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Key Points:

« We present the morphology of new ‘X-ray auroral structures’, observed on Jupiter
via Chandra’s high spatial resolution camera.

« Our visibility modelling of these regions show that planetary tilt has very little
effect on non-uniform auroral photon distributions.

« We show that combination of X-ray and UV ‘auroral families’ may be a useful proxy
to determine the magnetospheric conditions at Jupiter.
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Abstract

We define the spatial clustering of X-rays within Jupiter’s northern auroral regions by
classifying their distributions into ‘X-ray auroral structures’. Using data from Chandra
during Juno’s main mission observations (24 May 2016 — 8 September 2019), we define

five X-ray structures based on their ionospheric location and calculate the distribution

of auroral photons. The morphology and ionospheric location of these structures allow

us to explore the possibility of numerous X-ray auroral magnetospheric drivers. We com-
pare these distributions to Hubble Space Telescope (HST)and Juno (Waves and MAG)
data, and a 1D solar wind propagation model to infer the state of Jupiter’s magnetosphere.
Our results suggest that the five sub-classes of ‘X-ray structures’ fall under two broad
morphologies: fully polar and low latitude emissions. Visibility modelling of each struc-
ture suggests the non-uniformity of the photon distributions across the Chandra inter-

vals are likely associated with the switching on/off of magnetospheric drivers as opposed

to geometrical effects. The combination of ultraviolet (UV) and X-ray morphological struc-
tures is a powerful tool to elucidate the behaviour of both electrons and ions and their

link to solar wind/magnetospheric conditions in the absence of an upstream solar mon-
itor.

Plain Language Summary

The mechanism that allows precipitation of ions into Jupiter’s atmosphere and gen-
erate pulsed X-ray auroral emissions is still under debate today. Previous studies have
linked this driver to possible activity in Jupiter’s outer magnetosphere (the interface be-
tween the solar wind and Jupiter) and have observed the emissions to exhibit variable
behaviour. More recent studies have suggested a wide range of physical phenomena caus-
ing these emissions. Here we explore this idea in more detail by introducing five ‘X-ray
auroral structures’ that map to different regions in the jovian system. Using data from
the Chandra X-ray Observatory during Juno’s main mission allows us to calculate the
distribution of X-rays from Jupiter’s northern auroral region. We compare our X-ray re-
sults with the ultraviolet emissions (‘UV auroral families’) observed from simultaneous
Hubble Space Telescope (HST) data and infer the conditions at Jupiter using models and
Juno observations. These ‘X-ray structures’ provide us with many ways to observe vari-
able behaviour and provide a possible tool to monitor the solar wind conditions, when
used in tandem with the HST ‘UV auroral families’.

1 Introduction

The jovian auroral emissions are very complex and are highly variable in their mor-
phological and temporal behaviour across multiple wavelengths [see full review by Badman
et al. (2015) and references therein for more details]. The X-ray emissions remain the
most elusive of the observable aurora with many recent studies trying to understand the
highly sophisticated magnetospheric driver(s) capable of energising the ions to MeV en-
ergies that allow charge stripping and charge exchange to take place in the jovian iono-
sphere for soft X-ray (SXR: < 1 keV) production (e.g., Dunn, Branduardi-Raymont, et
al. (2020); Dunn, Gray, et al. (2020); Houston et al. (2020)). The SXRs are produced
from precipitating MeV ions originating in the outer magnetosphere and are sometimes
observed to be coincident with flaring ultraviolet (UV) emissions within the UV active
polar region as observed by Dunn et al. (2022) [herein refereed to as D22]. The auroral
hard X-rays (HXR: > 2 keV) result from bremsstrahlung emissions from precipitating
electrons, with the auroral emissions observed to sometimes coincide with the UV main
emission (e.g., Branduardi-Raymont et al. (2008); Dunn et al. (2016)). This suggests that
the precipitating electrons responsible for the HXR and UV main emission auroral emis-
sions are likely to originate in the same region of the middle magnetosphere. Recent and
ongoing studies are investigating how the X-rays are connected to other auroral emis-
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sions in the EM spectrum via plasma waves such as electromagnetic ion cyclotron (EMIC)
waves associated with precipitating ions, which are shown to be strongly correlated with
X-ray pulsations (e.g., Yao et al. (2021)). Other studies have looked at how the HXR

are correlated with the more intense UV auroral emissions (Wibisono et al., 2021), such
as dawn storms - major enhancements of the UV main emission along the dawn arc with
a broadening in latitude (Bonfond et al., 2021; Yao et al., 2020).

Previous studies analysing the jovian UV aurorae from the Hubble Space Telescope
(HST) have isolated various regions within the auroral emissions to explore the tempo-
ral and morphological variation across them. Nichols et al. (2009) used data from two
2007 Hubble Space Telescope (HST) campaigns to identify three northern UV auroral
components: (1) the main oval (main emission), (2) low-latitude and (3) high-latitude
auroral emissions. They calculated the auroral power, via analysis of the observations
and visibility modelling of each region, and 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 emis-
sions) were uncorrelated with that of the main emission unless a dawn storm or enhance-
ments due to a magnetospheric compression occurred. This may be a result of the po-
lar emissions, in particular the swirl region observed to contain patchy and turbulent au-
roral emissions at the centre of the UV polar auroral emissions, having a strong local time
dependence (Greathouse et al., 2021).

Nichols et al. (2017) followed up their previous study by segmenting the northern
auroral region further, focusing on four regions of interest. These regions were applied
to a larger HST dataset (around 47 orbits in total), covering May to July 2016 during
Juno’s (Bolton et al., 2017) final approach to Jupiter and its orbit insertion in the dawn

flank of Jupiter’s magnetosphere. By comparing the Juno in situ interplanetary data (McComas

et al., 2017) and the HST UV auroral images they observed the intensity of the the main
emission (at System IIT (SIII) longitudes > 170°) to increase for 1 - 3 days following com-
pression events identified by Juno, with emissions on the polar dusk side to also brighten
during these times and during shallow rarefactions of the solar wind. Auroral emissions
equatorward of the main emission (at SIII longitudes < 190°) brightened ~ 10 days fol-
lowing enhanced Io plasma torus emissions observed from the EXtreme ultraviolet spet-
rosCope for ExosphEric Dynamics (EXCEED) on board Hisaki (Yoshioka et al., 2013).
The noon active region did not show any clear correlation between intensity and inter-
planetary conditions, although the morphology was observed to change between peri-
ods of rarefactions and compressions. The variability of these emissions across the spe-
cific regions highlights how the auroral and magnetospheric dynamics change across dif-
ferent local times.

More recently, Grodent et al. (2018) [herein referred to as G18] 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 simpli-
fied description of the complex dynamics observed in the UV auroral emissions: (1) @
(or ‘quiet’) has a very low auroral power (< 1 TW) with a lower latitude main emission
(ME); (2) N has a ‘narrow’ and expanded ME, exhibiting average power; (3) U describes
more ‘unsettled’ conditions and is the intermediate behaviour between @ and N; (4) I
is associated with strong injections with a ‘corner-like’ morphology, located at ionospheric
dusk with (5) more moderate injections being represented by the ¢ family. (6) The fi-
nal family, X, is linked to ‘eXternal’ perturbations generating very strong and contracted
ME with large enhancements at dawn and strong, narrow auroral arcs in the afternoon-
dusk sector. Such behaviour is usually observed during solar wind compressions. These
new definitions allowed different morphologies to be compared to establish logical, plau-
sible connections to identify the responsible auroral driver and allowed a more detailed
quantitative way to analyse variations of spatial behaviour. G18 observed that auroral
emissions corresponding to the U family occurred most often (29.5% of 118 HST images)



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

and were identified to be connected to the @ family due to slight changes in brightness

of the ME. The connection was only interrupted by episodes of injection events (I, ¢) which
were observed to precede or follow the N family. The moderate injections, i, were iden-
tified after auroral structures associated with compressions of the interplanetary medium
(X). The disturbances from compressions can trigger episodic injections of trapped par-
ticles in the middle magnetosphere, as observed by Louarn et al. (2014) from Galileo par-
ticle and radio measurements. More details of the UV auroral families described here

can be found in G18. Yao et al. (2020) found that dawn storms and injection events were
correlated with intervals of tail reconnection and dipolarization.

In this study, we utilise the techniques used for the UV auroral emissions to iso-
late 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 magneto-
spheric dynamics. We use concurrent HST data to help provide vital magnetospheric con-
text to the Chandra (Weisskopf et al., 2000) observations, using the G18 auroral defi-
nitions, and model the visibility of the X-ray auroral structures we define here, similar
to Nichols et al. (2009). We then compare the magnetospheric dynamics found from the
X-ray-UV data and compare with the magnetospheric conditions identified from the Juno
spacecraft, using radio (Kurth et al., 2017) and magnetometer (Connerney et al., 2017)
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 magnetohydrodynamic (MHD)
solar wind propagation model. Similar to the logic applied by G18, the goal of this study
is to simplify the complex morphological variations of the X-ray aurora, allowing plau-
sible connections to be made between the auroral emissions and magnetospheric dynam-
ics. Linking our X-ray structures with the UV equivalent may provide additional con-
text from which to infer the state of the jovian magnetosphere in the absence of upstream
solar wind data.

Previous observations noted morphological variations in the X-ray aurora and at-
tempted to connect this with solar wind conditions for a limited sample of observations
taken in 2007 and 2011, for which interpretation was further challenged by limitations
on viewing geometry (Dunn et al., 2016; Dunn, Branduardi-Raymont, et al., 2020; Dunn,
Gray, et al., 2020). The work here, with a more comprehensive observation dataset sup-
ported by in situ insights from the Juno spacecraft, may also help to put these historic
X-ray observations into context.

2 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 - Imaging: 30
arcmin X 30 arcmin field of view, with pixel size 0.13 arcsec and spatial resolution of 0.4
arcsec) observations defined and tabulated in Weigt, Jackman, et al. (2021), focusing on
those taken during the Juno main mission (24 May 2016 up to and including 8 Septem-
ber 2019). The Chandra observations used here are a combination of HXRs and SXRs
due to the very limited spectral resolution of HRC-I, meaning that we cannot segregate
photons of these two energy regimes. However, previous work suggested that greater than
90% of the observed X-ray photons detected by Chandra ACIS (Advanced CCD Imag-
ing Spectrometer) were soft X-ray photons Dunn, Branduardi-Raymont, et al. (2020) and
the energy response of HRC is softer than ACIS, so that we expect the majority of de-
tected X-ray photons to be produced by precipitating ions. These observations include
those taken during Juno’s approach to Jupiter (in the solar wind), while Juno was at apo-
jove (near the dawn magnetopause), during several perijoves and intervals when Juno
was inside and crossed the jovian plasmasheet. We then correct the Chandra observa-
tions using the updated mapping algorithm described in McEntee et al. (2022), assum-
ing the altitude of X-ray emissions is 400 km above the 1-bar atmosphere, to ensure that
we have accounted for the time-dependent degradation of the Chandra HRC-I instru-
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ment while removing any contaminant background (Weigt et al., 2022). Here our focus
is on the brightest and most concentrated X-ray northern auroral emissions, located us-
ing the Weigt et al. (2020) numerical criterion of >7 photons per 5° SIII longitude x 5°
latitude over ~ 10 hours (the average duration of the observations of the catalogue, around
a jovian rotation). We note using this more updated mapping method provides minimal
change in X-ray count rates from the Weigt, Jackman, et al. (2021) study and therefore
does not change the interpretation of these results. We highlight here that accounting
for the instrument’s increasing degradation (and particle background) is crucial for fu-
ture studies during the Juno extended mission (especially when mapping X-ray emissions
to the jovian disk). The degradation of HRC-I has also been observed when analysing
time-tagged photon data in a low-count regime from Saturn (Weigt, Dunn, et al., 2021).

To help provide essential magnetospheric context to the X-ray auroral emissions,
we use HST observations concurrent with Chandra data. We analyse 17 Chandra ob-
servations during the Juno-era, 14 of which have HST Space Telescope Imaging Spec-
trograph (STIS: 24.7 arcsec x 24.7 arcsec field of view, spatial resolution of 0.0025 arc-
sec) data £+ 1 day from the Chandra window, to allow the magnetospheric conditions to
be analysed in detail. STIS detects far ultraviolet (FUV) auroral emissions of wavelengths
~ 130 - 180 nm (photon energies ~ 7 - 10 eV) using the F25SRF?2 filter to eliminate geo-
coronal Ly-a contamination and to reduce the reflected sunlight from the jovian disk (e.g.,
Grodent (2015)). These 14 HST observations focus on the northern auroral emissions
of which components within the UV aurora have been identified using the G18 defini-
tions. We note that we add to this catalogue with three newly identified HST observa-
tions coinciding with Observation ID (ObsID) 22159 (29 May 2019), 22150 (18 June 2019)
and 22151 (8 September 2019). All observations used in this research are shown in Ta-
ble 1. To compare with contemporaneous Juno data, both the Chandra and HST inter-
vals have been corrected for the Juno-Earth light-travel time, taken from ephemeris data
obtained via the JPL Horizons database (data available at https://ssd. jpl.nasa.gov/
horizons/app.html#). The mean and max dynamic pressure (Pgy,) estimated from the
Tao et al. (2005) 1D MHD model over a 2 day window centered on the Chandra inter-
val with the corresponding average Jupiter-Sun-Earth (JSE) angle are also given in Ta-
ble 1. This 2-day window is used for all observations irrespective of JSE angle to account
for propagation and interpolation errors. We note that Chandra observations taken be-
yond 8 September 2019 (and after the creation of the Weigt, Jackman, et al. (2021) cat-
alogue) have no direct overlap with any HST campaigns and are therefore not included
in this study.

We then compare these observations to remote sensing radio data (spectrograms)
from Juno Waves and in situ data (time series) from the magnetometer, Juno MAG to
confirm the magnetospheric state during these intervals and potentially identify any in-
ternal magnetospheric drivers (e.g. such as particle injection signatures). Juno’s eccen-
tric polar orbit allows it to sample the inner, middle and outer magnetosphere during
its 53-day orbit, providing us the opportunity to analyse the different internal auroral
drivers, hence the auroral emissions, located throughout the jovian magnetosphere. We
take this into account when interpreting these data.

3 Results

Following studies that have identified different regions within the UV emissions as-
sociated with different potential drivers (e.g., Grodent et al. (2018)), we apply similar
logic to the X-ray northern auroral emissions from the Weigt, Jackman, et al. (2021) Chan-
dra catalogue during the Juno-era. Here we use the families defined from UV emissions
from concurrent HST observations to provide vital context to the concentrated north-
ern X-ray emissions and use the superior spatial resolution of HST-STIS to model the
visibility of each X-ray auroral region.
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3.1 Identifying X-ray auroral structures

As analyzed in the statistical study by Weigt, Jackman, et al. (2021), it is clear that
the northern X-ray emissions exhibit large variations in morphological and temporal be-
haviours with only a very small region of X-rays appearing across the entire ~ 20 year
Chandra HRC-I dataset: the averaged hot spot nucleus (AHSNuc), mapping to the noon
magnetopause boundary. We show examples of 2D histograms of mapped concentrated
X-rays, using the Weigt et al. (2020) numerical criterion, in Figure 1 within the X-ray
noon region (red), where the colour bar shows the photon flux of the X-rays (counts s~1)
and the 1D histograms show the latitude (lat) and System III longitude (SIII lon) dis-
tribution of the X-ray emissions. Similar to the ‘Region X’ defined in D22, the X-ray noon
region contains both the UV swirl and active regions (Grodent et al., 2003) and there-
fore the X-ray emissions they may generate. The remaining X-ray auroral structures we
define here are X-ray dusk (purple), X-ray dawn (gray), the Low Latitude Extension re-
gion (LLE; gold), equatorward of X-ray noon and the X-ray polar region (striped region)
which envelopes both the noon and dusk structures. The statistical UV main emission
(accounting for a compressed and expanded magnetosphere) and Io and Ganymede mag-
netic footprints taken from Bonfond et al. (2017) are also plotted to provide context of
the location of these regions within the magnetosphere. The coordinates of each region
(in SIII lon, lat) are given in the Supplementary Information (SI: see Data Set S1).

In Figure 1 (covering a central meridian longitude (CML) of 110° - 220°), we show
four examples of different auroral morphologies each under different conditions: (a) where
all auroral emissions are within the polar region (ObsID 18301: 2 February 2017); (b)
where the most intense auroral emissions are observed to be shifted equatorward (Ob-
sID 22151: 8 September 2019); (c) auroral morphology during a compressed magneto-
sphere (ObsID 20001: 18 June 2017) and (d) an observation during Juno a apojove (Ob-
sID 18678: 1 April 2018). Three out of the four cases show the majority of the concen-
trated, and most intense, X-ray emissions are located in the X-ray polar region, dom-
inated by X-ray noon. These emissions are therefore likely to be co-located (and pos-
sibly linked) with the UV activity in the polar and swirl regions and possibly coincide
with flaring UV emissions (e.g., Elsner et al. (2005); Dunn (2022)). Previous studies (e.g.,
Grodent et al. (2003); Grodent (2015); Greathouse et al. (2021) and references therein)
have also identified the polar active region as the most dynamic of the UV polar emis-
sions, producing flares and bright arc sub-structures of a few hundred kilo-Rayleigh (kR)
lasting in the order of a few minutes. The examples shown in Figure 1 are discussed fur-
ther in the remainder of Section 3.

The X-ray dawn region is found to coincide with a portion of the main emission
and the Io footprint suggesting an association between dawn storms, injections of hot
plasma from the middle magnetosphere (e.g., Gerard et al. (1994); Kimura et al. (2017))
and bright X-ray populations. Recent work by Wibisono et al. (2021) found the inten-
sity of the HXRs to increase during the presence of a dawn storm with reduced activ-
ity from the more poleward SXRs, utilising the energy resolution of XMM-Newton. Re-
gions of X-ray dawn at higher latitudes are likely to overlap with the UV dark polar re-
gion (DPR) which contains very little UV emissions and is observed to contract and ex-
pand as Jupiter rotates, mapping to the outer magnetosphere (e.g., Pallier and Prangé
(2001); Grodent et al. (2003); Swithenbank-Harris et al. (2019)). The DPR has been found
to be the likely location of empty flux tubes, emptied via Vasylitinas-like reconnection
in the tail which then rotate to the dayside magnetosphere (Vasyliinas, 1983), result-
ing in very little UV emissions here. Recent work by D22 found that the DPR is also
present within the X-ray northern auroral emissions. D22 deduced from Chandra and
HST observations (and simulated data) that very few or no X-ray photons are to be lo-
cated in the DPR. They confirm this conclusion from their Monte Carlo simulations which
state that the likelihood of X-rays being emitted from the DPR is very small, including



80 80

70 70

Latitude
D
o
Latitude
(2]
o

50 50
I Statistical UV main emission Extension
401 —— Ganymede footprint (LLE) 40
----lo footprint
240 220 200 180 160 140 120 100 240

80 80

70 70

Latitude
[}
o
Latitude
(2]
o

50 50

40 40

240 220 200 180 160 140 120 100 240 220 200 180 160 140 120 100
S3 Longitude S3 Longitude

0.000 0.100 0.160 0.256 0.410 0.655 1.049 1.678 2.684 4.295 6.871

Count rate (counts s™1) x10

Figure 1. A Cartesian plot of the X-ray mapping for four example Chandra observations
analysed in this research, each under different conditions: (a) ObsID 18301 (2 February 2017),
where all auroral emissions are within the polar region; (b) ObsID 22151 (8 September 2019),
where the auroral emissions are shifted equatorward; (c) ObsID 20001 (18 June 2017), auroral
morphology during a compressed magnetosphere and (d) ObsID 18678 (1 April 2018), CXO ob-
servation during Juno apojove. Each case is expanded upon in the remainder of Section 3. The
location of the X-ray auroral structures as described in the text (red: noon; purple: dusk; gray:
dawn; gold: LLE; striped: polar) are shown in each panel and are labelled in (a). The count
rates (countss™') of the concentrated X-ray auroral emissions (2D histogram: binned by 3° SIIT
lon x 3° lat) are given by the colour bar. The statistical UV main emission accounting for com-
pressed and expanded states (dark gray shading), and the footprints of Io (black-dashed line)
and Ganymede (solid black line) are overplotted (Bonfond et al., 2017). The X-ray emissions
mapped and analysed for this research are selected from a 9000 + 1080 s interval, covering a
central meridian longitude (CML) range of 110° - 220° (i.e. optimum visibility for each region as

shown in Figure 2). This CML range is overplotted with orange dashed lines.
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possible scattering of solar X-ray photons in the jovian upper atmosphere as an expla-
nation for the sporadic and very dim X-ray emissions in the Dark region.

The regions likely to contain more extreme cases of auroral activity are the X-ray
dusk (see Figures 1 (¢) and (d)) and LLE regions (Figure 1 (b)) where the brightest emis-
sions may span poleward or equatorward of the nominal position as found by Weigt, Jack-
man, et al. (2021), where it was observed that concentrated X-ray photons are occasion-
ally (30 - 70% occurence) found at latitudes between 54° and 75°. Therefore these re-
gions will likely contain rare auroral morphologies linked to more unusual or extreme mag-
netospheric dynamics. The LLE region covers an area of UV auroral emissions possibly
associated with active particle injections from the middle magnetosphere driven by re-
connection 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
(e.g., Gray et al. (2016)). The 2-D histograms for all observations analysed and corre-
sponding plots highlighting the filtering performed on the concentrated X-ray lightcurves
photons using our CML criterion can be found in the SI (Figures S1 and S2).

3.2 Visibility and distribution of auroral photons across the X-ray au-
roral structures

The tilt of Jupiter, as viewed from the observer, can lead to issues of viewing ge-
ometry of the planet when using remote sensing data (e.g., Dunn et al. (2017); Dunn,
Branduardi-Raymont, et al. (2020); Weigt, Jackman, et al. (2021)). 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 view-
ing the northern emissions as the longitude of the observer (or CML) can change what
parts 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
each X-ray auroral structure, using the area of the region defined in SIII lon and lat 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 structures
as viewed by an observer at Earth. In other words, we analyse how much of an effect the
tilt of the planet has when observing fixed regions (in SIII lon and lat) on Jupiter from
any Earth-based instrument. We define the visibility 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 structures used in the model were uniform.

We adopt the method of Nichols et al. (2009) used to measure the visibility (as a
function of normalized power) of different isolated components of UV auroral emissions
during two HST campaigns in 2007, using the Advanced Camera for Surveys (ACS) So-
lar Blind Channel (SBC). Here we apply this algorithm to the X-ray structures, using
the ionospheric position and size of each region as viewed by HST-STIS (with greater
resolution than Chandra). Figure 2 shows the results of our visibility modelling over a
full jovian rotation (e.g. full CML coverage) for the highest (orange: -3.39°) and low-
est (black: = -1.52°) sub-Earth latitude during the Juno main mission for all X-ray au-
roral structures. The sub-Earth latitude relates to how tilted Jupiter is away from the
observer, resulting in the peak for both cases being different. Here, we define the visi-
bility as the number of pixels visible for each of the X-ray regions normalized to the max-
imum for the lowest planetary tilt case. The CML range (110° to 220°) used through-
out this study is also overplotted in light-blue.

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 structure. The width of the peak gives an indication of the size of the region
of interest. As shown in Figure 2, the location and width of the modelled peak visibil-
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Figure 2. Plot showing the modelled normalized visibility for a full jovian rotation of each
northern auroral region as observed from STIS on board HST. We model the visibility during
the smallest (black: = -1.52°) and largest (orange: -3.39°) planetary tilt as viewed from Earth
(sub-Earth latitude) during the Juno main science mission. The CML range used to analyse the
concentrated X-ray emissions is overplotted with the light-blue shaded area. The number of pix-

els visible for each region is normalised to the maximum for the sub-Earth latitude = -1.52° case.
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ity for the polar, noon and dusk regions (labelled with the same colours corresponding
to the regions in Figure 1) are very similar as expected as all regions span the same SIIT
lon 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 be-
ing more poleward and more difficult to view with HST-STIS [see Grodent (2015) for
more details] and therefore more sensitive to sub-Earth latitude. The peak visibility of
all the X-ray auroral structures lie within our CML range and therefore likely associated
with the peak of the X-ray light curve of the northern emissions. We note X-ray noon

is also affected by sub-Earth latitude to an extent, but the normalized fractional visi-
bility still remains above 0.8 (i.e. > 80% of all pixels visible to noon) during the more
restricted viewing geometry. Since the polar region is the accumulation of visible pix-
els from both X-ray noon and dusk, the modelled visibility curve is, as expected, a com-
bination of both regions. The dawn region spans greater longitudes and surrounds the
polar emissions, following a portion of the dawn main emission leading to the peak vis-
ibility shifting to higher CMLs. As the shape of X-ray dawn region is longer in size (i.e.
spans a greater range of longitudes) the peak of the visibility curve is broader, as it is
less sensitive to the tilt of the planet. This region is more equatorward than the X-ray
polar region. This is similar for the LLE region, although this auroral structure spans
the smallest range of longitudes out of the X-ray structures 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