X-ray dawn is
found to overlap a portion of the main oval emissions and the LLE region is found to
coincide with a likely active site for particle injections found by the Hubble Space
Telescope (HST). We compare the distribution of auroral photons within each of the
X-ray families to magnetospheric dynamics found from previously defined
ultra-violet (UV) auroral families (Grodent et al., 2018) and Juno data to determine the
state of the magnetosphere during each Chandra window. We identify two likely
categories of X-ray morphology from our family definitions: fully polar aurora and
low latitude emissions (e.g. when LLE photon distribution > 10% of all auroral
emissions). The preliminary results we present here suggest that the non-uniform
distribution of X-ray auroral photons across the regions, within a central meridian
longitude (CML) range of 80◦ - 250◦, is more likely associated with the switching
on/off of magnetospheric drivers opposed to viewing geometry effects. We also find
that the majority of events exhibiting fully polar aurora occurs during or just after a
compression event, identified by Juno and UV HST data. Therefore combining both
the X-ray and UV families allows us to simplify complex auroral behaviour, making
logical connections between the emissions and provides us with a possible proxy to
monitor solar wind/magnetospheric conditions when an upstream monitor is absent.
Further analysis is outlined to help improve our X-ray families and verify their use as
a robust method to predict the likely magnetospheric conditions during the
observation window.

6.2 Introduction

As examined at great length in Sections 2.2 and 2.4, the jovian auroral emissions are
very complex and are highly variable in their morphological and temporal behaviour.
The X-ray emissions still remain the most elusive of the observable aurora with, as
discussed in Sections 2.4, many recent studies trying to understand the highly
sophisticated driver(s) capable of energising the ions to such an extent to allow charge
stripping and charge exchange to take place in the jovian ionosphere for soft X-ray
(SXR: < 2 keV) production (e.g., Chapter 5, Dunn et al., 2020a,b). The SXRs are
produced from precipitating MeV ions originating in the outer magnetosphere and are
sometimes observed to be coincident with flaring UV emissions within the UV active
polar region (Dunn et al., (2022), in prep.). The HXRs result from bremsstrahlung
emissions from precipitating electrons, with the auroral emissions observed to
sometimes coincide with the UV main oval (e.g., Branduardi-Raymont et al., 2008;
Dunn et al., 2017). This suggest that the precipitating electrons responsible for the
HXR and UV main oval auroral emissions are likely to originate in the same region of
the middle magnetosphere. Recent and ongoing studies are investigating how the
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FIGURE 6.1: Planetocentric polar projection of the UV northern auroral emissions
observed by HST on 27 February 2007. The projection is plotted on a 10◦ × 10◦ S3
longitude-latitude gird (outlined by the dotted yellow line). The log colour scale used
is saturated at 500 kR. The dashed yellow lines outline the polar inner (PI) and outer
(PO) regions. The low-latitude (LL), high-latitude (HL) are labelled on the projection.
The main oval (MO) is outlined by the red contour. Figure taken from Figure 1 in

Nichols et al. (2009).

X-rays are connected to other auroral emissions in the EM spectrum via plasma waves
such as electromagnetic ion cyclotron (EMIC) waves for precipitating ions (e.g., Yao
et al., 2021). Other studies have looked at how the auroral hard X-rays (HXR: > 2
keV), likely produced from electron bremsstrahlung in the middle magnetosphere, are
correlated with the more intense UV auroral emissions (e.g., Wibisono et al., 2021). We
continue this ongoing effort to determine the X-ray auroral drivers in this research by
sorting the X-rays into morphological categories based on their ionospheric position.
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Previous studies analysing the jovian UV aurorae from the Hubble Space Telescope
(HST) have isolated various regions within the auroral emissions to explore the
variation across them. Nichols et al. (2009) identified three auroral components within
the UV northern emissions from two 2007 HST campaigns: (1) the main oval (MO), (2)
low-latitude (LL) aurorae and (3) high-latitude (HL) auroral emissions. These regions
are outlined and labelled on the HST image taken on 27 February 2007 as shown in
Figure 6.1. From these isolated regions, they calculated the auroral power (through
observation and visibility modelling) and compared to predicted solar wind
conditions propagated from Earth to investigate the most likely cause of variation.
Their results showed that generally the auroral power from the polar regions (low-
and high- latitude auroral emissions) were uncorrelated with that of the main oval
unless a dawn storm or enhancements due to a compression occurred. During a dawn
storm, the main oval and high-latitude auroral emissions were found to be enhanced
while compression events caused the main oval emissions to become more narrow,
enhanced and seem to be shifted slightly poleward from their typical location. They
found that in these intervals all other emissions were faint with the exception of
distinct, bright arcs in the post-noon sector of the polar emissions.

More recently Grodent et al. (2018) characterised 118 HST images during Juno orbits 3
to 7 (from 30 November 2016 up to and including 18 July 2017), using six new
definitions of “UV auroral families” to help provide a simplified description of the
complex dynamics observed in the UV auroral emissions. These new definitions
allowed different morphologies to be compared to establish logical, plausible
connections to identify the responsible auroral driver and allowed a more detailed
quantitative way to analyse variations of spatial behaviour. The Grodent et al. (2018)
auroral family definitions are summarised as follows:

1. ‘Q’ (Quiet): very low auroral power ( < 1 TW) in a more expanded and broad
main oval or main emission (ME) region and as well as dimmer auroral
emissions in equatorial regions (e.g., the Io footprint (IFP)). The jovian
magnetosphere can be assumed to be mainly unperturbed.

2. ’N’ (Narrow): very narrow and expanded ME (width ∼ 200 - 300 km) with
average auroral power. This suggests a quiet magnetosphere with a slow
increase in mass loading (i.e. magnetospheric activity increasing due to
moderate acceleration of plasma and a slight enhancement of the field aligned
currents (FACs) related to the ME through corotation - see Section 2.2).

3. ’U’ (Unsettled): the intermediate stage between Q and N. ME relatively wide
but fainter at dawn and narrower in the afternoon sectors.

4. ’I’ (strong Injections): strong enhancements at ∼ 140◦ - 170◦ S3 longitude,
equatorward of the ME (i.e. low-latitude emissions) with a corner-shape
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FIGURE 6.2: Polar projections of the identified auroral structures (highlighted by red-
dashed lines, ellipses and number from 1 - 9) corresponding to each UV auroral family
(Q, U, N, I, i and X). Each auroral family corresponds represents the magnetospheric
dynamics, potentially influenced from internal and external drivers, responsible for
producing such emissions. Each UV auroral family is discussed in more detail in Gro-

dent et al. (2018). Figure taken from Figure 3 from Grodent et al. (2018).

morphology. This feature relates to dynamics in the inner jovian magnetosphere
are can be found to coincide with possible dawn storms.

5. ’i’ ([moderate] injections): very similar morphology to I with an overall lower
brightness of the equatorial auroral. This family can be interpreted as an
early/late stage of I.

6. ’X’ (eXternal perturbation): very strong and contracted ME with large
enhancements at dawn with bright and narrow morphology in the afternoon
sector. Poleward region exhibits bright, pulsing patches and arcs parallel to ME.
This type of family is likely associated with responses to the interplanetary
medium (IM) surrounding the jovian magnetosphere (e.g. a compression
region). Equatorward emissions are dimmer as inner magnetosphere is less
responsive to external fluctuations.

Figure 6.2 shows an example of how the auroral families were identified and labelled
in the HST data during Juno orbits 3 - 7, based on various identifiable features and
behaviours within the UV northern auroral emissions. All Grodent et al. (2018)
auroral definitions are shown in Figure 6.2 with the defining features highlighted with
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red dashed lines, ellipses and numbers “1 - 9”. For example, the corner of emissions
labelled as “3” overplotted on the ’I’ (strong injections) family is typical to this
morphology.

Grodent et al. (2018) observed that auroral emissions corresponding to the U family
occurred most often (29.5% of 118 HST images) and were identified to be connected to
the Q family due to slight changes in brightness of the ME. The connection was only
interrupted by episodes of injection events (I, i) which were observed to precede or
follow the N family. The moderate injections, i, were identified after auroral structures
associated with compressions of the IM (X). The disturbances from IM compressions
can trigger episodic injections of trapped particles in the middle magnetosphere, as
observed by Louarn et al. (2014) from Galileo particle and radio measurements.

In this study we utilise the techniques used for the UV auroral emissions to isolate and
define specific auroral structures and apply them to the concentrated northern X-ray
emissions in an attempt to find a link between X-ray morphology and magnetospheric
dynamics. We use concurrent HST data to help provide vital magnetospheric context
to the Chandra observations, using the Grodent et al. (2018) auroral definitions, and
model the visibility of the X-ray auroral families we define here, similar to Nichols
et al. (2009) (Sections 6.4.1 and 6.4.2). We then compare the magnetospheric dynamics
found from the X-ray-UV data and compare with the magnetospheric conditions
identified from the Juno spacecraft (Bolton et al., 2017), using radio and magnetometer
data. This allows us to determine the state of the jovian magnetosphere and to
compare against the solar wind predictions of the Tao et al. (2005) 1D MHD solar wind
propagation model (Section 6.4.3). Similar to the logic applied by Grodent et al. (2018),
the goal of this study is to simplify the complex morphological variations of the X-ray
aurora, allowing plausible connections to be made between the auroral emissions and
magnetospheric dynamics. Linking our X-ray families with the UV equivalent may
allow us to infer the state of the jovian magnetosphere in the absence of upstream
solar wind data.

6.3 Contemporaneous remote sensing UV and X-ray
observations with Juno Waves and MAG data

We use the catalogue of Chandra HRC-I (High Resolution Camera) observations
described in Chapter 5 taken during the Juno main mission from 24 May 2016, when
Juno was on approach to Jupiter upstream of the solar wind, up to and including 8
September 2019. These observations include those taken during Juno approach (in the
solar wind), while Juno was at apojove (near the dawn magnetopause), during several
perijoves and intervals when Juno was inside the jovian plasmasheet. We then correct
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the Chandra observations using the McEntee (2021) updated mapping algorithm to
ensure that we have accounted for the time-dependent degradation of the
Chandra HRC-I2 instrument while removing any contaminant background (more
details found in McEntee at al. (2022)). As we are focusing on the more concentrated
X-ray auroral emissions rather than the more diffuse disk emissions, which can be
difficult to distinguish from the background, the change in count rate from the Weigt
et al. (2021a) catalogue is minimal and does not change the interpretation of the
results. We do note that accounting for the instruments increasing degradation is
crucial for future observations and must be taken into account in future studies during
the Juno extended mission (especially when mapping X-ray emissions to the jovian
disk).

To help provide essential magnetospheric context to the X-ray auroral emissions, we
use HST observations concurrent with Chandra data. We analyse 17
Chandra observations during the Juno-era, 14 of which have HST Space Telescope
Imaging Spectrograph (STIS) data ± 1 day from the Chandra window, to allow the
magnetospheric conditions to be analysed in detail. These 14 HST observations focus
on the northern auroral emissions of which components within the UV aurora have
been identified using the Grodent et al. (2018) definitions. All observations used in
this research are shown in Table 6.1. To compare with contemporaneous Juno data,
both the Chandra and HST intervals have been corrected for the Juno-Earth light-travel
time, taken from ephemeris data3. The specifications of both remote sensing
instruments’ are discussed in Chapter 3.

We then compare these observations to remote sensing radio data from Juno Waves
(Kurth et al., 2017) and in situ data from the magnetometer (Juno MAG Connerney
et al., 2017) to confirm the magnetospheric state during these intervals and potentially
identify any internal drivers (e.g. such as particle injection signatures). As shown in
Appendix A.1 and described in Section 3.2, Juno was executing an eccentric polar orbit
which allows it to sample the inner, middle and outer magnetosphere during its
53-day orbit. Chandra observations were taken coinciding with different stages of
Juno’s in situ exploration of the Jupiter system including perijoves, apojoves and
plasmasheet crossings. This also gives us the opportunity to look at in situ data during
these various stages to analyse the different auroral drivers located at various sites
within the jovian magnetosphere. We take this into account when interpreting these
data as processes within regions drive the jovian magnetosphere, and therefore the
auroral emissions. The specifications of the Juno instrument suite are also described in
detail in Chapter 3.

2See Section 7.7 - 7.10 in https://cxc.harvard.edu/proposer/POG/html/chap7.html for more details
3Ephemeris data associated with the solar system can be found here: https://ssd.jpl.nasa.gov/

horizons/app.html#/

https://cxc.harvard.edu/proposer/POG/html/chap7.html
https://ssd.jpl.nasa.gov/horizons/app.html#/
https://ssd.jpl.nasa.gov/horizons/app.html#/
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6.4 Results

Following studies that have identified different regions with the UV emissions
associated with different potential drivers (e.g., Grodent et al., 2018), we apply similar
logic to the X-ray northern auroral emissions from the Chandra catalogue described in
Chapter 5, with a focus on select observations taken during the Juno -era. Here we use
the families defined from UV emissions from concurrent HST data to provide vital
magnetospheric context to the concentrated northern X-ray emissions. We then model
the visibility from each X-ray family, using the area of the region defined in S3
longitude and latitude, as they rotate into view of HST -STIS. The visibility was
defined here as the number of visible STIS pixels associated with each X-ray region
during one jovian rotation. We assume that the emissions across the area of the
defined X-ray families used in the model were uniform. HST -STIS was used for this
model as it has a superior spatial resolution to Chandra .

6.4.1 Identifying X-ray auroral families

As analyzed in the statistical study presented in Chapter 5 (Weigt et al., 2021a), it is
clear that the northern X-ray emissions exhibit very variable morphological and
temporal behaviours over a jovian rotation, with only a very small region of X-rays
appearing consistently across the entire ∼ 20 year Chandra HRC-I dataset: the
averaged hot spot nucleus (AHSNuc). The AHSNuc was found to mainly map to the
noon magnetopause boundary, infrequently exhibiting robust quasi-periodic
oscillations (QPOs) of ∼ 2.3 - 22.4-min that were suggested to be associated with
possible ultra-low frequency (ULF) wave activity. We show the AHSNuc in an
example of a 2D histogram of mapped concentrated X-rays, using the numerical
criterion for photon concentration defined in Chapter 4 (Weigt et al., 2020), as a black
cross-hatched region in Figure 6.3. The colour bar shows the photon flux of the X-rays
(counts s−1) and the 1D histograms show the latitude and S3 longitude distribution of
the X-ray emissions. The X-ray auroral families we define here, over a central
meridian longitude (CML) range of 80◦ - 250◦ (see Section 6.4.2 for more details), are
X-ray noon (red; System 3 longitude (S3 lon): 155◦ - 190◦, latitude (lat): 58◦ - 68◦), X-ray
dusk (purple; poleward of noon, S3 lon: 155◦ - 190◦, lat: 70◦ - 80◦), X-ray dawn (grey;
equatorward of noon and extends to higher longitudes, S3 lon: 180◦ - 230◦, lat: 51◦ -
75◦), the Low Latitude Extension (LLE) region (gold; equatorward of noon at lower
longitudes, S3 lon: 143◦ - 177◦, lat: 45◦ - 61◦) and the X-ray polar region (striped; S3 lon:
155◦ - 190◦, lat: 58◦ - 80◦) which envelopes both the noon and dusk families. The
AHSNuc is found to lie within X-ray noon. Together they form the physics-informed
X-ray auroral families used in the remainder of this study, each potentially
corresponding to various drivers throughout the jovian magnetosphere. The statistical
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FIGURE 6.3: A Cartesian plot of the X-ray mapping for an example Chandra observa-
tion (ObsID 18301) on 2 February 2017 analysed in this research with the location of
the labelled physics-informed auroral families as described in the text. The concen-
trated X-ray auroral emissions (2D histogram: binned by 3◦ S3 lon × 3◦ lat) given by
the colour bar. The statistical UV main oval (e.g., Nichols et al. (2017); Swithenbank-
Harris et al. (2019)), Io and Ganymede footprints from the Grodent Anomaly Model
(GAM) (Grodent et al., 2008) and Weigt et al. (2021a) significant auroral region (cross-
hatched), mapping to the noon magnetosphere, are overplotted. The X-ray emissions
mapped and analysed for this research are selected from a 10800 ± 1080 s interval,
covering a CML range of 80◦ - 250◦ (i.e. optimum visibility for each region as shown

in Figure 6.4).
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UV main oval and Io and Ganymede magnetic footprints are also plotted to provide
context of the location of these regions within the magnetosphere.

As discussed in Chapter 2.2.3 the UV auroral emissions, and in particular those that
are located at the poles, are very complex and have yet to be fully understood. As
shown in Figure 6.3, the X-ray polar region is poleward of the UV main oval and is
likely to be co-located with the UV polar active region (at X-ray noon) and part of the
swirl region (e.g., likely situated at both X-ray noon and dusk, Grodent et al., 2003a).
As examined in Chapter 2.2.3, the polar active region is the most dynamic of the UV
polar emissions, producing flares and bright arc sub-structures of a few hundred
kilo-Rayleigh (kR) lasting in the order of a few minutes and associated with powerful
dayside reconnection (e.g., high-latitude cusp reconnection, Bunce et al., 2004) due to
interactions between the solar wind and the jovian magnetosphere. Such signatures
suggest this noon region is linked to a Dungey-like process, as described in Chapter 5,
responsible for the transport of plasma and energy on the dayside magnetosphere
(Grodent et al., 2003a; Cowley et al., 2003). The UV swirl region, located poleward of
the polar active region, is found to be more patchy and turbulent, likely associated
with open field lines linked to a Dungey-like return flow (e.g., Pallier and Prangé,
2001; Cowley et al., 2003). The swirl region also coincides with an infrared feature
associated with stagnant flows called the fixed Dark Polar region (f-DPR) (Stallard
et al., 2003), further validating a Dungey-like process suggested by Cowley et al.
(2003).

The X-ray dawn region is found to coincide with a portion of the main oval and the Io
footprint to help associate possible dawn storms, injections of hot plasma from the
middle magnetosphere (e.g., as examined in Chapter 2.2.3, Gerard et al., 1994; Kimura
et al., 2017), with bright X-ray populations. As discussed in Chapter 2.4, recent work
by Wibisono et al. (2021) found the intensity of the hard X-rays (HXRs) to increase
during the presence of a dawn storm with no presence from the more poleward soft
X-rays (SXRs). XMM-Newton can separate the energies of the SXRs and HXRs due to
the energy resolution of the imaging spectrometer which cannot be done with
Chandra HRC-I. The more poleward region of X-ray dawn is likely to overlap with the
UV dark polar region (DPR) which contains very little UV emissions and is found to
contract and expand as Jupiter rotates, mapping to the outer magnetosphere (Pallier
and Prangé, 2001; Grodent et al., 2003a). The DPR has been found to be the likely
location of empty flux tubes, emptied via Vasyliūnas-like reconnection in the tail
which then rotate to the dayside magnetosphere (see Vasyliūnas, 1983, and Chapter 2.2
for more details). As this is a region of essentially empty flux tubes, it is therefore no
surprise that there are very little UV emissions here. Recent work by Dunn et al. (2022)
[herein referred to as D22 - see Table 6.1] found that the DPR is also present within the
X-ray northern auroral emissions. D22 show from observations and simulated data
that very few or no X-ray photons to be located in the DPR. They confirm this
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conclusion form their Monte Carlo simulations which state that likelihood of X-rays
being emitted from the DPR is very small. This includes possible scattering of solar
X-ray photons in the jovian upper atmosphere that can be detected from Chandra.

The final X-ray auroral family is the LLE region, equatorward of the polar emissions.
As discussed further in Section 6.4.3, concentrated auroral photons in this region do
not appear often. In the UV emissions, this region is found to be possibly associated
with active particle injections from the middle magnetosphere driven by reconnection
events and dipolarizations of the jovian magnetic field (e.g., Dumont et al., 2014, 2018;
Yao et al., 2020). Such injection events are found to occur alongside dawn storms,
suggesting disturbances of the middle magnetosphere at a range of local times. For
the remainder of this chapter, we will associate the described phenomena found in the
UV data with the X-rays located in each auroral family allowing us to provide context
to our dataset. We will then use data from Juno and identifications of UV structures
from HST data to help decipher potential drivers for the emissions in each region and
link them to potential morphologies of the X-ray auroral emissions.

6.4.2 Visibility and distribution of auroral photons across the X-ray auroral
families

As stated in many previous studies analysing the jovian X-ray auroral emissions, the
tilt of Jupiter as viewed from the observer can lead to issues of viewing geometry of
the planet when using remote sensing data (e.g., Dunn et al., 2017; Weigt et al., 2020,
2021a). As the magnetic field at the South pole is more dipolar, this tilt of the planet
affects these emissions the most when viewed from Earth. However we cannot
completely neglect such effects when viewing the northern emissions as the longitude
of the observer, or CML, can change what part of the emissions are observed. To
resolve such issues, we utilise the higher spatial resolution of the HST -STIS
instrument compared to Chandra to model the visibility of the each X-ray auroral
family, using the area of the region defined in S3 longitude and latitude, as they rotate
into view of HST -STIS. We use the number of visible pixels of each X-ray region as it
rotates into view as a proxy to gauge the visibility of our X-ray families as viewed by
an observer at Earth. In other words, we analyse how much an effect the tilt of the
planet has when observing fixed regions (in S3 lon and lat) on Jupiter from any
Earth-based instrument.

We then model the visibility from each X-ray family, using the area of the region
defined in S3 longitude and latitude, as they rotate into view of HST -STIS. The
visibility was defined here as the number of visible STIS pixels associated with each
X-ray region during one jovian rotation. We assume that the emissions across the area
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FIGURE 6.4: Plots showing the modelled visibility for a full jovian rotation of each
northern auroral region as observed from STIS on board HST for the smallest (black:
sub-solar latitude = -1.53◦) and largest (orange: -3.87◦) planetary tilt as viewed from
Earth (sub-solar latitude) during the Juno main science mission. Each family is labelled

with identical colouring used in Figure 6.3.



168
Chapter 6. Identifying jovian X-ray auroral families: tying the morphology of X-ray

emission to associated magnetospheric dynamics

of the defined X-ray families used in the model were uniform. HST -STIS was used for
this model as it has a superior spatial resolution to Chandra .

We adapt the method by Nichols et al. (2009) used to measure the normalized power
of different isolated components of polar and main auroral emissions over two
HST campaigns in 2007, using the Advanced Camera for Surveys (ACS) Solar Blind
Channel (SBC) with an average resolution of ∼ 0.032 arcsec pixel−1 . Here, we apply
this algorithm to the regions described in the previous section, using the ionospheric
position and size of each region as viewed by HST -STIS with similar resolution to
ACS/SBC4 (∼ 0.025 arcsec pixel−1). Figure 6.4 shows the results of our visibility
modelling over a full jovian rotation (e.g. full CML coverage) for the highest (orange
crosses) and lowest (black crosses) sub-solar latitude during the Juno main mission for
all X-ray auroral families. The sub-solar latitude relates to how tilted Jupiter is away
from the observer, resulting in the peak for both cases being different. The location of
peak visibility in all panels is associated with the optimum CML of which the full
region is in view and is therefore related to the ionospheric position of the X-ray
family. The width of the peak gives an indication of the size of the region of interest.
As shown in Figure 6.4, the location and width of the modelled peak visibility for the
polar, noon and dusk regions (labelled with the same colours corresponding to the
regions in panel (a)) are very similar as expected as all regions span the same S3
longitude range. The main discrepancies are associated with the amplitude of the peak
with the dusk region having the fewest number of visible pixels resulting from the
region being more poleward and more difficult to view with HST -STIS (see Grodent,
2015, for more details) and therefore more sensitive to sub-solar latitude. We note
X-ray noon is also affected by sub-solar latitude to an extent but the number of visible
pixels still remain above ∼ 1.0× 104 during the more hindered viewing geometry.
Since the polar region is the accumulation of visible pixels from both X-ray noon and
dusk, the modelled visibility curve is a combination of both regions. The dawn region
spans greater longitudes and surrounds the polar emissions, following a portion of the
dawn main oval leading to the peak visibility shifting to higher CMLs. As the shape of
X-ray dawn region is longer in size (i.e. spans a greater range of longitudes) and is
more equatorward than the X-ray polar region, the peak of the visibility curve is
broader and less sensitive to the tilt of the planet. Finally, similar to X-ray dawn, the
LLE region is more equatorward than the polar emissions and therefore the visibility
is less sensitive to the tilt of the planet. The LLE region spans the smallest range of
longitudes out of the X-ray families which is reflected by the width of the visibility
curve. Although none of these results are particularly surprising, this is the first time
the visibility of the X-ray auroral emissions has been modelled in this way.

4Section 2.5 from https://www.stsci.edu/files/live/sites/www/files/home/hst/

documentation/_documents/stis/stis_ihb_cycle25.pdf

https://www.stsci.edu/files/live/sites/www/files/home/hst/documentation/_documents/stis/stis_ihb_cycle25.pdf
https://www.stsci.edu/files/live/sites/www/files/home/hst/documentation/_documents/stis/stis_ihb_cycle25.pdf
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The distribution of auroral X-ray photons within each of the auroral families for each
Chandra observation are shown as a stacked bar chart in Figure 6.5, with the ObsIDs in
order of observation start date (as shown in Table 6.1) throughout the duration of
Juno’s main mission. Each region is represented by the same colours used in panel (a)
with the example indicated by a yellow arrow. The mean number of total auroral
photons populating the X-ray families, µ, is given by a horizontal dashed line with a
value 93.45%. In other words, ∼ 93% of northern X-ray auroral emissions are likely to
be located within the described X-ray regions. Observations were the sum of the
components are < 100%, as shown in Figure 6.5, indicate that concentrated emissions
were also mapped to regions outside the X-ray auroral families. The X-ray emissions
used in the stacked bar chart, and mapped using the 2D histogram in panel a), are
from 10800 ± 1080 s (3 ± 0.3 hours) intervals, spanning a CML range of 80◦ - 250◦

including the peak visibility of all regions. As many of the X-ray observations have
different exposure times, this ensures we are removing any observation bias as the
same portion of all northern auroral emissions is observed in each of the
Chandra campaigns. As shown by the highlighted example in Figure 6.5 and four
other observations (ObsID 20001, 20002 (no HST intervals during this time), 18678 and
18679; details of the observations in Table 6.1), all the northern auroral emissions are
located within the X-ray polar region, dominated by X-ray noon photons. During
these intervals there were no dawn or LLE region photons detected despite these
regions being in view of Chandra at the time. However, many other observations have
auroral photons located in this range within the same viewing and timing restraints.
This therefore suggests that the potential drivers that cause emissions in these regions
may be “switched off”. Further evidence of this is shown by the observations that had
a higher population of LLE photons (> 10% of total photons) with no X-ray dusk
emissions (ObsID 18608, 18677, 22148, 22150 and 22151). This suggests that during
these intervals, the concentrated X-ray emissions were located equatorward of the
main oval and displaying more extreme morphological behaviour when compared to
the averaged map of northern auroral emissions in Chapter 5 (Weigt et al. (2021a):
Figure 5.4), shown by the low occurrence rate of the X-ray emissions (using the same
latitude/S3 longitude binning). The most extreme example, ObsID 22151 (8
September 2019), is a very rare case of the majority of the auroral emissions mapping
to beyond the polar region.

From Figure 6.5, it is clear we can split distinct behaviours into two categories: (1)
fully polar emissions (i.e. X-ray polar population = 100% of all auroral emissions) and
(2) low latitude emissions (i.e. LLE photon population > 10%). The observations that
exhibit intermediate behaviour between both categories may be interpreted as a
“transition interval” between the two. We do however need to compare the mapping
of these morphologies with HST and Juno data to verify such a state. The key result
we present here is that the lack of uniformity across the Figure 6.5 shows that the
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FIGURE 6.5: Stacked bar chart showing the distribution of all concentrated X-ray au-
roral emissions in each auroral family for each Chandra observation (in order of date:
Table 1) during the Chandra observation. The mean, µ, is given and indicated by the
horizontal line. Like Figure 6.3, the X-ray emissions analysed from a 10800 ± 1080
s interval, covering a CML range of 80◦ - 250◦. The example shown in Figure 6.3 is

indicated by the yellow arrow.
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viewing geometry has little influence when observing the northern concentrated X-ray
auroral emissions. This suggests that the switching on/off of potential
magnetospheric drivers likely dominate. The remainder of this section will compare
these results with concurrent HST and Juno observations to link any of the auroral
behaviours and morphologies to possible magnetospheric and/or external processes.

6.4.3 Using in situ and remote sensing diagnostics to infer magnetospheric
state

In order to understand the state of the jovian magnetosphere during the
Chandra interval and constrain the driver(s) responsible for variable X-ray aurora, we
combine predicted solar wind conditions from the 1D MHD propagation model by
Tao et al. (2005) with data from the Juno fluxgate magnetometer (Juno MAG) and the
radio antennas (Juno Waves). The purpose of the model is to infer solar wind
compressions or rarefactions (which contracts or expands the jovian magnetosphere)
to infer the state of the jovian magnetosphere, within a maximum error of ± 2 days
given the alignment of the Sun, Earth and Jupiter We also compare the predicted UV
auroral families during the interval to the Juno data to verify the auroral behaviour
and morphology. The aim here is to combine the UV and X-ray predicted
morphologies with predicted solar wind conditions as a possible proxy for
magnetospheric conditions when there is no upstream in situ data.

Figure 6.6 shows the results of the Tao et al. (2005) 1D MHD solar wind propagation
model combined with Juno MAG and Waves data, covering 4 days centred on the
Chandra observation taken on 16 June 2017 (ObsID 20001 - see Table 6.1 and Chapter 4
for more details). The Chandra (CXO) and HST intervals are highlighted in orange and
grey respectively in all panels. Panels (a) and (b) show the predicted solar wind
dynamic pressure (Pdyn) and associated Jupiter-Sun-Earth (JSE) angle respectively,
evolving over time. We only consider JSE angles < |60◦| (highlighted in cyan) to
ensure that the errors of the model are within ± 2 days. Panels (c) and (d) show the
Juno MAG data in spherical components, transformed from Cartesian coordinates (Br:
blue, Bθ : black, Bφ: red) and the total field strength (|B|) measured by the Juno MAG
data, in units of nanotesla (nT), within the Tao model errors (dashed grey vertical
lines: shown in all panels). Finally panel (e) shows the concurrent Juno Waves data
with the colour bar showing the electric spectral density of the radio emissions. The
Juno ephemeris data during this interval is displayed at the bottom, showing its
position in Jupiter’s System 3 frame. The purple lines represent Juno making inbound
(dashed: Juno moving from magnetosheath to magnetosphere plasma) and outbound
(dotted: Juno moving from magnetosphere to magnetosheath) crossings of the
magnetopause boundary as identified from Juno JADE data shown in Chapter 4
(Weigt et al., 2020).
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FIGURE 6.6: Multi-panelled plot combining the results from the Tao et al. (2005) 1D
MHD solar wind propagation model with Juno MAG and Waves, covering 4 days
centring the Chandra observation (orange area) taken on 16 June 2017 (ObsID 20001 -
see Table 6.1 for more details). Panels (a) and (b) show the predicted solar wind dy-
namic pressure (Pdyn) and associated Jupiter-Sun-Earth (JSE) angle respectively, evolv-
ing over time with the Chandra (CXO) and HST interval (grey area) shown in all panels.
The angle represented in cyan shows periods of time when the value is < |60◦|. Pan-
els (c) and (d) show the Juno MAG data in spherical components (Br: blue, Bθ : black,
Bφ: red) and the total field strength (|B|) measured by the Juno MAG data, in units
of nanotesla (nT), within the Tao model errors (dashed grey vertical lines: shown in
all panels). Panel (e) shows the concurrent Juno Waves data, measuring the electric
spectral density of the radio emissions. The Juno ephemeris data during this interval
is displayed at the bottom, showing its position in Jupiter’s System 3 frame (in radial
distance from Jupiter, RJ, and magnetic local time (MLT; hours)) and its position pro-
jected onto Jupiter’s surface (S3 longitude (LonI I I ; degrees), latitude (Lat; degrees) and
magnetic latitude found from the JRM09 field model (MLatJRM09; degrees)). The pur-
ple lines represent Juno making inbound (dashed) and outbound (dotted) crossings of
the magnetopause boundary as identified form Juno JADE data as described in Chap-
ter 4. The identified UV auroral family using the Grodent et al. (2018) definitions, as
shown in Table 6.1, are at the top of panel (a). DG18 = Grodent et al. (2018) prediction;

MP22 = Moral-Pombo et al. (2022, in prep.) prediction [herein reffered to as MP22].

The magnetopause crossings correspond to a compressed magnetosphere during the
Chandra interval, as found from the Joy et al. (2002) model inferring a Pdyn of
0.391 nPa. Figure 6.6 shows that Tao model predicted a series of shocks to the jovian
magnetosphere within model error, during a relatively reasonable alignment. The
magnetopause crossings are confirmed in the Juno data (as shown in panels (c) - (e))
with a sharp change in the total magnetic field strength and its spherical components.
The character of the magnetic field also changes during a crossing as it is noisier in the
magnetosheath than in the magnetosphere. To infer the magnetopause boundary
crossings, one can look at the Waves data, and in particular the
appearance/disappearance of the non-thermal trapped continuum emissions (as done
by Hospodarsky et al. (2017)). These emissions, observed between ∼ 10 Hz - 10 kHz,
located in the jovian magnetospheric cavity where the emission frequency exceeds
that of the surrounding plasma frequency (Equation 1.4) (e.g., Gurnett and Scarf,
1983). When in the magnetosheath, the trapped continuum emissions are blocked by
the denser sheath plasma due to refraction effects of the emission frequency at the
magnetopause boundary. These emissions appear again when Juno enters the more
rarefied magnetospheric plasma. These transitions in electric spectral density also
align with the identified Juno crossings. Finally, during the series of compressions
Grodent et al. (2018) found that the UV auroral emissions exhibited features associated
with the X-family, suggesting that the magnetosphere was being affected by an
interplanetary compression region. When comparing these results to Figure 6.5, the
X-ray auroral emissions were found to be fully polar, dominated by X-ray noon. This
may therefore suggest that the auroral emissions remain poleward and more
concentrated during intervals of compressions. This example was used as a “proof of
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concept” as the location of Juno , near its apojove position at the magnetopause
boundary, allows identifying the magnetospheric response to changing solar wind
conditions in the in situ data is clearest during its orbit. Further analysis of the
Juno Waves data will allow us to identify if there was a global magnetospheric
response to the compressions (e.g. the activation of radio sources, Louarn et al. (1998)).

Figure 6.7 shows an example when Juno is near perijove during the Chandra interval
(ObsID 18678: 1 April 2018), making it difficult to infer the state of the magnetosphere
due to the very strong field as you approach Jupiter (panels (c) and (d)). From this
position we have limited ability from the in situ measurements to infer the upstream
conditions (unlike at apojove when magnetopause boundary crossings can give us
snapshots of magnetospheric size and inferred upstream dynamic pressure). The Tao
model suggests that there is, again, a series of solar wind compressions during the
Juno perijove interval. Moral-Pombo et al. (2022, in prep.) [herein referred to as MP22
- see Table 6.1] found the UV auroral morphology was associated with the X-family,
agreeing with the predicted results. As shown in panel (e), the spectrogram is
dominated by high frequency periodic emissions (up to ∼ 10 kHz as bursts of high
electric spectral density), making it difficult to disentangle sources associated with
state of the jovian magnetosphere and verify the model results. We do however
highlight a region of potential activity, as the dotted black box in Figure 6.7, in the
magnetic field associated with a possible dipolarization of the field when Juno is
crossing the plasmasheet. A dipolarization occurs when the magnetic field line which
Juno travels across changes from a stretched to a more dipolar configuration after a tail
reconnection event, producing an anomalous feature in the Bφ component. The
plasmasheet crossing is shown by the sharp transition in electric spectral density,
where the denser plasmasheet blocks the periodic emissions via refraction effects
(similar to before). Such dipolarizations of the field have been found to be associated
with injection events found from HST UV observations (e.g., Yao et al., 2020). When
comparing Figure 6.7 to Figure 6.5, the auroral emissions found in ObsID 18678
exhibited a more transitional morphology, with the majority of emissions located in
the X-ray polar region with a small portion of the emissions located in the LLE region.
This suggests that the Chandra data may identify a possible injection event which may
precede or follow a compression event, which has already been observed in the UV
auroral emissions (Grodent et al., 2018). As this is a preliminary result, more analysis
is required to verify the magnetometer data being associated with particle injections.
If this is found to be true, this would be the first instance of particle injections being
observed and mapped in the X-ray auroral emissions.
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FIGURE 6.7: Multi-panelled plot for ObsID 18678 (1 April 2018) in identical format to
Figure 6.6. The interval of the Juno perijove is shown by the black dashed line. Dotted
black box highlights interval of potential dipolarization of the magnetic field (mainly
in Bφ ) associated with injection events in the UV aurora. The Grodent et al. (2018) UV

family identified by MP22 is shown at the top of panel a).
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6.5 Discussions and Future Work

The preliminary results presented in this section show some evidence that using the
families defined from the UV and X-ray emissions may be a good indicator of
magnetospheric conditions. This will be particularly useful when analysing auroral
observations during the portion of Juno’s orbit which situates the spacecraft in the
plasmasheet, making it difficult to observe magnetospheric features associated with
compression regions in the interplanetary medium. We do however present a case
study here (ObsID 18678) during a possible injection interval (as shown by the change
of behaviour in the Bφ component of the magnetic field) which may be related to a
compression event predicted from the Tao model. The Juno data here require more
analysis to verify activity in the middle magnetosphere during this time although it is
clear that the UV-X-ray families show some evidence of moderate injections with the
small LLE region population in the X-ray aurora and the relationship between the X
and i UV families. As found from previous HST campaigns, particle injections events
related to the dipolarization of the field can be accompanied by bright dawn storm
emissions (Yao et al., 2020). We do note that, although no X-ray auroral emissions
appeared in the X-ray dawn in this example, there are many observations which had
concentrated emissions in both the X-ray dawn and LLE regions, with predicted X or i
UV auroral families as shown in Table 6.1 and Figure 6.5 (e.g. ObsID 22159, 22149,
22150 and 22151). Further analysis will look into these observations in more detail to
verify: (1) if a dawn storm was present during these times looking at the HST images
in more detail and (2) if we can identify any signatures of injection events from the
HST and Juno data. This would be beneficial to the ongoing effort to analyse the hard
X-rays (HXRs) in the jovian aurora in more detail (e.g., Mori et al., 2022). We do note
that some UV dawn storms do not fully develop into a bright auroral feature and that
magnetospheric injections do not necessarily have an auroral counterpart.

As mentioned in Section 2.4, Wibisono et al. (2021) observed that the intensity of the
hard X-ray emissions (up to 10 keV), often located along the main oval, increased in
the presence of a dawn storm while the more poleward soft X-rays (SXRs: see
Chapter 5) were unaffected. This showed that there is a direct X-ray-UV connection
during bright dawn storms. However due to the poorer spatial resolution of
XMM-Newton, the emissions were unable to be mapped. The technique outlined here
will therefore make it possible to identify locations of auroral X-ray emissions
potentially linked to dawn storms (i.e. concentrated photons in the X-ray dawn
region), allowing us to see how they evolve over time and if they are correlated with
those found from UV data from HST and Juno . Similar to the UV families, this will
allow us to separate and examine the magnetospheric drivers responsible for the
X-ray aurora.
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As well as providing motivation to investigate injection events in more detail, the
results presented in this study show that the auroral morphology may provide a
useful proxy of solar wind conditions during a possible compression event. From the
five observations that exhibit fully polar emissions, three (ObsID 18301, 20001, 18680)
coincided with a predicted solar wind compression and/or produced UV auroral
emissions associated with the X-family or the linked i-family (as presented in Table 6.1
and in Figure 6.6). ObsID 20002 (6 August 2017) does not appear in Table 6.1 as there
was no HST observation ± 1 day from the Chandra window however initial analysis of
magnetopause crossings made by Juno suggest that the magnetosphere was
compressed during this time, as found by the Joy et al. (2002) model. During these
observations, the X-ray noon population dominates suggesting that the likely driver
from these emissions lies on the noon magnetopause boundary, as examined in
Chapter 5. In the context of magnetospheric dynamics, magnetic reconnection would
occur more frequently on the noon magnetosphere during periods of high Pdyn solar
wind either at high latitudes in the cusps (e.g., Bunce et al., 2004) or at multiple
smaller sites with more drizzle-like reconnection (e.g., Guo et al., 2018). Three of these
intervals (ObsID 20001, 20002, 18678) were also found to exhibit very significant
quasi-period oscillations (QPOs) between 2- and 4- minutes within the AHSNuc
region (e.g. in the centre of X-ray noon), further suggesting that there was potentially
a dominant noon driver. Again, more analysis to verify these assumptions is needed
but it is clear this study sets the foundations for more in depth exploration of the noon
drivers associated with the X-ray auroral emissions which clearly play a somewhat
significant role in the production of the emissions.

The other outlying observation, ObsID 18679 (23 May 2018), had concentrated
northern auroral emissions with maximum intensity ∼ 50% dimmer than the average
found in Chapter 5. As shown in Appendix A.2, the X-rays observed were found to be
the weakest throughout Chandra HRC’s 20-year campaign. The UV auroral families
associated with this observation found quiet and unsettled conditions (Q- and U-
family) which are indicative of a more quiet and relatively unperturbed
magnetosphere. Therefore through a combination of interpretation of the UV-X-ray
auroral families, the fully polar aurora may either suggest intervals of a more
compressed magnetosphere when HST identifies an X-family or intervals when the
X-ray auroral emissions are fairly weak due to quiet magnetospheric conditions. The
latter point is more difficult to verify as there are instances found in this research when
the magnetosphere is quiet yet the X-ray auroral morphology is not fully polar. Such
observations exhibit intermediate behaviour between fully polar and low latitude
emissions, or a “transition interval”, in their X-ray auroral morphology (e.g. LLE
distribution is present at < 10% with emissions still within X-ray noon), such as
ObsID 18609 (1 June 2016) when Juno was on approach to Jupiter. It is clear that for
such cases further analysis of the Juno remote sensing data, such as the Waves
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instrument, and other datasets to determine whether the Chandra intervals occurred
after a solar wind compression and during a period of relaxation (e.g. to account for
the idea of the auroral emissions starting to ”shift” more equatorward) is required.

From the results presented in Sections 6.4.1 and 6.4.2, our key results suggest that
there are likely numerous drivers, not necessarily the same, responsible for the
concentrated X-ray auroral emissions. With the modelled visibility of the regions, the
lack of emissions we observe in a given region is more likely associated with the
switching on/off of drivers as opposed to visibility. Each region was still visible
throughout the Juno era during the greatest planetary tilt, when viewed from Earth,
with the distribution of auroral photons changing throughout X-ray dusk is expected
to be affected the most by the changing sub-solar latitude. However as shown by our
use of constraining the CML and exposure time of each observation, the region is still
visible throughout, emphasising our argument for the dominant effect being the
switching on/off of potential drivers.

Future studies may define X-ray auroral families for the more diffuse southern auroral
region. Comparisons between both poles will allow the conjugacy of the driver to be
evaluated in greater detail and aid the ongoing effort to understand the clear
North-South asymmetry present across many wavelengths. As mentioned in
Section 2.4, a very recent study by Mori et al. (2022) found the first significant
detection of HXRs in the 3 - 20 keV range, produced from non-thermal
bremsstrahlung. They found that the hard, non-thermal bremsstrahlung X-rays were
∼ twice as bright in the southern auroral region than the North, consistent with more
persistent and stronger electron currents in the South found by recent
Juno observations (Kotsiaros et al., 2019). A future study categorising the southern
X-ray emissions by comparing the brightest UV emissions with the observed
non-thermal bremsstrahlung, and comparing to the northern auroral emissions,
would be key to understand the observed non-conjugate behaviour. Previous studies
have also found that the very intense UV emissions should also be a site for electron
bremsstrahlung at the gas giant planets (e.g. Ness and Schmitt, 2000; Ness et al.,
2004b). This will help understand why the observations suggest there is a preference
for ion X-ray aurora dominating in the North and electron X-ray aurora in the South.
With Juno’s extended mission providing wider coverage of the South pole and the
southern regions of the jovian magnetosphere, we will have more data to look at the
electron precipitation in greater detail.

Another possible avenue for this research may be to overlay the internal field contours
from JRM09 (Connerney et al., 2022, or the more recent JRM33 field model, which
maps the internal field of the planet using data covering Juno’s 33 orbits during its
main science mission, ) to find a possible relationship between magnetic field strength
and topology with the distributions we find here. This is beyond the scope of this
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thesis but it is clear the studies aiming to categorise and simplify very complex
behaviour, such as this one and the UV case by Grodent et al. (2018), allows such
further analysis to be carried out and is essential for the progression of the field.
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Chapter 7

Searching for Saturn’s X-rays during
a rare Magnetotail Crossing using
Chandra

”If I have seen further than others, it is by standing upon the shoulders of
giants”
- Issac Newton

Inspired by the title of my successful Chandra DDT proposal to observe Saturn: On
the Shoulders of Gas Giants. Recommend this excerpt from On the Shoulders of Giants
by Peter Graham if you want to feel powerful while reading this chapter:
https://www.youtube.com/watch?v=zOlF8j0OOws

7.1 Abstract

The orbit of Saturn is such that the planet passes through the jovian ‘flapping’
magnetotail every 19 years. In this research, we report the first ever Chandra X-ray
observations of the kronian emissions planned to coincide with this rare planetary
alignment. These observations were carried out to analyse Saturn’s magnetospheric
response as it transitions to this unique and poorly understood parameter space. Here,
we analyse our three Director’s Discretionary Time (DDT) observations looking at
Saturn’s X-ray response using Chandra’s High Resolution Camera (HRC-I). Our DDT
observations were planned for 19, 21 and 23 November 2020 with the aim to find
potential kronian auroral and/or disk emissions. The conditions of the kronian
magnetosphere are inferred from looking at contemporaneous soft X-ray solar flux
data, with the Chandra intervals, from the Geostationary Operational Environmental

https://www.youtube.com/watch?v=zOlF8j0OOws


182
Chapter 7. Searching for Saturn’s X-rays during a rare Magnetotail Crossing using

Chandra

Satellite (GOES) and ultraviolet (UV) auroral emissions observed from the Hubble Space
Telescope (HST). We note that the large Saturn-Sun-Earth angle during these intervals
would imply that most flares observed from the Earth-facing side of the Sun would
not have impacted Saturn, similarly to the logic applied regarding the solar wind
propagation model in Chapter 6. We report here no significant detection of Saturn’s
disk or auroral emissions throughout the Chandra DDT campaign. We calculate the
3σ upper band energy flux of Saturn, as observed from Chandra, during this time to
be 0.9 - 3.04 × 10−14 erg cm−2 s−1 (where 1 erg cm−2 s−1 = 1× 10−3 W m−2). Our
value is in agreement with fluxes found in previous literature from modelled spectra
of the kronian disk emissions. We conclude this chapter by discussing the implications
of the non-detection of Saturn during this rare planetary alignment and how it is
imperative that the next generation of X-ray telescope, like Athena and the Lynx
mission concept, continue to observe Saturn with their more updated instrumentation
with greater spatial and spectral resolution coupled with very enhanced sensitivity to
help us finally solve the mysteries behind Saturn’s apparently elusive X-ray aurora.

7.2 Introduction

As discussed in Chapter 2, the magnetospheres of Jupiter and Saturn are considered to
be the two largest coherent structures in our Solar System with most of the plasma
supplied by their moons with their size determined from a variable interaction with
the upstream solar wind (e.g., Blanc et al., 2015; Bolton et al., 2015). The magnetotail of
Jupiter is so vast that it extends beyond Saturn’s orbit at an average distance of 9.5 au
(Kurth et al., 1982; Lepping et al., 1982), and contains a wide variety of plasma
populations with different structures and velocities (McComas et al., 2007). Lepping
et al. (1983) calculated that Jupiter’s magnetotail appears to “flap” over an
approximate 2-3 day cadence. They stated that the structure and movement of the
jovian magnetotail are both determined from the variable solar wind dynamic
pressure surrounding the jovian system. Measurements from both Voyager missions
found that the tail consisted of more rarefied plasma with a density of ∼ 10−3 - 10−5

cm−3 (Gurnett et al., 1979; Lepping et al., 1983; Kurth et al., 1982). This is several
orders of magnitude smaller than the denser plasma observed from typical solar wind
conditions sampled close to the Saturn system (∼0.01 - 0.5 cm−3; Lepping et al.
(1983)). As a result of their analysis the shape of the tail is predicted to resemble a
“sausage string”. This tail geometry is produced from solar wind with higher
dynamic pressure generating the narrower structures of the tail, or the ’link’ between
sausages, and weaker pressure for the expanded regions, the sausage shape itself. This
is similar to the logic applied to the solar wind creating the bimodal size of the jovian
magnetosphere as examined in Section 2.1.
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Every ∼ 19-20 years, the alignment of the gas giant planets is such that Saturn is
located in Jupiter’s wake. This leads to Saturn’s magnetosphere being alternately
immersed in the solar wind and the more rarefied plasma located deep within the
jovian tail. Due to the vast size of the jovian system, the phenomenon of
“overlapping” or intertwined planetary magnetospheres in the solar system is unique
to the gas giants. The last observation of this planetary alignment we planned our
observations around here was recorded by the Voyager 2 flyby of Saturn in 1981.
During this time, the evidence for Saturn’s immersion in the jovian tail was measured
from the radio data, with almost complete dropouts of the Saturn Kilometric Radiation
(SKR) observed (Desch, 1983). SKR emissions are detected within a frequency range of
a few kHz to 1200 kHz on the dawn-noon sector of Saturn’s auroral zone (or auroral
region) (Lamy et al., 2009) and, like other planetary radio emissions (e.g. auroral
kilometric radiation at Earth and the jovian radio emissions briefly examined in
Chapter 6), are likely generated from accelerated beams of electrons in the auroral
emissions via the cyclotron maser instability (CMI) (Zarka, 1998). The CMI is an
instability related to the interactions between waves and particles for which resonance
is reached when the Doppler-shifted angular frequency of the wave in the electron
frame is equivalent to the relativistic gyro-frequency of the electrons in resonance (e.g.,
Treumann, 2006). For this CMI to occur in the magnetosphere, accelerated electrons
need to present and the plasma needs to be low density. Further studies analysing the
SKR (e.g., Reed et al., 2018) identified that these emissions can be used as a remote
diagnostic tool to infer and predict the magnetospheric conditions at Saturn. This was
due to the timescale of many previously observed SKR events that were observed to
correlate with those associated with possible auroral drivers such as changing solar
wind conditions (i.e. the dynamic pressure or) magnetotail reconnection. Desch (1983)
observed during the Voyager 2 flyby that the SKR emissions returned to a nominal
level of intensity when Saturn transitioned back into the wake of the solar wind.
Therefore they concluded that these dropouts were a signature of intervals when
Saturn was immersed in the jovian magnetotail. These intervals were then used as a
useful tracer for the apparent flapping motion of Jupiter’s vast magnetotail. During
these observations however, there were no campaigns designed to monitor Saturn’s
auroral emissions in both ultraviolet (UV) or X-ray wavelengths. Therefore the global
kronian magnetospheric response to rare external conditions was not fully captured.

As examined extensively in Chapter 2, the magnetospheric responses of the gas giants
to external (e.g. the solar wind) and various internal drivers (e.g., rapid rotation of the
planet, moon-planet interactions; Bagenal, 1992) have been studied extensively using
auroral measurements in the UV (e.g., Nichols et al., 2010, 2016), infrared (IR; e.g.,
Badman et al., 2011; Stallard et al., 2008b,a) and radio (e.g. Kurth et al. (2005), Lamy
et al. (2009)) wavelengths. The magnetospheric processes at the gas giants are found
to be highly dynamic and complex in all wavebands, generated very varied auroral



184
Chapter 7. Searching for Saturn’s X-rays during a rare Magnetotail Crossing using

Chandra

responses (see detailed reviews by Bhardwaj and Gladstone (2000) and Badman et al.
(2015) for an overview of each of these processes).

As discussed in Section 2.4, the drivers of the X-ray auroral emissions at the gas giants
are the most mysterious when compared to other auroral emissions at different
wavelengths. Auroral X-ray emissions have been postulated to be present within the
kronian auroral region since the very first observation of its magnetosphere, by the
Voyager spacecraft (Opp, 1980; Sandel et al., 1982), and the detection of its powerful
high latitude UV auroral emissions (Broadfoot et al., 1981). Similar to Jupiter, the
location and observed spectrum of the UV auroral emissions implied that they were
driven by precipitating electrons (energies ∼ 10s keV; Carbary and Krimigis, 1983)
and that X-ray bremsstrahlung emissions would occur alongside the most powerful
UV emissions. The first X-ray campaign of Saturn to detect any X-ray emissions from
the planet was conducted by the Einstein Observatory on 17 December 1979 (Gilman
et al., 1986). This observation was prompted by the discovery of X-ray auroral
emissions at Jupiter’s poles (Metzger et al., 1983). The ∼ 11ks observation of Saturn
observed no significant X-ray emissions. Gilman et al. (1986) therefore concluded that
electron bremsstrahlung processes were likely to be the main driver responsible for
auroral X-ray production in the kronian system. They calculated a predicted 3σ upper
limit for the kronian X-ray flux at Earth, using these assumptions, to be
1.7 × 10−13 erg cm−2 s−1. This value was compared with the expected energy flux
detected at Earth from a non-relativistic thick target bremsstrahlung model based on
previous UV observations (Sandel et al., 1982) of 8 × 10−16 erg cm−2 s−1. The model
assumes that the thick-target bremsstrahlung is observed at higher latitudes. The first
significant detection of kronian X-ray emissions was observed by ROSAT on 30 April
1991. This observation was part of a campaign to detect X-ray emissions at both the
gas and ice giants (Uranus and Neptune) (Ness and Schmitt, 2000). Ness and Schmitt
(2000) calculated that the upper limits of the jovian X-ray luminosity surpassed what
was observed from the other 3 planets. These remaining planets were calculated to
have a very similar X-ray power. ROSAT observed the X-ray flux of Saturn to be ∼
one order of magnitude more intense than the modelled X-ray bremsstrahlung flux
from Gilman et al. (1986). They postulated that the observed flux increase may be
associated with a higher electron flux background detected than previous
observations or a possible indicator of multiple X-ray mechanisms at Saturn,
including potential X-ray bremsstrahlung processes.

With a new generation of telescopes, subsequent X-ray campaigns with XMM-Newton
on 10 September 2002 (Ness et al., 2004a) and Chandra on 14 April 2003 (Ness et al.,
2004b) discovered X-ray emissions from the kronian disk via elastic scattering of solar
X-rays from upper atmosphere, similar to that observed from Jupiter. Further Chandra
campaigns taken during January 2004, which was observed to coincide with an
M6-class solar flare, discovered that the disk X-ray flux was correlated with solar
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activity. The disk X-ray flux was observed to increase by ∼ 5 times when the flare
arrived at Saturn (Bhardwaj et al., 2005c). They stated that scattering mechanisms
responsible for the kronian X-ray disk emissions would require the disk to have a high
X-ray albedo (Ness et al., 2004b). Bhardwaj et al. (2005b) discovered that an atomic
oxygen Kα fluorescence line (as explained in Section 2.3) dominated the X-ray
spectrum of Saturn’s rings at 0.53 keV. This provided evidence for another X-ray
mechanism on Saturn. Branduardi-Raymont et al. (2010) re-analysed previous X-ray
campaigns as well as two observations from a 2005 XMM-Newton campaign and
discovered that Saturn’s disk emissions correlated with solar activity (e.g. followed
the 11-year solar cycle). These results verified what was found in previous literature
and discovered the oxygen fluorescence line dominating the ring region spectrum
varied differently from the X-ray disk emissions. A Chandra ACIS campaign planned
to coincide with the predicted arrival of a potential solar wind shock in April-May
2011 (Branduardi-Raymont et al., 2013). Contemporaneous in situ Cassini data during
the planned Chandra intervals verified the arrival and impact of a solar wind shock at
Saturn, as predicted from solar wind propagation models. Branduardi-Raymont et al.
(2013) observed X-ray emissions associated with scattering of solar X-rays in the
upper atmosphere, as resolved using the energy spectrum of ACIS, during an episodic
flaring of solar X-rays. They observed no significant X-ray auroral emissions on
Saturn, similar to previous attempts. They therefore concluded that in order for a
significant auroral signal to be produced from the X-ray emissions, more powerful
solar wind shocks may be required to accelerate the particles (electrons or ions) to the
required energies to produce a signal above Chandra’s the detector background and
therefore threshold of detectability.

As examined in Section 2.4, if there is a kronian equivalent to a mechanism producing
X-ray bremsstrahlung similar to Jupiter, we would expect to observe X-ray photons
with energies > 2 keV (e.g. jovian hard X-rays). Branduardi-Raymont et al. (2008)
observed these emissions to sometimes coincide with the UV main auroral oval and
suggested a link between the precipitating electrons responsible for the UV and hard
X-ray emissions. The dominant X-rays in the jovian spectra, and discussed at great
length throughout this research, are the soft X-ray emissions. The emissions are
located poleward of the UV main oval and are produced via charge exchange and
transfer processes between ions and neutrals in the atmosphere. There may be a
kronian equivalent with ions from the torus produced by Enceladus, Saturn’s
dominant internal plasma source. However there has been so substantial evidence of a
jovian-like mechanism for X-ray production occurring at Saturn. Although as
speculated by previous studies, these emissions and the X-ray bremsstrahlung
component may be too dim to be observed with current X-ray telescope capabilities
(Hui et al., 2010a).
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In this research, we report the first Chandra Director’s Discretionary Time (DDT)
specifically designed to observe a planet’s magnetospheric response during a rare
planetary alignment. As mentioned before, this is only possible to observe when
Saturn is inside the jovian magnetotail. Here we analyse data from Chandra’s High
Resolution Camera (HRC-I), assuming that the kronian magnetosphere will
experience far more powerful fluctuations than typical solar wind shocks as Saturn
transitions from a very low-density plasma in Jupiter’s tail to the denser solar wind.
The Voyager 2 data also observed very low dynamic pressures of ∼ 10−4 nPa (Lepping
et al., 1983) when Saturn was immersed in the tail. This is significantly lower than the
more typical observed range of ∼ 0.01 - 0.1 nPa (e.g. Jackman and Arridge (2011))
produced from the solar wind. We predict that these intervals of very low dynamic
pressure when Saturn is in the jovian magnetotail, will cause the kronian
magnetosphere to expand larger to what has been typically observed. The X-ray
analysis in this study will allow us to see how this extreme external environment will
affect the kronian magnetosphere as we expect the shocks between the solar wind and
more rarefied tail will be far more powerful than what we typically observe at Saturn.
We compare our X-ray observations with data from Geostationary Operational
Environmental Satellite (GOES) (Lemen et al., 2004) to monitor the solar activity and
find any potential solar flares that may impact Saturn. The uncertainty of a flare
impacting the Saturn is dependent on the Saturn-Sun-Earth angle.

7.3 Observations and Data Analysis

7.3.1 Chandra DDT observations

In this research we analyse three ∼ 10 ks Chandra HRC-I DDT observations of Saturn
(ObsID 24845, 24846 and 24847). This campaign was planned to take place during
mid-November 2020. The sub-solar latitude at Saturn was ∼ 20◦, allowing Chandra to
observe the North pole and the rings which were obscuring the South pole. With this
tilt, the North pole is more exposed to the solar wind environment. Table 7.1 displays
the start date, duration, apparent diameter of Saturn, heliocentric and Chandra-Saturn
distance are for each of the three observations in our DDT campaign. The observations
were planned to be conducted in ∼ 2-day cadence to account for the motion of
Jupiter’s magnetotail as predicted by (Lepping et al., 1983). Saturn should therefore
also be immersed in the jovian magnetotail every 2-3 days. All the observations in this
study were corrected for the movement of Saturn across the chip, as discussed in
Chapter 3.1. In order to determine what plasma environment Saturn is located in
(magnetotail or solar wind), we look at the auroral dynamics in UV images observed
by Hubble Space Telescope (HST) during a simultaneous campaign to analyse the UV
auroral behaviour is this unique parameter space [P.I. J. Nichols]. As the HST
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observations are still undergoing analysis to determine the location of Saturn, we do
not present them here.

As discussed in Chapter 3.1, the contaminant build-up on ACIS now severly inhibits
the detection of X-rays below 1 keV. Like the jovian X-ray spectrum, we expect the
peak X-ray photon energy to also be located here. Therefore, similar to the Jupiter
observations examined in detial in Chapters 4 - 6, our Saturn observations were
conducted with the Chandra HRC-I with no energy resolution. Therefore it is difficult
to differentiate between the various processes potentially responsible for X-ray
production at Saturn. Our main focus of this campaign was to utilise the high spatial
resolution of HRC-I to separate observed kronian auroral and disk X-ray, similar to
Jupiter. As described in Chapter 3.1, we can use the Weigt (2021) pipeline to
potentially map the time-tagged photons observed from Saturn.

7.3.2 Simultaneous GOES data

Here we use data from GOES 16 satellite [herein referred to as GOES] to find the
correlation between solar activity and kronian X-ray disk during thr
Chandra windows, as observed by Bhardwaj et al. (2005c) and Branduardi-Raymont
et al. (2010). Details of how we use the X-ray monitor on GOES to track solar flux are
given in Chapter 3.3.

When using the GOES data, we account for light travel time from Sun-Earth and
Sun-Saturn-Earth. This ensures we have the correct observation time for when the
solar flare was first detected by GOES and then travelled to Saturn respectively (i.e. as
viewed by the Earth-based remote sensing instruments like Chandra and HST). We
corrected the light curves in this way for each of the Chandra DDT observations. The
Saturn-Sun-Earth angle is also considered during each observation to find the
likelihood of impact at Saturn and the direction of any flares found by GOES. When
the angle is large (e.g. large deviation from perfect alignment of Saturn, Sun and Earth
at 0◦), the uncertainty of a solar flare detected from any spacecraft on or near the
Earth-facing side of the Sun travelling to Saturn will also be large.

7.4 Results

7.4.1 Low X-ray count analysis

Based on previous observations of Saturn, we expect a low-count regime when
analysis our data. Here we adopt the algorithm used by Dunn et al. (2021) to find the
first significant detection of X-rays from Uranus. We first divide the full detector into a
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grid of cells, or boxes, the size of the Saturn’s apparent diameter (i.e. Saturn’s disk)
during the observation. This helps us calculate the significance of our Saturn photon
counts within the red circle region, overplotted onto the gird, shown in Figure 7.1,
with diameter ∼ 16′′(e.g. the largest angular diameter of Saturn during the DDT
campaign). The position of the Saturn region is determined from its RA and DEC from
ephemeris data1. With these parameters, we create the Saturn region using
SAOImageDS9 (Joye and Mandel, 2003) for the example shown in Figure 7.1, ObsID
24847. This is example is used as the greatest number of photon counts (blue dots)
were detected during this interval. The number of photon counts within the Saturn
region, as shown in the inset, are then compared to the counts on the remainder of the
chip, which forms our background during the observation. We note that Figure 7.1
shows a small portion of the chip, to allow the position of Saturn to be visualised in
more detail. The centre or aim-point of the detector is situated in the middle of the
image. The aim-point is surrounded by a navy-dashed 16′′× 12′′ box associated with
an errors due to possible drifts of the effective aim-point centre. We note here the error
in the pointing will have a very little effect on our observations as the Saturn region is
close to the centre, well within the errors. The point spread function (PSF) of HRC is
shown by a black-dashed circle to represent the spatial resolution we use for our
analysis against the size of Saturn’s disk .

Saturn was undetectable throughout our November campaign due to the kronian
emissions being indistinguishable from the particle background. Using the low count
algorithm, each observation showed no significant detection above the background of
the detector (e.g. signal observed was < 3σ detection from the background counts,
where σ is the standard deviation). This was the case for both kronian auroral and
disk X-rays. The resulting distributions of our analysis for all photons counts across
the chip within each Saturn-sized box relative to the counts detected within our
Saturn region for our full campaign are shown in Figure 7.2a), (c) and (e). Here we
note that each DDT observation had a similar distribution of photons across the chip,
with the number of observed Saturn counts situated at or near peak of the distribution
(CS: as shown by the black-dashed line). This shows that for each of our observations
the signal-to-noise ratio (SNR) was too low and therefore results in Saturn being
indistinguishable from the photon background. As presented in Table 7.2 and our
distributions of the photon counts, the mean background or Field of View (FoV µ)
across the entire HRC-I chip were comparable to counts we detect within our defined
Saturn region. The total number of Saturn-sized boxes or cells defined across the chip,
NBox, the FoV µ, the percentage of NBox that had a photon count number smaller than
CS and the number of standard deviations CS is from the FoV µ are all labelled in the
top three panels of Figure 7.2. We note that the calculated background count for each

1https://ssd.jpl.nasa.gov/horizons/app.html#/

https://ssd.jpl.nasa.gov/horizons/app.html#/
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FIGURE 7.1: Positions of all detected X-ray photons (blue dots) from ObsID 24847 on
a fraction the HRC-I chip closest to the centre. The navy-dashed box (of size 16′′×
12′′) indicates the error associated with the effective aim-point centre of the detector,
assumed to be at the centre of this image. The black-dashed circle depicts the size
of the PSF. We split the chip into a grid with each cell (or box) the same width as
Saturn’s disk during each observation, using the angular diameter of the planet from
ephemeris data. We apply this for the full chip beyond the region shown here. Saturn
is located to be near the centre of the chip, as shown by the red circle, after its position
is corrected. We then count the number of photons in each box across the chip and
then compare with those located within the Saturn region to find the significance of
the X-ray detection of the disk. The inset in the bottom right corner shows a zoomed
image of the Saturn region in more detail. The positions of the photons on the chip
grid are in planetocentric (i.e. Saturn centered) coordinates. The identical algorithm
and grid was used for all 3 observations. Figure taken from Figure 1 in Weigt et al.

(2021b).
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FIGURE 7.2: Resulting histograms of our analysis showing the distribution of counts
within each Saturn-disk sized grid box (Figure 7.1) relative to the counts observed in
the Saturn region for (a) ObsID 24845, (c) 24846 and (e) 24847. The corresponding
histograms showing the distribution of photon counts over the observation interval
within the Saturn region (transparent distribution, with y-axis on the right) and the
whole distribution across the entire chip (green) are shown in panels (b), (d) and (f)
for all DDT observations respectively. The black-dashed line in the overlaid on full
chip distribution of photon counts signify the number of counts detected within the
Saturn region, CS. Key values and statistics of the distributions are labelled in panel
a) including: the total number of Saturn-disk sized boxes the generate the grid across
the entire chip (NBox); the Field of View mean across the chip (FoV µ) or background
counts; the percentage of NBox that had a count number smaller than CS and the num-
ber of standard deviations (σ) CS was from the FoV µ. Figure taken from Figure 2 in

Weigt et al. (2021b).

observation agrees with the expected instrumental background during this time2. We
present the total number of Saturn photon counts and the calculated net counts, using
CS − FoV µ, for observations in our campaign in Table 7.2. In this research we assume
that the statistics used in our analysis are Poissonian since we are in a low count
regime and account for the low SNR of the kronian X-rays we observe. From this we
calculate the resulting error on the net counts found from ObsID 24847 to be 13.71 cts.
As mentioned previously, this observation had the highest number of Saturn counts
detected during the campaign. We apply identical assumptions to the remaining DDT
observations with the results also displayed in Table 7.2.

To identify any possible time variability associated with the light curve at Saturn’s
position, we look at the time series in the Saturn region and compare to that found for
the full distribution across the chip. Previous analysis of similar light curves
associated with the full jovian X-ray spectrum show possible correlation between disk

2Full details can be found: https://cxc.cfa.harvard.edu/proposer/POG/html/HRC.html#tth_

sEc7.10.3. Typical background rate of event files after processing ∼ 3× 10−5 counts s−1 arsec−2. Area
of each Saturn cell is 256 arcsec2 with each observation lasting 10 ks (or 1× 104 s). We therefore expect a
background of 3× 10−5 × 1× 104 × 256 ∼ 90 background photons per observation, consistent with our
analysis.

https://cxc.cfa.harvard.edu/proposer/POG/html/HRC.html#tth_sEc7.10.3
https://cxc.cfa.harvard.edu/proposer/POG/html/HRC.html#tth_sEc7.10.3
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X-rays and solar X-ray activity (e.g., Bhardwaj et al., 2005a; Dunn et al., 2020a); auroral
X-rays which dominate the spectrum which are usually concentrated into distinct hot
spots in the north and south (e.g., Chapters 4 and 5, Gladstone et al., 2002; Dunn et al.,
2017) as well as infrequent significant quasi-periodic flaring of the auroral regions
(e.g., Chapter 5, Jackman et al., 2018). For our Saturn campaign, our analysis shows
that the light curve across the full HRC chip is approximately flat for all three
observations with the portion associated with Saturn’s position again not significant
above the detector background (e.g., more evidence of low SNR).

As our analysis lies within in a low count regime with using data with low SNR, we
calculate the predicted 3σ upper limit of the kronian disk emissions for all
observations during our campaign. Since this is the first X-ray auroral campaign of its
kind linked to the unique planetary alignment of Jupiter and Saturn which occurs
every ∼ 19 years, this is our first opportunity to predict X-ray powers for this unique
scenario and compare them with measurements from previous studies in a more
typical parameter space. We calculate the true mean for the predicted upper limit
using the average value determined from the parameter associated with the range of
net counts. This was applied to all observations in our campaign. Our energy flux
calculation assumes a photon energy of ∼ 0.5 keV as computed by
Branduardi-Raymont et al. (2010) as a robust average for the flux associated with
Saturn’s disk emissions. We make this assumption to account for the absence of
energy resolution on HRC-I. A similar approach has been applied in previous studies
focusing on the jovian emissions (e.g., Chapters 4 and 5, Gladstone et al., 2002; Dunn
et al., 2017). We calculate an upper limit for Saturn’s disk power by multiplying the
fluxes by 4π d2, where d is the average Chandra -Saturn distance (see Table 7.1). The 3σ

upper limit of Saturn’s disk power of our best observation during the campaign,
ObsID 24847, is 0.95 GW, with an associated energy flux upper limit of
3.04 × 10−14 erg cm−2 s−1. In this calculation we assume that the net counts observed
are from Saturn if it is emitting isotropic X-ray emissions (from either the disk or
auroral regions). The low SNR and high background throughout the DDT campaign
lead to the larger errors calculated in the net counts. The high background is likely to
originate from high energy galactic cosmic ray photons, which are observed to be of
the same level as our source counts. The upper limits of power and flux are calculated
for all observations in our campaign and are displayed in Table 7.2.

7.4.2 Observing simultaneous GOES flux

As there is no spacecraft currently in orbit at Saturn or close to the kronian
magnetosphere, there is no in situ monitor to sample the solar wind and/or kronian
system conditions. Therefore we have to infer the conditions of the system throughout
our campaign from other remote sensing measurements.Bhardwaj et al. (2005a) and



7.4. Results 193

TA
B

L
E

7.
2:

R
es

ul
ts

fr
om

th
e

D
un

n
et

al
.(

20
21

)
lo

w
co

un
t

al
go

ri
th

m
fo

r
ea

ch
C

ha
nd

ra
D

D
T

ob
se

rv
at

io
n

w
it

h
3σ

up
pe

r
lim

it
po

w
er

an
d

flu
x

es
ti

m
at

es
.T

ab
le

ta
ke

n
fr

om
W

ei
gt

et
al

.(
20

21
b)

.

O
bs

ID
C

ou
nt

s
in

Sa
tu

rn
re

gi
on

(C
S
)

M
ea

n
B

ac
kg

ro
un

d
C

ou
nt

s
(F

oV
µ

)

N
et

C
ou

nt
s

( ±√
(C

S
+

Fo
V

µ
))

3σ
up

pe
r

li
m

it
a

D
is

k
po

w
er

(G
W

)
3σ

up
pe

r
li

m
it

a

D
is

k
Fl

ux
b

M
ea

n
G

O
ES

so
ft

X
-r

ay
flu

x
(×

10
−

7
W

m
−

2 )
24

84
5

84
94

-1
0
±

13
.3

4
0.

28
0.

90
0.

83
24

84
6

92
92

0
±

13
.5

6
0.

76
2.

48
3.

17
24

84
7

96
92

4
±

13
.7

1
0.

95
3.

04
6.

93
a

ca
lc

ul
at

ed
3σ

up
pe

r
lim

it
as

al
lo

bs
er

va
ti

on
s

w
er

e
no

n-
de

te
ct

io
ns

.
b

up
pe

r
lim

it
of

X
-r

ay
di

sk
flu

x
ha

s
un

it
s
×

10
−

14
er

g
cm
−

2
s−

1



194
Chapter 7. Searching for Saturn’s X-rays during a rare Magnetotail Crossing using

Chandra

other previous X-ray studies analysing the kronian emissions (e.g., Bhardwaj et al.,
2005c; Branduardi-Raymont et al., 2010) used data from solar observatories to infer the
conditions at Saturn. As found from these studies, the expectation is that the kronian
disk power should be correlated with solar activity. Such solar activity can be tracked
using GOES measurements of the solar X-ray flux. When a flare is detected from the
observable solar surface emissions across the electromagnetic spectrum, including the
solar X-ray flux, are measured to be enhanced when the measured from solar
observatories (e.g., Fletcher et al., 2011). In this research we use measurements of the
soft solar X-ray flux (wavelengths 1Å- 8Å; where 1Å = 10−10 m) from the X-ray
detector on board GOES as an indicator for solar activity throughout the DDT
campaign. We display the calculated mean GOES solar X-ray flux for each observation
in Table 7.2.

As discussed in Chapter 6, comparing our Chandra data with auroral observations
detected in other wavelengths can also help us to infer the state of the magnetosphere
during our observation window. During our observations, there was an ongoing
Hubble Space Telescope (HST) UV campaign [P.I J. Nichols] from 29 October until 23
November 2020 with the same aim as our set of observations except monitoring
Saturn’s auroral UV response within this unique parameter space. There were 2 HST
observations from the campaign within 2 days of our DDT observations (22
November ∼ 08:20 UT and 23 November ∼ 05:00 UT, ∼ 18 hours before ObsID 24847).
Initial analysis of the HST observations suggest that the main driver responsible for
the UV auroral emissions was different between both observations. This was
identified from the change in morphological behaviour from a spiral-like structure,
forming Saturn’s equivalent to a UV main oval, to a concentrated brightening of
emissions near Saturn’s North pole enveloped by half the UV main oval. Such a
dramatic change in the UV auroral morphology may be an indicator of the
magnetospheres response to changing external conditions over short timescales.

Figure 7.3 illustrates the GOES soft X-ray flux evolving over time with the
aforementioned HST (dashed black lines) intervals and our Chandra DDT observations
(shaded orange regions) overplotted. The GOES time series is shown for (a: top panel)
the entire month of November and (b: bottom panel) an inset displaying the week
containing the Chandra observations. The data gap from 5 - 16 November represents
the time period where no GOES data was available. Figure 7.3 shows that GOES
observed the solar soft X-ray flux to gradually increase from around 20 November to
23 November where it seems to plateau at a greater average solar. Evidence of this is
also represented in Table 7.2 with our calculated mean solar X-ray fluxes increasing
throughout our Chandra campaign. This higher soft X-ray flux floor is maintained for
the rest of November. As shown in the zoomed inset of the GOES data encompassing
our DDT observations, GOES detects a possible C-class flare that may have impacted
Saturn just before ObsID 24847. We correct the GOES time series for Sun-Earth and



7.5. Discussion and Conclusions 195

Sun-Saturn-Earth light travel times to account for when the flare arrives at GOES
(light time (lt) ∼ 8.2 min) and when it arrives at the kronian system as viewed from
Earth by Chandra and HST (lt ∼ 170 min). This was applied to all intervals and data
shown in Figure 7.3. However, we note that the Saturn-Sun-Earth angles, taken from
ephemeris data, during our DDT campaign were determined to be ∼ 72◦ - 89◦. As
discussed in Chapter 6, such a large angle would imply that any flares detected GOES
would unlikely to have impacted Saturn due to the very high propagation errors. We
find the X-ray flux of the C-class flare to be ∼ 4 × 10−6 W m−2 (or
4× 10−3 erg cm−2 s−1). Although as the alignment of Saturn-Sun-Earth implies that
the flare is unlikely to have impacted Saturn, we do observe the mean solar flux to
increase after the flare throughout the remainder of November (including our DDT
campaign). As noted in previous literature analysing the disk X-ray emissions from
the gas giants, not all solar photons impacting the upper atmosphere of the planet will
be scattered back, and therefore producing the disk X-ray emissions we observe, due
to the X-ray albedo of the planet (e.g., Bhardwaj et al., 2005a; Ness et al., 2004a,b). The
albedo is an indicator of the reflectivity of the planet measured on how much sunlight
is reflected back into space. For the case of the disk emissions in this research, we
focus on the solar X-ray contribution of the observed sunlight. For Saturn the X-ray
albedo is determined to be > 5.7 × 10−4 (e.g., Bhardwaj et al., 2005a; Ness et al.,
2004a,b). This is slightly higher than what is calculated for Jupiter (∼ 5 × 10−4). This
therefore implies that Saturn’s upper atmosphere resembles that of slightly opaque,
diffuse mirror for any incoming solar X-rays produced by the Sun. Due to its albedo,
the upper atmosphere will be scattering back ∼ 1 in a few thousand photons. From
these numbers we would therefore expect Saturn’s disk emissions to be observed, as
has been the case in previous literature, and would also expect the increase in solar
flux (and therefore an increase in solar X-ray photons) to allow significant detection
from Chandra HRC-I of at least Saturn’s disk emissions.

7.5 Discussion and Conclusions

This research analyses the first Chandra HRC-I DDT campaign aimed to observe X-ray
emissions from Saturn to monitor its magnetospheric response during a rare planetary
alignment with Jupiter, unique to these two planets in our solar system. We find a
non-detection of Saturn in X-rays (both disk and auroral emissions) throughout our
campaign. We note that our campaign coincided with the early rising phase of the
current solar cycle. During this time, the Sun emits low solar X-ray flux, with expected
sporadic flaring and ejections of faster solar wind streams on shorter timescales (e.g.,
Ataç and Özgüç, 2001; Burlaga et al., 2001; Xystouris et al., 2014). During our
campaign, the observed soft solar X-ray flux from GOES was found to only peak
above 10−6 Wm−2 during one of our three observations (ObsID 24847; see Figure 7.3).
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FIGURE 7.3: Time series of soft solar X-ray flux in logspace as detected from GOES 16
for (a) the entirety of November and (b) the week centring the Chandra observations.
We note there was no GOES data available between 5 and 16 November. Observation
intervals from both HST (black dashed line) and Chandra (shaded orange regions) are
overplotted in both panels. We account for the Sun-Earth and Sun-Saturn-Earth light
times were used to account for the flare being observed by GOES, when it arrived at
Saturn and then viewed by Chandra and HST respectively. The ObsID 24847 example
throughout this research is shown in both panels by the final shaded area. The esti-
mated arrival time of the C-class flare is found to impact Saturn just prior to or coincide
with ObsID 24847. The C-class flare has flux of ∼ 4 × 10−6 W m−2; the peak solar flux
observed throughout the Chandra campaign. The C-class flare impacted Saturn after
a steady increase of average solar flux throughout the month of November as shown

in panel (a). Figure taken from Figure 3 in Weigt et al. (2021b).
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This peak solar flux was observed immediately after a C-class flare and is likely
related to a more global disturbance in response to the flare. The low solar X-ray
fluxes observed from GOES and poor alignment of Saturn-Sun-Earth throughout the
campaign, we expect the disk emissions to be dim with little response to the the solar
activity. This is due to an amalgamation of fewer solar photons being elastic scattered
in the kronian upper atmosphere as well as very little activity occurring on the
observable solar surface that is Earth facing. We do note however that solar flares can
be produced from active regions facing away from the Earth and therefore would not
be detected from GOES. However, from the analysis presented in Figure 7.2 showing a
flat distribution in the time series and non-significant kronian X-ray detection due to
low SNR, this seems unlikely to be the case here. Although the weak solar flux would
contribute to the non-detection of Saturn’s disk amongst the detector background as
fewer solar photons would lead to the chip being dominated by high energy galactic
cosmic rays. As eluded to in Chapter 6, the continuing degradation of HRC-I will also
have an affect when observing dimmer X-ray emissions3. From our analysis, we do
note that the observation with the greatest number of counts detected within the
Saturn region (CS), ObsID 24847, is associated with the highest observed mean GOES
flux. This observation, although still a non-detection, agrees with conclusions made
from previous studies that detected a possible correlation between Saturn’s disk
emissions and solar activity measured by the soft solar X-ray flux (e.g., Bhardwaj et al.,
2005c).

The predicted 3σ upper limit of the energy flux we calculate here using our
assumptions, at 0.90 - 3.04 × 10−14 erg cm−2 s−1, is observed to be within those found
from modelled spectra of previously observed significant kronian X-ray disk
emissions. Branduardi-Raymont et al. (2010) calculated the kronian energy flux
between 0.2 and 2 keV (i.e. the jovian soft X-ray range associated with the aurora) to
be ∼ 0.30 - 1.00 × 10−14 erg cm−2 s−1. Like the observations we present here, the
Chandra intervals coincided with GOES measurements of the solar soft X-ray flux
exceeding 10−6 Wm−2, like we observe here for one of our intervals. Our predicted
energy fluxes are calculated to be an order of magnitude weaker than those calculated
by Gilman et al. (1986) for modelled non-relativistic, thick-target bremsstrahlung at
1.7 × 10−13 erg cm−2 s−1, from a ∼ 11ks observation (i.e. similar exposure time to
what we present here). These values are also taken from the 3σ upper limit. When
compared to the energy fluxes calculated from Ness and Schmitt (2000), our values
matched their predictions for Saturn soft X-ray flux if detected at
1.9 × 10−14 erg cm−2 s−1 and their 95% confidence upper limit flux for possible
bremsstrahlung emissions at 1.3 × 10−14 erg cm−2 s−1. Therefore the predicted fluxes
calculated in this research are consistent with previous results. We note that no
spectral data were available throughout our campaign. Similar to the limitations of

3See Section 7.7 - 7.10 in https://cxc.harvard.edu/proposer/POG/html/chap7.html

https://cxc.harvard.edu/proposer/POG/html/chap7.html
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HRC-I with Jupiter, as explained in Chapter 3, the energy resolution is very limited
due to the kronian X-rays activating the lower pulse height amplitude channels
associated with very soft X-ray emissions. As a result our estimated flux and power
include photons with energies exceeding 2 keV, previously used as an upper bound
for the spectral models used by Branduardi-Raymont et al. (2010). Our results are
therefore consistent with previous observations from previous campaigns, such as
ROSAT (Ness and Schmitt, 2000), but without any energy filtering due to the limited
spectral resolution of the instrument. As our predicted fluxes agree with previous
literature, we suggest that there should be more future campaigns planned to observe
Saturn again during this unique and poorly understood parameter space. The next
planetary alignment will be coincident with the launch and science operations of the
next generation of X-ray telescopes with higher sensitivity such as Athena (Barret et al.,
2016) and the mission concept Lynx (Gaskin et al., 2019), currently being reviewed for
the 2020 Astrophysics Decadal Survey.

With the new fleet of X-ray telescopes comes updated optics and energy resolution,
improving the capabilities of X-ray telescopes. For example, at 1 keV the collecting
area of both Athena (∼ 1.5 m2) and the Lynx concept (∼ 2.3 m2) is ∼ 20 - 30 times
greater than that found on Chandra (∼ 0.08 m2). The improved collecting area will
allow for far deeper exploration of space by increasing the threshold of detectability,
allowing fainter sources to be observed above the statistical noise and background of
the instrument. The large collecting area of Lynx coupled with a very high spatial
resolution (< 0.5′′) allows fainter X-ray sources to be observed, analysed and mapped
in greater detail. Athena’s spatial resolution (∼ 5′′) will be inadequate to map the X-ray
emissions like Chandra , as we show throughout this thesis. However, the spectral
resolution of Athena’s X-ray Integral Field Unit (X-IFU) surpasses that of High Definition
X-ray Imager on board Lynx (∼ 70 eV - 150 eV at energies 0.3 - 5.9 keV) and our current
capabilities with ACIS (∼ 130 eV - 280 eV at energies 1.49 - 5.9 keV) (Falcone et al.,
2019) at ∼ 2.5 eV up to energies of 7 keV (Barret et al., 2016). Athena’s extremely high
energy resolution will provide us with the capabilities to probe deeper into the
kronian X-ray emissions as well as that observed from other planets, such as Uranus
(Dunn et al., 2021). With the improved sensitivity and capabilities of future X-ray
telescopes, future studies can perform a deeper and more thorough search for X-ray
aurorae at Saturn allowing us to further constrain the disk emissions. This will also
allow us to monitor the response of the kronian magnetosphere to this poorly
understood parameter space. We will be able to explore the magnetospheric response
of other planets as well, providing a greater understanding of the X-ray drivers within
our Solar System. We do note that to fully utilise these improved capabilities, future
observations will need to ensure that they are planned with an optimised exposure
time.
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The aim of our campaign was to determine whether the powerful shocks generated
from Saturn transition from a less dense plasma environment in the jovian
magnetotail to the denser solar wind plasma would be to provide the energy required
to generate X-ray aurora on Saturn. This is because that, during transitions from the
magnetotail to the solar wind, we expect the kronian magnetosphere to be impacted
with more powerful shocks than what is typically observed when Saturn is exposed to
changing solar wind regimes (i.e. a more typical parameter space). This will result in
the magnetosphere to change state, or compress, more rapidly than the typical plasma
environment Saturn is usually located within, releasing more energy in the process.
Like Jupiter, the dominant plasma source is internal and is in form of heavy ions
produced from one of its moons. For the case of Saturn, the constituents of the heavy
ions consist mainly of H2O +, OH + and O + produced the most active icy moon
Enceladus (e.g., Hui et al., 2010a). This campaign provided us with the unique
opportunity to probe and try to understand the extremes of the parameter space at the
kronian system from a water-rich kronian magnetosphere, in a typical state,
enveloped in the solar wind, to a magnetosphere completely immersed in the vast
jovian magnetotail containing very little plasma relative to its size (and therefore more
rarefied than the solar wind). However, the non-detections of any significant kronian
emissions presented in our analysis suggests more extreme and variable external
conditions generating more powerful magnetospheric compressions are still
insufficient to energise heavy ions to the required MeV energies required for auroral
X-ray production, assuming a similar mechanism as observed for the jovian emissions
(e.g., as discussed throughout this thesis: Section 2.4 and Chapters 4 - 6). Hui et al.
(2010a) suggested that field potentials at the poles of Saturn are too weak to allow
charge stripping of magnetospheric plasma to occur or accelerate solar wind ions to
energies required for the production of X-ray ion aurora (Cravens et al., 2003; Clark
et al., 2020). Therefore a mechanism for soft X-ray production similar to Jupiter may
not be possible at Saturn, although there may be a preference for electron dominated
X-ray emissions (e.g. bremsstrahlung) in a more dipolar field as shown by a recent
study by Mori et al. (2022). The more dipolar southern region at Jupiter was found to
generate harder X-rays than the more complex field at the North pole. The field
topology at the South pole of Jupiter is similar to that found on Saturn (i.e. a dipolar
field) and may favour strong electron currents (as observed at Jupiter from Juno ,
Kotsiaros et al., 2019). Future observations including NuSTAR may help answer some
of these questions.

As mentioned previously, the two HST intervals that overlapped with our campaign
(within 2 days before ObsID 24847) observed a dramatic change in morphology. The
UV emissions were first dominated by a spiral-like morphology within the main oval,
as observed on 22 November 22, and then transitioned to a different morphology with
more concentrated emissions at the North pole. The latter UV morphology was
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observed hours before the Chandra interval. Previous literature suggest that the spiral
morphology of Saturn’s UV auroral emissions is associated with episodic precipitation
of hot plasma during periods of rapid reconnection in the kronian magnetotail and
reconnection on the dayside magnetosphere (Cowley et al., 2004; Jackman et al., 2004).
These reconnection events were found to be steady but unbalanced during these
times. As discussed in Chapter 6 for the case of Jupiter, dayside reconnection is likely
associated with a shock events from the interplanetary medium, compressing the
magnetosphere. This has also been observed at Saturn from possible shocks produced
from more powerful and dynamic solar wind conditions (e.g., Badman et al., 2016).
The rate of dayside reconnection is likely to vary with changing solar wind dynamic
pressure. Cowley et al. (2005) suggested that one likely cause of more localised
brightening of emissions in the kronian polar auroral is from a dawn storm. Similar to
Jupiter, such dawn storm emissions are a result of intense auroral emissions generated
from reconnection in Saturn’s tail promoted by compression events. However we
cannot verify any unusual X-ray emissions at Saturn’s north pole after the HST
interval due to our insignificant detection.

We present in this research first X-ray campaign o its kind, designed to specifically
monitor the magnetospheric response of a planet in a highly unusual parameter space.
With the analysis conducted here, we hope the foundations for further exploration
into this rare planetary alignment, which occurs every ∼ 20 years, using the next
generation of X-ray observatories with improved sensitivity to fainter sources coupled
with greater spectral resolution. We will then be able to calculate tighter observational
constraints on the kronian auroral luminosity in all possible parameter spaces and
monitor in greater the detail how the magnetosphere responds. This will aid us to
solve the mystery behind Saturn’s absent X-ray aurora.
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Chapter 8

Summary and Future Work

”And now the end is near, And so I face the final curtain...”
- Frank Sinatra, My Way1, 1969
[English lyrics written by Paul Anka]

8.1 Summary

The year 2022 marks over 40 years since the jovian auroral X-ray emissions were first
discovered by the Einstein Observatory (Metzger et al., 1983). Since then, with the
development of more sophisticated X-ray cameras and spectrographs on-board a fleet
of telescopes, we have been able to spatially resolve and map the photons onto the
planet to a degree of accuracy and extract the jovian X-ray spectrum with the most
intricate detail to help aid our understanding of the elusive X-ray driver or drivers.
The research presented in this thesis contributed to this ongoing effort by exploring
the morphology and timing analysis of the jovian X-ray auroral emissions in great
detail over ∼ 20 years worth of data, separating the aurora into physics-informed
regions to determine the driver(s) of the variable emissions and identifying any key,
significant regions of interest.

In Chapter 4 (Weigt et al., 2020) we focused on one particular observation by
Chandra while Juno was at apojove. In this study we analysed how a solar wind
compression affects the jovian X-ray driver as well as exploring the possibility of
kronian auroral emissions occurring during a rare and extreme planetary alignment.
Using the Vogt et al. (2011, 2015) flux equivalence model to provided us with
ionosphere-magnetosphere mapping to locate potential drivers capable of energising
ions to ∼ a few MeV (Houston et al., 2020) needed for the charge stripping and
exchange processes to take place. The mapping model was used in context with the

1For one last sing-song: https://www.youtube.com/watch?v=qQzdAsjWGPg

https://www.youtube.com/watch?v=qQzdAsjWGPg
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aforementioned case study, X-ray observation taken in tandem with an identified solar
wind compression from Juno on 18 June 2017, and the entire Chandra HRC-I dataset of
jovian X-rays (2000 - 2019). The case study allowed us to utilise the mapping model
with our Rayleigh test and Monte Carlo simulation (timing analysis) to map and
isolate significant quasi-periodic oscillations (QPOs) to analyse their evolution during
a jovian rotation. In this instance, during the 18 June 2017 observation we found a
significant QPO at ∼ 37-min when the northern auroral emissions first rotated into
view which changed to ∼ 26-min later in the observation. The latter QPO was
simultaneously observed by XMM-Newton, further increasing its significance. Both
QPOs mapped to the dayside magnetopause, suggesting possible time evolution of
the driver. The auroral morphology was found to be more elongated equatorward, as
found previously by Dunn et al. (2016), who had also observed a ∼ 26-min QPO
during a compression event caused by an interplanetary coronal mass ejection.

In Chapter 5 (Weigt et al., 2021a) we applied the flux equivalence model to the full
20-year Chandra dataset of the northern auroral region, we found two potential
locations for the X-ray auroral driver: the noon and dusk flank magnetopause
boundary. Comparing to ultra-low frequency (ULF) wave activity found by Galileo,
these driver regions may be associated with standing Alfvén wave activity from
possible cusp or drizzle-like reconnection on the dayside (e.g., Bunce et al., 2004; Guo
et al., 2018); the unusual crescent-shape “polar cap” configuration (Zhang et al., 2021)
or Kelvin-Helmholtz Instabilities (KHIs) on the dusk flank magnetosphere (e.g.,
Masters, 2018; Manners and Masters, 2020) as predicted by the magnetic field line
mapping from Zhang et al. (2018). From our timing analysis using Rayleigh testing
and Monte Carlo simulation, we found the distribution of QPOs to be different for the
statistically significant noon region, AHSNuc, and the full northern auroral emissions
suggesting multiple drivers linked to possible ULF wave activity along the
magnetopause boundary. All QPOs were found to be between ∼ 2.3 - 36.4-min,
similar to the ULF wave oscillations found by Manners and Masters (2020) from the
entire Galileo mission.

In Chapter 6 we created physics-informed auroral regions for the northern X-ray
emissions to allow us to associate morphological features with magnetospheric
drivers. The identification of multiple drivers in chapter 5 puts into question the “hot
spot” nomenclature used throughout the literature; the auroral families of the X-ray
emissions allowed us to explore this hypothesis further. We found that potential
drivers switch on/off at different times during the Juno -era, with a fully polar X-ray
auroral morphology likely associated with solar wind compressions as confirmed
from UV auroral classifications from HST and Juno magnetometer and radio data, as
eluded to by the 18 June 2017 case study. We also show that a low-latitude extension
(LLE) is likely associated with possible particle injection in the jovian middle
magnetosphere although further analysis of the Juno and HST data is needed to verify
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this. We address the potential issues of viewing geometry by modelling our regions as
viewed by the Hubble Space Telescope HST over a full jovian rotation. All regions
should be visible throughout each observation although we note that the tilt of Jupiter,
as viewed from the observer, has an effect on the peak visibility. As we analyse the
Chandra data over identical timing and viewing constraints (to avoid observation
bias), our preliminary results suggest that visibility effects are minimal and the lack of
uniformity of the auroral photon distributions across the observations suggest that
magnetospheric drivers are likely switching on/off in response to internal and/or
external effects. Understanding how the auroral emissions change and evolve with
solar wind dynamics will allow us to determine more characteristics about the
unknown auroral driver. The analysis presented in this thesis therefore concludes that
the most plausible source of the pulsating emissions occurs on the magnetopause
boundary. It is likely that emissions are related to ULF wave activity from
comparisons of the flux equivalence mapping and timing analysis, with the
morphology of the aurora changing with solar wind conditions.

Finally, in Chapter 7 (Weigt et al., 2021b) we explored the unique parameter space of
Saturn being in a rare planetary alignment with Jupiter, potentially immersing itself in
the jovian magnetotail. Several previous X-ray studies have failed to observe
significant X-ray emissions from Saturn’s auroral regions and argued that the
sensitivity of current X-ray instruments were insufficient. Such studies did however
predict that bremsstrahlung emissions should be present simultaneously with very
bright UV emissions, assuming a similar mechanism to Jupiter (e.g. Ness and Schmitt,
2000; Ness et al., 2004b). We obtained telescope time to observe X-rays, for the first
time, in this unique parameter space. No significant detection was found, and we
argue with the new fleet of telescopes, such as Athena and Lynx, with highly sensitive
spatial and spectral resolution, the extremely soft auroral X-ray spectra may be
resolved for the first time.

In this thesis we have utilised the Chandra data to help us obtain more details
surrounding the elusive auroral driver(s) of the X-ray emissions using various
mapping and timing analysis techniques. In the Future Work section, we examine: (1)
how the auroral families can be expanded to generate a catalogue of labelled
observations for future projects; (2) how we can utilise the timing analysis techniques
demonstrated here and in other fields to allow a coherent comparison of auroral
pulsations between datasets of different length and (3) how we can use in situ
Juno data to help us estimate solar wind conditions at Jupiter as well as being a
ground truth to perform metrics on widely used solar wind propagation models.
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8.2 Future Work

With our current X-ray telescope capabilities, the potential for future work on jovian
auroral X-ray emissions is vast. We have only scratched the surface of the Chandra,
XMM-Newton and possible future NuSTAR datasets. The remainder of this chapter
will briefly discuss future avenues the research examined here could take to improve
how we analyse and label the current datasets, as well as using Juno in situ to further
improve solar wind estimations and how we look at magnetospheric dynamics to
finally identify possible drivers for the X-ray auroral emissions.

8.2.1 Labelled catalogues of physics-informed auroral families

As discussed in Chapter 6, defining auroral morphological families allows us to
analyse links with associated magnetospheric dynamics and quantify many spatial
variations across the full auroral region. As shown in Figure 6.2, Grodent et al. (2018)
labelled HST data during Juno orbits 3 - 7 based on various identifiable features and
behaviours within the UV main aurora, polar active region and regions just
equatorward of the main aurora. The Grodent et al. (2018) northern auroral families
are defined as: Q = quiet, U = unsettled, N = Narrow, I = strong injections, i =
injectons and X = eXternal perturbations, all shown in Figure 6.2 with the defining
auroral features highlighted with red dashed lines, ellipses and numbers “1 - 9”. More
details of the auroral families can be found in Grodent et al. (2018) and in Chapter 6.

This image segmentation can be carried out for auroral and disk emissions across
many wavelengths, not just X-ray and UV auroral emissions, from various maps and
spectrograms using current methods to correct and clean images prior to analysis
(McEntee, 2021) and to map and select specific features using a polygon selector (Guio
and Achilleos, 2009; Empey et al., 2021). Previous studies have implemented image
segmentation to identify and analyse structures within the auroral emissions (e.g.,
Guio and Achilleos, 2009), but a complete catalogue of fully labelled auroral images
across multiple wavelengths has yet to be created. Using these techniques, we can
combine labelled structures associated with auroral emissions and magnetospheric
dynamics to build a complete multiwavelength catalogue, from contemporaneous
observations. This catalogue could be used for comparative studies to analyse
possible correlations between multiple wavelengths to determine the X-ray auroral
driver or can be used as a training set for future machine learning projects (e.g. to find
specific auroral structures from the big data sets associated with various solar
wind/magnetospheric conditions). One example of such a study is by Nichols et al.
(2019) who used principal component analysis (PCA) to identify repeated structures
which varied within the UV auroral morphology. From their analysis using
density-based spatial clustering algorithms with additional noise, they found that the
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FIGURE 8.1: Figure showing the six auroral classes found from the principal compo-
nent analysis performed by Nichols et al. (2019). Class (5) and (6) are found to be
associated with solar wind compressions and dawn storms respectively. Image taken

from Figure 6 in Nichols et al. (2019).

auroral components can be grouped into six repeated auroral classes, as shown in
Figure 8.1. They found one class associated with solar wind compression, (5), and
another with dawn storms, (6).

Similar machine learning studies using a more detailed auroral catalogue will identify
common structures found within multiple wavelengths. For example, the link
between dawn storms and the hard X-rays in the auroral emissions have been
observed by Wibisono et al. (2021), however were unable to be mapped due to the low
spatial resolution of XMM-Newton detectors. Such machine learning projects could
identify UV dawn storm emissions associated with specific X-ray regions, isolating the
structures and allowing for in depth analysis of the associated magnetospheric drivers
for both the dawn storms and the hard X-rays. This would be beneficial to the field
due to the continued degradation of the Chandra instrument, affecting the energy
resolution at the observed peak wavelength of the X-ray auroral emissions (as
discussed in Chapter 3).

8.2.2 Optimising timing analysis methods

As well as generating a catalogue of auroral morphology with associated
magnetospheric dynamics, another one can be generated to focus on the temporal
behaviour of the auroral emissions. The temporal behaviour of jovian aurora have
been studied across many different wavelengths (e.g., Kimura et al., 2011; Jackman
et al., 2018) to help understand the complex auroral drivers in the jovian
magnetosphere. In the Juno era we now have a significant catalogue of
contemporaneous UV and X-ray emission with quasi-continuous radio data from
Juno . One revolutionary project would be to combine in situ and remote sensing data
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to quantify the conditions under which quasi-periodic oscillations (QPOs) are
observed, and link these to appropriate driving mechanisms (e.g. as found from the
spatial behaviour).

The datasets from HST , Chandra and Juno data, such as from the Waves instrument
(radio), are, or can be processed, to be time-tagged. As discussed in this research, this
means that the detector records the time of arrival of the photon or particle during the
observation. We can therefore construct a time-series of the arrival times to examine
temporal behaviour of the aurora using various techniques such as Rayleigh testing
and Monte Carlo Simulation (Chapter 2 - 6) to find any significant pulsations from
potentially sparse, unbinned data.

With some previous studies analysing jovian auroral temporal behaviour, the
statistical testing used to look at (quasi-)pulsations did not account for the number of
cycles the signal appears during the observation window; the frequency grid used to
search for QPOs, or consider the statistical noise that could lead to false significances.
This therefore leads to vast differences in significance thresholds that may not be
appropriate for the size of the dataset. A catalogue of timing behaviour will combat
these issues by finding QPOs across multiple wavelengths using consistent
significance testing and develop optimised techniques to compare data of different
window sizes, for example Chandra (10 hours) with HST (45 minutes). One potential
technique can involve examining the coherence of any signals over longer times (i.e.,
consecutive 45-min HST orbits), stitching together neighbouring observations to see if
the coherence of the signal remains for a few more cycles. When comparing such
datasets. it is important to quantify how QPOs can be judged significant when
working in a very low count regime (e.g. often the case for auroral X-rays). Such
methods can be adapted and improved from expertise outside of the field of planetary
science such as solar and X-ray binary physics, where measuring temporal behaviour
and significance is a key component of their research.

8.2.3 Improving current solar wind propagation models

With the lack of upstream solar wind monitors at the gas giants, many studies have
used various 1D solar wind propagation models, linearly interpolating the conditions
observed in geospace (e.g., Tao et al., 2005; Zieger and Hansen, 2008), with large
arrival time errors (± 2 days). Both methods come with significant uncertainties
which are not well constrained. One potential avenue would be to calculate
performing metrics on these models and testing them against in situ solar wind data
from Juno, allowing the robustness and output accuracy to be assessed and compared
for the first time. This is essential to ensure external shocks from the solar wind can be
predicted with greater accuracy in the absence of an upstream monitor. Metric testing
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FIGURE 8.2: Time variation of the (a) solar wind speed and (b) dynamic pressure in-
ferred from Casinni magnetosheath measurements (red) and the mSWiM model (blue)
from January 1 2004. The solar wind parameters are plotted with aas a function of time.
Black bars indicate times when the Jupiter-Sun-Earth angle < 75◦ when the mSWiM
model would be most accurate (see Thomsen et al. (2017) fore more details). Figure

taken from Figure 4 in Thomsen et al. (2017).

these models can draw from state-of-the art techniques currently used in space and
terrestrial weather forecasting to quantify the robustness of solar wind estimates
through methods like skill score calculation, using the in situ Juno data as a ground
truth.

Another way to utilise the vast amount of Jupiter magnetosheath data from Juno is to
build on a technique by Thomsen et al. (2017) from Saturn, not yet applied to Jupiter,
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to calculate robust local estimates of solar wind parameters, specifically the velocity
and dynamic pressure, used to infer the state of the magnetosphere. This analytical
method would again provide a useful tool to compare in situ conditions with the
predicted arrival times. Thomsen et al. (2017) compare their analytical results for
Saturn with the mSWiM MHD model (Zieger and Hansen, 2008) to validate their
method (see Figure 8.2). They found the inferred measurements of the solar wind
velocity and dynamic pressure were lower than the predicted values although the
temporal variations found from shocks were captured well and fell within the arrival
time prediction. Applying this to the Juno data will allow the time evolution of
compression effects on auroral X-ray structures (identified from the auroral families)
and their associated magnetospheric drivers to be analysed in greater detail. Such a
tool would also be very useful to understand how both the temporal and spatial
morphology of the X-ray emissions in both hemispheres are affected and evolve under
different magnetospheric conditions.

As clearly presented in this thesis, the analysis of X-ray emissions at the gas giants is
still a relatively new field in planetary science today although producing new and
exciting results, changing our perspective on how the jovian magnetosphere operates.
It is clear that there are still many unanswered key questions however the quest for
discovery and understanding is still ongoing. This is made possible through
collaborations with the Juno spacecraft and other remote sensing telescopes, which we
hope continues with the introduction of Athena and Lynx (if selected) and other future
missions. As with all new fields, the coming years will be important and exciting in
order to fully establish the planetary X-ray field with huge potential for further science
to be explored and new discoveries to be made.
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Appendix A

Chapter 5: Supplementary
Information

The figures and tables here showcase the analysis discussed in Chapter 5 to the entire
catalogue and are used to emphasise the main results. We show how the errors within
the mapping model and using a different internal field model can affect our
interpretations of the driver. We also present heat maps of all the concentrated X-rays
found within the numerical threshold, showing the location of the AHSNuc within the
auroral structure for all observations analysed.

As Figure A.3 consists of a ∼ 25 page long PDF document, the link to access the plots
are found as a footnote in Chapter 5.4.2 in the thesis chapter. For completeness, the
link is also provided here:
https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=

10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf. A
longer caption for each of the tables listed in Appendix A are given at the start of each
section.

https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf
https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1029%2F2021JA029243&file=2021JA029243-sup-0002-Figure+SI-S01.pdf
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A.1 Chandra HRC-I catalogue

Table A.1: List of all Chandra HRC-I observations of Jovian X-ray emissions from 2000
– 2019 (all observations at the time of writing). Column 1 gives the unique identity
number given to each observation. The following columns give the observation start
date and time, the duration of the entire observation in kiloseconds (ks) or hours, the
range of sub-solar longitudes observed (SSL), the sub-observer latitude, the hot spot
visibility and counts of the North and South auroral regions respectively and any
concurrent observations. We note the following acronyms are used for concurrent
flybys and remote sensing data: CAS = Cassini (flyby), HST = Hubble Space
Telescope, UI = Ulysses (flyby), XMM = XMM-Newton, SUZ = Suzaku, SPR = Hisaki,
NuS = NuSTAR, IR = Ground based Infra
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A.2 Properties of the auroral regions

Table A.2: List of all auroral powers, flux and brightness of Chandra HRC-I
observations of the North and South emissions. Column 1 gives the unique identity
number given to each observation. The next two columns give the average angular
dimeter of Jupiter (arcsec) and the average Chandra-Jupiter distance (AU) during the
observation. The remaining columns give the calculated average auroral power (GW),
flux (× 10−21 erg cm−2 s−1) and brightness (Rayleighs = R) of the North and South
emissions throughout our catalogue. We note that the results of ObsID 18676 may be
affected by the small duration of the observation.
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A.3 Properties of the NHS and AHSNuc

Tables A.3 and A.4: List of all auroral powers, flux and brightness of Chandra HRC-I
observations of the NHS (Table A.3) and AHSNuc emissions (Table A.4). Column 1
gives the Chandra ObsID for each observation. The following columns gives the
region and interval during the observing window (i.e. NHS2 = NHS observed for the
2nd time) and the results of the power, flux and brightness for each region. The
AHSNuc table does not include the brightness of the auroral region (as explained in
Section 5.4.2).
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TABLE A.3: Table of all auroral powers, flux and brightness of Chandra HRC-I obser-
vations of the NHS.

Obs ID Region
Av. NHS Power

(GW)
Av. NHS

flux a
Av. NHS

Brightness (R)
Max. NHS

Brightness (R)
1862 NHS 0.306 0.638 0.015 0.537
2519 NHS1 0.333 0.606 0.013 1.409
2519 NHS2 0.465 0.847 0.022 1.421
15669 NHS2 1.938 2.399 0.046 1.391
15671 NHS1 1.436 1.853 0.045 4.893
15671 NHS2 2.404 3.101 0.071 1.867
15672 NHS2 2.069 2.600 0.040 1.303
16299 NHS2 3.029 3.863 0.062 2.081
16300 NHS 1.131 1.379 0.039 1.221
18301 NHS1 1.539 2.172 0.040 5.562
18301 NHS2 1.786 2.520 0.045 1.867
18302 NHS 3.503 5.638 0.081 2.692
18608 NHS1 0.813 1.073 0.021 0.646
18608 NHS2 4.239 5.596 0.053 2.645
18609 NHS 1.649 2.079 0.050 1.732
18677 NHS 3.370 4.064 0.053 1.930
18678 NHS1 1.554 2.577 0.040 4.244
18678 NHS2 1.633 2.708 0.015 2.155
18679 NHS2 1.477 2.676 0.050 2.377
18680 NHS1 1.268 1.363 0.037 2.464
18680 NHS2 1.049 1.128 0.039 2.083
20000 NHS2 3.241 5.262 0.047 1.216
20000 NHS3 2.633 4.274 0.036 0.702
20001 NHS1 1.184 1.625 0.039 1.355
20001 NHS2 1.137 1.561 0.028 2.595
20002 NHS 2.414 2.526 0.058 1.913
20733 NHS1 2.571 4.302 0.057 1.940
20733 NHS2 2.027 3.392 0.048 1.907
22146 NHS 2.051 3.733 0.040 1.889
22147 NHS 1.186 2.145 0.037 1.090
22148 NHS 1.587 2.850 0.040 0.874
22149 NHS 2.118 3.785 0.050 1.453
22150 NHS 2.273 4.046 0.038 1.268
22151 NHS 2.404 3.186 0.038 1.902
22159 NHS1 1.070 2.047 0.025 3.140
22159 NHS2 4.027 7.709 0.060 2.790
Note. Chandra ObsID corresponding to observations found in Table A.1
The following column gives the region and interval during the observing
window (i.e. NHS2 = NHS observed for the 2nd time). .
a X-ray flux has units ×10−13 erg cm−2 s−1
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TABLE A.4: Table of all auroral powers, flux and brightness of Chandra HRC-I obser-
vations of the AHSNuc.

Obs ID Region
Av. AHSNuc Power

(GW)
Av. AHSNuc

fluxa

1862 AHSNuc 0.206 0.429
15669 AHSNuc2 0.571 0.707
15671 AHSNuc2 0.530 0.683
15672 AHSNuc2 0.434 0.545
16299 AHSNuc2 0.877 1.119
16300 AHSNuc 0.394 0.481
18302 AHSNuc 0.710 1.142
18608 AHSNuc2 1.194 1.577
18609 AHSNuc 0.357 0.451
18677 AHSNuc 0.833 1.005
18678 AHSNuc1 0.461 0.765
20000 AHSNuc2 0.529 0.859
20001 AHSNuc1 0.520 0.713
20002 AHSNuc 0.487 0.509
20733 AHSNuc1 0.801 1.340
20733 AHSNuc2 0.423 0.708
22146 AHSNuc 0.947 1.723
22147 AHSNuc 0.360 0.653
22148 AHSNuc 0.389 0.699
22149 AHSNuc 0.537 0.960
22150 AHSNuc 0.403 0.718
22151 AHSNuc 0.290 0.384
22159 AHSNuc2 0.829 1.587
a X-ray flux has units ×10−13 erg cm−2 s−1

Same nomenclature as Table A.3

A.4 Exploring potential sources of error in the Vogt et al. flux
eqiuvalence model
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FIGURE A.1: Polar plots of Jupiter’s north pole of a 5◦ S3 lon× 5◦ lat grid with shifted
photons of (a) 2.5◦ lat and (c) 2.5◦ S3 lon. This allows us to try and estimate the error in
mapping by propagating through the possible uncertainty in the ionospheric position
of the X-ray photons. The 15 RJ (black line), 90 RJ (navy line), and 150 RJ (light blue
line) of the flux equivalence model using the Grodent Anomaly Model (GAM) are plot-
ted in (a) and (c) at 180◦ subsolar longitude (SSL). Unmapped photons equatorward (<
15 RJ ) and poleward (> 15 RJ ) are denoted by triangles: orange for the original grid
photons in both panels; white triangles with (a) black outline for the latitude shifted
grid and (c) green outline for the longitude shifted grid. The origins of the photons
in both grids are calculated using the Vogt et al. (2011, 2015) model shown in panels
(b) and (d) for the latitude and S3 longitude shift respectively. Mapped photons in
all panels are represented by circles of similar colour scheme to the unmapped points.
Both panels are of a similar format to Figure 4b). The red lines between unshifted and
shifted photons represent the change in radial distance and LT as a consequence of the

possible uncertainty of ionospheric position has on the mapping.
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FIGURE A.2: Figure in the same format as Figure 5.6a), showing how the (a) original
flux equivalence mapping using the Grodent Anomaly Model (GAM) is affected by
a (b) latitude and (c) longitude shift in ionospheric position. The JRM09 field model
counterparts are shown in (d)-(f). By comparing GAM and JRM09, the main popula-
tions of mapped NHS photons lie in the same radial distance and local time (LT) sec-
tors. The main difference between both field models is shown at noon, where GAM
maps more photons towards the magnetopause boundaries and therefore evens be-
yond the expanded Joy et al. boundary. The latitude (b,e) and longitude (c,f) for both
field models are found to mainly affect the populations at noon, close to the AHSNuc

driver (Figure 5.6b)), and midnight.

A.5 Rayleigh test results

Table A.5: Table showing all the results from the Rayleigh test for each time the NHS
was in view of Chandra HRC-I throughout the entire catalogue. Observations with
quasi-periods above the significance threshold of 99.0% (p-value ≤ 1 × 10 −2) are
shown in bold. Nomenclature and format are identical to Tables A.3 and A.4.

Table A.6: Table showing all the results from the Rayleigh test for each time the NHS
was in view of Chandra HRC-I throughout the entire catalogue. Observations with
quasi-periods above the significance threshold of 99.0% (p-value ≤ 1 × 10 −2) are
shown in bold. Nomenclature and format are identical to Tables A.5.
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Tamer Ataç and Atila Özgüç. Flare index during the rising phase of solar cycle 23.
Solar Physics, 198(2):399–407, 2001. ISSN 00380938. .

S. V. Badman, G. Provan, E. J. Bunce, D. G. Mitchell, H. Melin, S. W.H. Cowley,
A. Radioti, W. S. Kurth, W. R. Pryor, J. D. Nichols, S. L. Jinks, T. S. Stallard, R. H.
Brown, K. H. Baines, and M. K. Dougherty. Saturn’s auroral morphology and
field-aligned currents during a solar wind compression. Icarus, 263:83–93, 2016.
ISSN 10902643. . URL http://dx.doi.org/10.1016/j.icarus.2014.11.014.

Sarah V. Badman, Chihiro Tao, Adrian Grocott, Satoshi Kasahara, Henrik Melin,
Robert H. Brown, Kevin H. Baines, Masaki Fujimoto, and Tom Stallard. Cassini
VIMS observations of latitudinal and hemispheric variations in Saturn’s infrared
auroral intensity. Icarus, 216(2):367–375, 2011. ISSN 00191035. . URL
http://dx.doi.org/10.1016/j.icarus.2011.09.031.

Sarah V. Badman, Graziella Branduardi-Raymont, Marina Galand, Sébastien L G Hess,
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