
1.  Introduction
The first detection of X-ray emissions emanating from Jupiter was made by the Einstein Observatory (Metzger 
et al., 1983) in 1979, with subsequent observations made by the Röntgen satellite (ROSAT: Trümper, 1993), the 
Chandra X-ray observatory (CXO: Weisskopf et al., 2000), and XMM-Newton (Jansen et al., 2001). These obser-
vations have revealed distinct X-ray emissions from Jupiter's equatorial disk region and polar auroral regions. The 
disk emission results from elastic and fluorescent scattering of solar X-ray photons in Jupiter's upper atmosphere, 
meaning that this emission is largely governed by solar activity (Bhardwaj et al., 2005, 2006; Branduardi-Raymont 
et al., 2007, 2010; Cravens et al., 2006; Dunn, Branduardi-Raymont, et al., 2020; Elsner et al., 2005a, 2005b; 
McEntee et al., 2022; Wibisono et al., 2023). Jupiter's auroral emissions can be further split into two components: 
hard X-rays (HXRs, photons energy >2 keV) and soft X-rays (SXRs, photon energy <2 keV). The production 
of HXR emissions are due to bremmstrahlung radiation (Branduardi-Raymont et  al.,  2007), where an X-ray 
photon is emitted by a precipitating electron when it is deflected in the electric field of an atomic or molecular 
nucleus in Jupiter's atmosphere. HXRs have been found to overlap the ultraviolet (UV) main oval, leading to the 
conclusion that the HXR and UV auroras may be produced by the same population of energetic electrons in the 
middle magnetosphere (Branduardi-Raymont et al., 2008; Hill, 2001). SXRs are observed at higher latitudes than 
HXRs and are often located poleward of the main oval. The soft X-ray emission is thought to be a result of charge 
exchange processes, whereby a solar wind or iogenic ion captures a bound electron from a neutral in the jovian 

Abstract  On 15 September 2021, Chandra carried out a 40-hr (∼4 jovian rotations) observation as part 
of its longest planetary campaign to study the drivers of jovian X-ray aurora that may be linked to ultra-low 
frequency (ULF) wave activity. During this time, Juno's orbit had taken the spacecraft into Jupiter's dusk 
magnetosphere. Here is believed to be the most probable location of ULF waves propagating along jovian 
magnetic field lines that drive the X-ray auroral emissions. This is the first time that this region has been 
observed by an orbiter since Galileo >20 years ago, and never before has there been contemporaneous in situ 
and X-ray observations. A 1D solar wind propagation model identifies a compression event near the midpoint 
of the 40-hr observation window. The influence of a compression is confirmed when comparing the measured 
magnetic field in the dusk lobes of the magnetotail from Juno MAG data against a baseline lobe field model. 
Data from the Juno Waves instrument also show activation of broadband kilometric (bKOM) emissions during 
the arrival of the shock, a feature that has previously been observed during compression events. Therefore this 
is the first time we can fully analyze the morphological variability during the evolution of a shock. Wavelet 
transforms and Rayleigh testing are used to search for statistically significant quasi-periodic pulsations (QPPs) 
of the X-ray emissions in the data set, and find significant QPPs with periods of 25–26 min for the northern 
auroral X-rays.
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atmosphere. The ion is left excited and the electron then decays to a lower energy level with the emission of an 
X-ray photon. This heavy ion precipitation occurs on open magnetic field lines that are connected to the solar 
wind or on closed field lines mapping to Jupiter's outer magnetosphere based on mapping using a flux equiva-
lence model (Cravens et al., 1995; Dunn et al., 2016, Dunn, Gray, et al., 2020; Houston et al., 2020; Kharchenko 
et al., 2008; Kimura et al., 2016; Ozak et al., 2013; Vogt et al., 2011, 2015; Wibisono et al., 2021).

Jupiter's X-ray auroral emissions have been found to occasionally pulsate with statistically significant quasi-periods 
(Dunn et al., 2017; Gladstone et al., 2002; Jackman et al., 2018; Weigt et al., 2021; Wibisono et al., 2020). A 
comprehensive study of all Chandra observations of Jupiter from 1999 to 2015 revealed that, when present, the 
periods of the pulsations in the northern and southern auroral X-rays range from ∼8–45 min, and that these 
pulsations can vary on the timescale of a Jupiter rotation (∼10 hr, Jackman et al., 2018). A more recent study by 
Weigt et al. (2021) echoed these results when expanding the catalog to 2019 (∼2.3–36 min) to the concentrated 
X-ray auroral emissions. They also found these periodicities in the brightest emissions to be spatially dependent 
when applying a strict location criterion. Dunn et al. (2017) found that the northern and southern auroral emis-
sions are nonconjugate in nature and can pulsate independently from each other, with different periods. Signif-
icant quasi-periodic pulsations (QPPs) are relatively rare in the jovian X-ray data (Jackman et al., 2018; Weigt 
et al., 2021), and the most significant pulsations almost always associate to a restrictive polar hot spot which in 
turn maps to a spatially localized source region in the magnetosphere (Weigt et al., 2021). The high spatial reso-
lution of Chandra allows us to resolve the X-ray photons which comprise these hot spots, giving a unique window 
into the location of the driving mechanism.

Pulsations in other wavelengths have also been observed, notably including the 3–11 min period pulses in UV 
emission from a patch in Jupiter's polar cap (Nichols, Badman et  al.,  2017) and mysterious broadband radio 
emissions that pulsed every 10–45 min (e.g., Kurth et al., 1989; MacDowall et al., 1993). Bonfond et al. (2011) 
also found that the northern UV aurora exhibits flaring periodically every 2–3 min and maps to regions with 
closed field lines. Watanabe et al. (2018) also report periodicities of tens of minutes in the infrared (IR) aurora. 
Contemporaneous observations of Jupiter's auroral emissions in X-ray, UV and radio wavebands have shown 
that, on occasion, these multi-waveband pulsations are synchronized (Dunn, Gray, et al., 2020). The driver of this 
quasi-periodic emission is unknown and is one of the great open questions for jovian physics. However, in Yao 
et al. (2021) an interval of quasi-periodic X-ray pulsations was seen to coincide with the same pulsations in the 
compressional magnetic field direction and in electromagnetic ion cyclotron (EMIC) waves, which the authors 
used to suggest there was a causal relationship.

In this paper, we take advantage of a long (40 hr, 4 jovian rotation, JR) Chandra X-ray observation of Jupiter 
and compare with in situ and remote sensing data from the Juno spacecraft. At the time of the observation Juno 
was located in the so far unexplored dusk sector of Jupiter's magnetosphere, thought to be the most likely source 
region for driving of jovian X-rays (e.g., Manners et al., 2018). The arrival of a shock front at Jupiter during the 
Chandra 40-hr time window is detected in the tail by instruments onboard Juno. This represents the first time 
where it is possible to track the evolution of a shock as it propagates throughout the jovian magnetosphere with 
40-hr of data. The ability to observe Jupiter's X-rays on multiple successive planetary rotations, and to combine 
this with in situ observation of associated fields and particles gives us the opportunity to track temporal and 
spatial variations in X-ray activity, the presence (or absence) of quasi-periodic pulsations, and to explore evidence 
for a dynamic driver of the emission.

In Section 2 we discuss the data sets used in this study and any necessary preprocessing. Section 3 outlines our anal-
ysis methods and shows results from timing analysis, including the wavelet transform to search for quasi-periodic 
pulsations (QPPs) and a Monte Carlo simulation to test for statistical significance. The Tao et al. (2005) solar 
wind propagation model, combined with in situ and remote sensing data from the radio (Waves) and magnetome-
ter (MAG) instruments onboard the Juno spacecraft, help to provide magnetospheric context during the Chandra 
X-ray observation window. X-ray polar heat maps (2D histograms) are also displayed to investigate the variation 
in the spatial morphology over time scales of a JR (∼10 hr) and during the evolution of a possible shock propa-
gating through the magnetosphere. A summary is provided in Section 4.

2.  Data Sets and Methods
The Chandra X-ray Observatory (CXO) has several instruments on board including the High Resolution Camera 
(HRC-I) which can take high spatially resolved images of Jupiter's X-ray emissions. The HRC-I contains a single 
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large-format microchannel plate, providing spatial resolution of ∼0.4 arcsec over a 30 arcmin × 30 arcmin field 
of view. Time-tagged X-ray photons are recorded and then mapped to their specific location on Jupiter's surface 
in System III (SIII, a left-handed co-ordinate system which rotates with the planet, and where the z-axis is 
defined by the spin axis of Jupiter) latitude and SIII longitude using the Gaussian point spread function (PSF) of 
the instrument (Weigt et al., 2022). A detailed description of the methods for photon selection, pulse-invariant 
filtering, and correction of mapping to account for Jupiter as an oblate spheroid are described in detail in McEntee 
et al. (2022). The mapping algorithm assumes that the full width at half maximum (FWHM) of the HRC-I PSF 
is 0.8 arcsec, with an assumed PSF of 25 arcsec. The altitude at which X-ray emission occurs is assumed to be 
400 km above the 1-bar atmosphere for the mapping pipeline. The scaling used for the maps is 0.13175 arcsec 
per pixel.

The ability to combine remotely sensed X-ray data from CXO with in situ and remote sensing data from the 
orbiting NASA Juno spacecraft gives us a broad insight into the temporal and spatial variability of the X-ray emis-
sions. Additionally, we are provided with local field and plasma conditions, as well as other auroral emissions 
which supply context for the broad drivers of magnetospheric behavior. In this paper we complement data from 
the CXO (shifted backwards in time by ∼ 34 min to account for the time difference between Jupiter-Chandra and 
Jupiter-Juno light travel times) with data from the Juno Fluxgate Magnetometer (MAG: Connerney et al., 2017) 
and the Juno Waves instrument (Kurth et al., 2017). Waves is a radio sensing instrument which consists of a single 
electric dipole antenna mounted parallel of the spacecraft's y-axis, and a body-mounted search coil magnetometer 
mounted parallel to the Juno spin axis. Juno Waves measures electric field from 50 Hz to 40 MHz using two differ-
ent subreceivers: the Low Frequency Receiver (LFR), from 50 Hz to 140 kHz and the High-Frequency Receiver 
(HFR) from 140 kHz to 40 MHz. In this study we are only using the Low Frequency Receiver. We specifically 
look at data from 20 to 140 kHz to isolate the broadband kilometric emissions (bKOM, Zarka et al., 2004), an 
auroral radio emission that is produced by the Cyclotron Maser Instability (Treumann, 2006; Zarka, 1998) at 
high-latitude. These emissions are influenced by changes in solar wind conditions (Zarka et al., 2021), with a 
sudden and intense activation during magnetospheric compression events (Louarn et al., 1998; Louis et al., 2023).

The narrowband kilometric radiation (nKOM), another component of Jupiter's radio spectrum originating from 
Io's plasma torus (Reiner et al., 1993), is also activated by magnetospheric compressions, although the activation 
is not observed until the magnetosphere is in its expansion phase (e.g., 39 hr after activation of bKOM for case 
study used in Louis et al., 2023). For this reason, we exclude the nKOM from the data set. We have also excluded 
the low-frequency (<1–20 kHz) region of the Juno Waves dynamic spectrum, containing the quasiperiodic (QP) 
bursts which have been found to pulse every 10–45 min (MacDowall et al., 1993). Juno's location near Jupiter's 
south pole during the CXO interval means that no comparisons can be made between the auroral X-ray and radio 
emissions and the plasma environment surrounding Juno (e.g., particle data) as no statistically significant QPPs 
are observed in the southern X-rays (as will be discussed later). The potential non-conjugacy of Jupiter's polar 
aurora (e.g., Dunn et al., 2017) also inhibits any north-south comparison.

Figure 1 shows the trajectory of the Juno spacecraft from Jupiter Orbit Insertion (JOI) until the end of 2022. The 
green line shows the location of Juno at the time of this observation with Juno near apojove [87.45–91.35 RJ (1 
RJ = Jovian radius = 71,492 km)] from the planet on the dusk flank [20.80–20.72 Magnetic Local Time (MLT)]. 
The spacecraft was inside the nominal magnetopause position, and in Section 3.3. We will discuss the in situ and 
remote sensing Juno data which reveal the magnetospheric structure at this time.

3.  Results
As mentioned in the introduction, Jupiter's auroral X-rays occasionally pulsate with statistically significant peri-
ods. The time-tagged nature of the CXO data allow us to conduct sophisticated time series analysis, while the 
high spatial resolution nature allow us to examine morphological features.

3.1.  Temporal Analysis

Continuous wavelet transforms were applied to the entire observation to reveal if, when, and for how long the 
X-ray auroral emissions pulsate. The wavelet transform decomposes a function into a set of wavelets, as opposed 
to the Fourier transform which captures periods that persist over an entire signal/observation (Daubechies, 1990). 
This makes the wavelet transform better for decomposing signals which have short intervals of characteristic 
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oscillation, allowing it to extract both local spectral and temporal information. The time and period resolution of 
the power spectral density (PSD) produced by this method is low, making it difficult to determine the exact start 
time and period of these pulsations. However, the PSD provides a visual representation of these pulsations and 
gives estimates of which time intervals to investigate further using a method that does not provide simultaneous 
time and period resolution, such as a Rayleigh test (discussed in detail later).

Wibisono et al. (2020) found that the Shannon wavelet best replicated the known periodicities in the Jovian X-ray 
light curves, as it provides good period/frequency resolution, which is required for this study. Additionally, the 
resulting PSD clearly distinguishes each planetary rotation. Therefore we apply the same wavelet in this study. 
Other wavelet types, such as Gaussian and Morlet, were also tested to determine their period and time resolu-
tions. The PSD plots for these wavelets are shown in the supporting information in Figure S1 in Supporting 
Information S1.

The top panel of Figure  2 shows the (light-corrected) jovian northern X-ray light curve for the entire 40  hr 
Chandra HRC-I observation, with the data shown in 2-min bins. The northern region includes any photons with 
a SIII latitude >45° (McEntee et al., 2022, see Figure 4). Emissions from the northern envelope (NE) are visible 
in the Central Meridian Longitude (CML) range 65–280° (e.g., Dunn et al., 2017; Jackman et al., 2018), and the 
gray shaded regions display when they are in view. Viewings of the NE were only considered when > half of 
the CML range was in view during the observation, which is why the brief interval at the beginning of the CXO 
observation is excluded, despite the NE being in view. Purple horizontal lines represent the length of each JR 
from the beginning of the X-ray observation. The bottom panel shows the PSD plot from the wavelet transform 
using a continuous Shannon wavelet. The color bar displays the PSD in log-form, where areas in dark red repre-
sent periods where the northern X-rays exhibit strong pulsations. As the red becomes lighter and fades to white, 
the significance of the pulsations decreases. Areas in blue have no regular periodicities in the light curve. The 
elongated finger-like structures which appear to stretch across a broad period range are a result of the binning of 
the data. A true quasi-periodic signal would require an intensification of PSD across a longer time-span than these 
finger-like structures. Figure S2 in Supporting Information S1 shows Shannon PSD plots for different time bins, 
which show a widening of the finger-like structures with increasing bin size.

To determine the intervals where the quasi-periodic pulsation is strongest, we set a threshold on our PSD such 
that log(PSD) > 2.5. This threshold was chosen in an attempt to pick out intervals of shorter duration than the NE 
viewings and which display strong pulsations. The time interval begins at the first time bin where the threshold 

Figure 1.  Juno's orbital trajectory. The location of the spacecraft during the CXO observation is highlighted in green. 
The green box is drawn around the relevant parts of the trajectory to highlight it. The coordinate system used here is the 
Jupiter-de-Spun-Sun (JSS). In this system, X points toward the Sun, Z is aligned with the jovian spin axis, and Y closes the 
right handed system (positive toward dusk).
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is exceeded, and ends when log(PSD) < 2.5 for five consecutive bins (10 min). We also exclude instances where 
this PSD threshold was satisfied for time intervals of 30 min or less. Only considering longer-duration cases 
(>30 min) ensures that there were sufficient X-ray counts during the interval to perform timing analysis, and also 
allows a long enough duration to observe several cycles of the shorter-period pulsations previously reported in the 
jovian auroral literature (e.g., Bonfond et al., 2011, 2–3 min flaring in UV). Furthermore, time intervals were also 
selected using an analogous method, except in this instance the threshold on PSD was set such that log(PSD) > 3. 
The vertical green lines in the bottom panel of Figure S3 in Supporting Information S1 show the time intervals 
when the log(PSD) > 3 threshold was satisfied.

Table 1 presents the results of the application of the wavelet transform across the full CXO observation interval, 
including the start times, end times, and durations of any time intervals of interest. Within this 40 hr CXO obser-
vation of Jupiter, containing four viewings of the northern envelope (NE), we identify five time intervals where 
our log(PSD) > 2.5 condition was satisfied (indicated in bottom panel of Figure 2). Three of these time intervals 
happened during the first viewing of the northern envelope (NE1: 2021-09-15 18:29 to 2021-09-16 00:24). The 
first began at 19:10 UT on 15 September 2021 during the first viewing of the northern envelope (NE1), and lasted 
for 88 min, showing a range of pulsation periods of ∼20–40 min. During this window, 124 X-ray counts were 
detected by Chandra HRC-I. This interval is bracketed by yellow vertical lines in Figure 2 and will be analyzed 
further in the next section. We also observe a much longer time interval where this PSD threshold was exceeded 
near the end of the observation, beginning at 00:40 UT on 17 September 2021 during NE4, and lasting for a 
duration of 172 min. In this example, we observe 290 counts, and see an intensification in PSD over a broader 
range of periods, from ∼10–50 min. The most intense regions take the shape of small patches joined together, as 
opposed to one extended structure as is seen in the first example.

The wavelet transform of the entire ∼40 hr jovian northern X-ray light curve identified pulsating intervals that 
required further analysis using Rayleigh testing (Leahy et al., 1983; Mardia, 1972) to identify any (quasi-)periodic 
behavior. The Rayleigh technique can be applied to unbinned, irregularly sampled data and thus is well suited to 
the time-tagged photon data detected by CXO. The Rayleigh test is particularly suitable for a sparse count regime, 
and this is why we use it to analyze Jupiter's low X-ray photon count as detected by Chandra HRC-I instead of other 
methods such as fast Fourier transforms and Lomb-Scargle analysis. In this method, each time-tagged photon is 

Figure 2.  (Top panel) Chandra HRC-I 2-min binned jovian northern X-ray light curve. The data have been shifted backwards in time by ∼34 min to account for the 
time difference between Jupiter-Chandra and Jupiter-Juno light travel times during the observation. Gray shaded regions highlight when the northern envelope (NE) 
emissions are in view; which occur in System III CML range 65–280°. Purple horizontal lines indicate the length of each jovian rotation (JR) during the observation. 
(Bottom panel) Power spectral density (PSD) plot produced from the continuous wavelet transform of the 2-min binned X-ray light curve using the Shannon wavelet 
(2-min time resolution). The color bar shows PSD on a log scale from 2 −1 to 2 6. Green and yellow vertical lines bracket time intervals where log(PSD) > 2.5. The time 
window bordered by yellow vertical lines will be presented as a case study later in the analysis.
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associated with a phase for each assumed frequency and we examine whether the distribution of phases is uniform, 
or whether there are any local anomalies. A uniform distribution indicates that no period is detected in the time 
series (i.e., the null hypothesis), while an anomalous distribution suggests there may be a significant quasi-period 
present (i.e., rejecting the null hypothesis). A power spectrum is then generated where the highest power results 
from smooth, quasi-sinusoidal, periodic signals, while sharp pulses can cause high powers at the harmonics asso-
ciated with their fundamental frequency (Jackman et al., 2018). Monte Carlo simulations consisting of randomly 
shuffled light curves that contain the same number of photons over the same time interval as the real input data, 
but with randomised photon arrival times, are used to evaluate the statistical significance of any quasi-periods 
found in the X-ray data. The same Rayleigh analysis is then performed for 10,000 fake light curves using an iden-
tical frequency grid. This allows us to estimate the likelihood that a light curve without a periodic signal present 
could produce a peak power greater than that observed in the jovian X-ray light curve (null hypothesis).

A Rayleigh test was performed on the highlighted time intervals in Figure 2. This included the full viewings of the 
jovian northern auroral region (SIII CML range 65–280°, SIII lat > 45°) highlighted in gray in the top panel of 
Figure 2, along with the shorter time intervals identified from the wavelet transform (green and yellow vertical lines 
in bottom panel of Figure 2). Additionally, time intervals were also selected using the alternative log(PSD) > 3 thresh-
old (see Figure S3 in Supporting Information S1 for time intervals). The results of the Rayleigh test are displayed 
in Table 1, displaying the total counts of the input data, the quasi-period corresponding to the peak power, the peak 
power (in arbitrary units) found in the input light curve, and the statistical significance of the quasi-periodic pulsation.

3.2.  Pulsating Northern Hot Spot

Of the different time intervals selected for Rayleigh testing in Table 1, only two contain a quasi-period that is 
>99% statistically significant (p-value <0.01): the first full viewing of the northern envelope using the SIII CML 
plus latitude constraint (NE1: first gray shaded region in top panel of Figure 2), and the first time interval during 
the first northern envelope viewing where the log(PSD) > 2.5 threshold was satisfied within the wavelet trans-
form (vertical yellow lines in bottom panel in Figure 2). Figure 3 shows the Rayleigh test results for the latter of 
these two time intervals, beginning at 19:10 UT and lasting for a duration of 88 min. In this time window, 124 
photons were detected, and Figure 3a displays a 60-s binned light curve of the input data. It should be noted that 
the binned light curve is not used in the analysis and is presented solely for visual purposes. Figure 3b shows the 

Constraint Start time (Y-M-D hr:min) End time (Y-M-D hr:min) Duration (min) Total Counts Best period (min)
Max power (arb. 

units) p-value

 NE1 CML + Lat 2021-09-15 18:29 2021-09-16 0:24 355 389 25.745 16.252 0.0003

PSD > 3 2021-09-15 19:18 2021-09-15 20:32 74 101 23.941 13.075 0.0271

PSD > 2.5 2021-09-15 19:10 2021-09-15 20:38 88 124 25.114 21.974 0.0004

2021-09-15 20:54 2021-09-15 21:52 58 79 24.32 7.891 0.8891

2021-09-15 22:10 2021-09-15 23:18 68 71 48.472 11.026 0.0331

 NE2 CML + Lat 2021-09-16 04:26 2021-09-16 10:20 355 341 28.621 6.143 0.6804

PSD > 3 – – – – – – –

PSD > 2.5 – – – – – – –

 NE3 CML + Lat 2021-09-16 14:24 2021-09-16 20:15 352 369 4.839 8.139 0.1917

PSD > 3 – – – – – – –

PSD > 2.5 2021-09-16 15:22 2021-09-16 16:58 96 118 39.702 14.14 0.0301

 NE4 CML + Lat 2021-09-17 00:20 2021-09-17 03:41 201 319 29.443 9.683 0.2024

PSD > 3 2021-09-17 00:48 2021-09-17 03:22 154 276 41.872 12.192 0.0435

PSD > 2.5 2021-09-17 00:40 2021-09-17 03:32 172 290 28.097 10.15 0.1413

Note. The start time, end time, and duration (in minutes) are shown for each interval. Results include total counts, period corresponding to max power (minutes), max 
Rayleigh power (in arbitrary units), and p-value of statistical significance. Test was carried out for 10,0000 Monte Carlo simulations. Cases where a quasi-periodic 
pulsation was found with statistical significance >99% (p-value < 0.01) are shown in bold.

Table 1 
Rayleigh Test Results for Time Intervals Identified Using Constraints on Central Meridian Longitude (CML) and Latitude (Lat), Power Spectral Density (PSD) 
Threshold of log(PSD) > 3, and log(PSD) > 2.5.
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Rayleigh power (in arbitrary units) as a function of period. The period corresponding to the peak power (blue 
dashed line) indicates the best quasi-period within the input light curve data, with the height of the peak related 
to the statistical significance of this quasi-period. In this example, the peak power is ∼22 (in arbitrary units), and 
has a corresponding ∼25.1 min quasi-period. The black dashed line shows the 99th percentile of peak power from 
the 10,000 randomly generated light curves. The resulting p-value of 0.0004 from the input light curve means that 

Figure 3.  Results from the Rayleigh test performed on identified pulsating interval from wavelet transform. (a) Jovian 60-s binned northern X-ray light curve of 
time-tagged photons from 19:10 to 20:38 UT. (b) Rayleigh power (in arbitrary units) versus period from the Rayleigh test on input light curve. The quasi-period 
corresponding to the peak power (∼25.1 min) is indicated by a vertical blue dashed line. The horizontal dashed line represents the 99th percentile of the power from 
the 10,000 Monte Carlo simulations. (c) Power versus frequency from the Rayleigh test in log-log scale to investigate power law behavior associated with red noise. (d) 
Histogram of maximum powers from the Rayleigh analysis of 10,000 randomly generated light curves based on the original data. The peak power (associated with best 
quasi-period from the original data) is denoted by the vertical blue dashed line. The red line shows the cumulative probability distribution of the maximum powers.
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only 4 of the 10,0000 fake light curves produced a peak power greater than the input data. Figure 3c displays the 
Rayleigh results in log(Power) against log(Frequency) scale. We note that the reasonably flat distribution does not 
provide significant evidence for a power law relation with non-zero slope, and therefore assume that there is no 
red noise in our data set. A histogram of the maximum powers for each of the simulated light curves is presented 
in Figure 3d, with the cumulative probability distribution of maximum powers overlaid in red. The blue dashed 
line again represents the maximum power of the input light curve data. The position of the maximum of the origi-
nal data relative to the cumulative distribution shows that the highest power measured from the real data is signif-
icantly greater than what would typically be expected to emerge from analysis of randomly distributed photons 
lacking any periodic signal. Figures S4–S13 in Supporting Information S1 present the outputs of the Rayleigh test 
in the same manner as shown in Figure 3, for each of the remaining time intervals listed in Table 1. Analysis was 
also conducted on the southern envelope (SE) emissions, which are visible in the CML range 270-165° (Jackman 
et al., 2018), and have SIII lat < −55° (McEntee et al., 2022). No statistically significant QPPs were found in any 
of the SE viewings. Additionally, at no point was either of the PSD thresholds satisfied for the southern emissions.

3.3.  Accompanying In Situ Juno Data

In order to give context for the remotely sensed X-rays from Chandra, we also examine the in situ and remote 
sensing data taken by Juno. Figure 4 displays data from the Juno Waves (top panel; frequency range 20–140 kHz) 
and MAG (bottom panel) instruments over a 8-day time window beginning on 11 September 2021 and including 

Figure 4.  (Top panel) Juno Waves dynamic spectrum for 8-day interval beginning on 11 September 2021 and including ∼40 hr CXO observation (dashed gray lines). 
Frequency is shown in log scale in the range 20–140 kHz to highlight the broadband kilometric emissions (bKOM), with all other radio emissions masked. The color 
bar denotes estimated flux density. (Bottom Panel) Juno MAG data (blue) with Kivelson and Khurana (2002) lobe magnetic field model (black) overlaid. Error regions 
are displayed as dashed black lines. Juno ephemeris data is included below x-axis.
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the 40 hr Chandra X-ray observation interval (dashed gray lines). Over this time interval, Juno's radial distance 
from the planet ranged from ∼72–95 RJ, and the spacecraft's position in magnetic local time (MLT) was in the 
range 20.65–21.73 hr, located on the dusk flank of the jovian magnetosphere (see Figure 1). This dusk location was 
specifically chosen when planning the Chandra observation campaign as it has previously been suggested as the 
most likely location for the driver of the jovian auroral X-ray emission (Weigt et al., 2020, 2021; Zhang et al., 2018). 
One theory for the driver of these emissions is Ultra Low Frequency (ULF) waves traveling along jovian magnetic 
field lines which can be initiated by processes on the dusk flank of the magnetosphere (Manners et al., 2018). 
Alternatively, Yao et al. (2021) found that planetary-scale electromagnetic waves are observed to modulate elec-
tromagnetic ion cyclotron waves, periodically causing heavy ions to precipitate and produce Jupiter's X-ray pulses.

In the top panel of Figure 4, Juno Waves (Kurth et al., 2017) estimated flux density (Louis, Zarka, & Cecconi, 2021) 
are presented in the frequency range 20–140 kHz, and the color bar has been saturated to reveal the bKOM 
emissions. The (Louis, Zarka, Dabidin, et al., 2021) catalog of jovian radio emissions was used to identify, and 
then mask, any other radio emissions present in the frequency range. The bKOM is an auroral radio emissions, 
produced by the Cyclotron Maser Instability (Treumann, 2006; Zarka, 1998) at high-latitude. These ubiquitous 
drifting features are found below 150 kHz and are strongly controlled by changes in solar wind conditions (Zarka 
et al., 2021), with a sudden and intense activation and low frequency extension during magnetospheric compres-
sions (Louarn et al., 1998; Louis et al., 2023).

The bottom panel of Figure 4 shows the magnetic field amplitude (blue) recorded by Juno MAG. Overlaid is the 
Kivelson and Khurana (2002) average lobe magnetic field model, which falls off with radial distance, ρ (in RJ), 
as Blobe (nT) = 2,900 ρ −1.37±0.01. The measured magnetic field amplitude prior to the CXO observation window is 
enhanced significantly above the lobe field fall off model, reaching a peak of 12.48 nT at 23:45 UT on 13 September 
2021. Such behavior can be indicative of the effect of a large solar wind compression enhancing the conditions in the 
lobe (Jackman et al., 2010), where lobe flux content and tail flaring can be a direct response to solar wind driving. 
During this regime (when B > Blobe we also see the activation of the bKOM emissions in the Juno Waves data. These 
are clear signs of the activation of the bKOM due to a compression event. By the beginning of the Chandra observa-
tion at 12:14 UT on 15 September 2021, the magnetic field amplitude has fallen back down to lie within the errors 
of the Kivelson and Khurana (2002) lobe field model, indicating the end of this period of magnetotail inflation. The 
intensity of the bKOM emissions decreases over this time range, and the low frequency extension is no longer pres-
ent. Another sharp spike is recorded in the MAG data toward the end of the 40 hr CXO interval, this time peaking 
at 9.33 nT at 00:05 UT on 17 September 2021. This data gives the possibility of a second, less severe compression 
event, this time during the Chandra HRC X-ray observation of Jupiter. The intensity of the bKOM emissions is 
also observed to increase from ∼15:00 UT on 16 September 2021, again with a low frequency extension during 
this second interval where B > Blobe. By the beginning of the Chandra observation at 12:14 UT on 15 September 
2021, the magnetic field amplitude has fallen back down to lie within the errors of the Kivelson and Khurana (2002) 
lobe field model, indicating the end of this period of magnetotail inflation. The intensity of the bKOM emissions 
decreases over this time range, and the low frequency extension is no longer present. Another sharp spike is recorded 
in the MAG data toward the end of the 40 hr CXO interval, this time peaking at 9.33 nT at 00:05 UT on 17 Septem-
ber 2021. This data gives the possibility of a second, less severe compression event, this time during the Chandra 
HRC X-ray observation of Jupiter. The intensity of the bKOM emissions is also observed to increase from ∼15:00 
UT on 16 September 2021, again with a low frequency extension during this second interval where B > Blobe.

In Yao et al. (2019), during a 5-day Juno MAG time series with similar behavior to that shown in Figure 4, it was 
stated that increases and decreases of magnetic field amplitude suggested that the magnetosphere was experienc-
ing loading and unloading of magnetic energy. They also found that Hubble Space Telescope (HST) observations 
displayed enhanced auroral emissions at the beginning of the unloading processes, while observations during 
the loading processes resulted in relatively faint auroral emissions. Using this naming criterion, we infer that the 
jovian magnetosphere experiences two intervals of magnetic loading (increase in lobe field strength) and two 
intervals of magnetic unloading (decrease in lobe field strength). The magnetic loading intervals also coincide 
with enhancements in the bKOM emission, which is consistent with Yao et al. (2019).

3.4.  Upstream Solar Wind Conditions

To get a better understanding of the state of the jovian magnetosphere in the days leading up to and during 
the 40 hr CXO observation time window, we compare in situ Juno Waves and MAG data with outputs from 
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the Tao et  al.  (2005) magnetohydrodynamic (MHD) solar wind propagation model. This model simulates a 
one-dimensional (1D) propagation of the solar wind from the Earth using OMNI data and outputs solar wind 
conditions at Jupiter such as solar wind velocity (vsw) and dynamic pressure (Pdyn). The Jupiter-Sun-Earth (JSE) 
angle is also provided, and the Tao et al. (2005) model is best applied for cases when this angle is small (<50°) 
and thus the uncertainty in shock arrival time is at its smallest. Over the 8-day interval beginning on 11 September 
2021, the JSE angle ranges from −2.52° to 8.43°. Tao et al. (2005) concludes that the uncertainty in the arrival 
time of a pressure enhancement at Jupiter is at most 2 days when the Earth-Sun-Ulysses (ESU) angles is <50°, 
and that the uncertainty is effectively negligible for ESU angles < 10°. As the JSE angle remains below than 10° 
for the entire 8 days interval, we therefore assume that the uncertainties in the propagation time from Earth to 
Jupiter within the Tao et al. (2005) model are minimized.

Figure  5 shows the outputs of the Tao et  al.  (2005) 1D MHD solar wind propagation model, displaying (a) 
solar wind velocity, (b) dynamic pressure, and (c) JSE angle. Orange dashed lines represent the duration of the 
light-corrected CXO observation interval, with purple dashed lines indicating the beginning of a new JR. The 
model predicts a large pressure pulse, with a peak Pdyn of 0.45 nPa, impacting on Jupiter's magnetosphere at 15:00 
UT on 13 September 2021. This shock is accompanied by a large increase in vsw, which is another indication 
that Jupiter's magnetosphere was in a compressed state in the days leading up to the CXO observation. Another 
pressure pulse is observed at 02:00 UT on 16 September 2021, with peak Pdyn = 0.19 nPa, again accompanied by 
a sharp increase in vsw. This gives further credence to the idea that a compression event occurs during the 40 hr 
Chandra X-ray observation, as alluded to in the in situ and remote sensing Juno Waves and MAG data displayed 
in Figure 4.

3.5.  Spatial Morphology

The high spatial resolution of Chandra HRC-I allows for detected photons emanating from Jupiter to be mapped 
to the planet's surface in SIII coordinates. Given the positions of the jovian photons, polar heat maps can be 

Figure 5.  Results from the Tao et al. (2005) solar wind propagation model showing (a) the solar wind velocity (km/s) at Jupiter's magnetopause, (b) the dynamic 
pressure (nPa), and (c) the angle between Earth and Jupiter with respect to the Sun in the days leading up to and after the observation. Orange dashed lines represent 
time window of the light-corrected Chandra HRC-I observation. Purple dashed lines split the X-ray observation window into jovian rotations (JR).
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generated to examine the morphology of the auroral X-rays in great detail. Figure 6 shows the polar X-ray heat 
maps of Jupiter's (left) north and (right) south poles, as viewed from above the pole. The plots are split into four 
individual JR (∼10 hr) intervals to show the variation in the morphology of the auroral X-ray emission from 
one rotation to the next. Therefore, each panel gives the average morphology over an ∼10 hr time window. The 
start and end times of each JR are displayed in purple, and correspond to the purple horizontal lines that were 
previously shown in the top panel of Figure 2. Also included are the modeled satellite footprints for Io (dashed 
black line) and Ganymede (solid black line), respectively. These footprints are derived from the JRM33 model 
(Juno Reference Model through perijove 33 Connerney et al., 2022) with the Connerney et al. (2020) magnetodisc 
model. The photon flux of the X-ray emission is represented by the brightness in Rayleighs (R), which is calcu-
lated from the point spread function (PSF). In total, 7,151 detected jovian photons remain after Chandra X-ray 
data has been processed and filtered (see McEntee et al. (2022) for full explanation of X-ray processing pipeline). 
Within this total photon count, 1,935 events come from the north (SIII lat > 45°), with 1,074 detections coming 
from the south (SIII lat < −55°) (McEntee et al., 2022). The origins of all remaining photons can be traced to the 
low-to mid-latitude planetary disk region, which are not the focus of this study.

Weigt et al. (2021) (from now on referred to as W21) present polar plots of the averaged X-ray emission from 28 
Chandra HRC-I observations of Jupiter spanning from 2000 to 2019 (see Figure 1 in W21). They find the most 
intense northern emission to be located in a concentrated tear-drop shape with more diffuse emission surround-
ing the region. They also observe that, on average, the X-rays spread poleward of the Ganymede footprint and 
extend to the Io footprint and beyond in regions near 225° SIII longitude. W21 also finds that the southern auroral 
emissions are far more diffuse over the ∼20 year period and are mostly contained within the Ganymede footprint. 
From the average brightness map, there does not appear to be a concentrated region in the southern aurora as is 
observed in the north. Comparing these average heat maps to the polar plots displayed in Figure 6 will help to 
illustrate the dynamic variability of the X-ray aurora and identify any deviation from the nominal morphology.

Within the first full jovian rotation (JR1: 12:14 to 22:09 UT on 15 September 2021, top row of Figure 6) of our 
40 hr Chandra HRC-I X-ray observation, 527 photons are detected in the north, with 199 detected in the south. 
The morphology of the northern auroral region in Figure 6a shows a concentrated region of X-ray emission 
(green) between ∼60–70° SIII latitude and ∼155–170° SIII longitude, which lies within the Ganymede footprint 
and coincides with the concentrated northern auroral region presented in W21. The surrounding diffuse emission 
(dark blue) extends beyond the Io footprint in the SIII longitude range ∼150–230°. This polar heat map also 
includes the time interval for which we observed a statistically significant ∼25 min QPP (19:10-20:38 UT on 
15 September 2021) using the log(PSD) > 2.5 threshold. Conversely, the southern auroral emission in Figure 6b 
appears dim and diffuse with no bright concentrated region with almost all of the southern auroral emissions 
contained within the Ganymede footprint. During this time interval, the Juno MAG data show that the lobe 
magnetic field amplitude lies within the uncertainties of the Kivelson and Khurana  (2002) lobe field fall-off 
model. This suggests that the magnetosphere is in a relaxed state, which would explain why the X-ray morphol-
ogy mimics the average behavior from W21 for both the north and south poles.

In JR2 (15 September 22:09 to 16 September 08:05), a decrease in the brightness of the northern aurora (6c), 
with 397 photons (∼25% drop from J1), is accompanied by an intense brightening (peak brightness 2.7 times 
brighter than JR1) of the southern emission poleward of the Ganymede footprint (6d), as 284 photons (increase 
of ∼43%) are observed. This enhancement in the south is localized between ∼−80 to −90° SIII latitude and spans 
a broad SIII longitude range between ∼330-45°. The northern concentrated region shrinks in latitude, while the 
diffuse emission (in dark blue) also contracts to lie along the Io footprint. This deviation from the W21 average 
X-ray morphology coincides with the time interval containing the estimated arrival of a solar wind compression 
as predicted by the Tao et al. (2005) solar wind propagation model (see Figure 5), which impacted on Jupiter's 
magnetosphere at 02:00 UT on 16 September. The small JSE angle (<10°) during the time of the CXO window 
means that the uncertainties in the propagation time between Earth and Jupiter are minimized. Therefore, It should 
also be noted that while a brightening of the southern aurora is observed during this JR, no statistically significant 
QPPs are observed in the south over this time interval. There is an overlap of over 2 hr between the beginning of 
JR2 and the end of the first viewing of the northern envelope (NE1), finishing at 16 September 00:24, which is 
clearly visible in Figure 2. A statistically significant QPP with period of ∼26 min is found during this 6 hr interval.

In JR3 (08:05 to 18:00 UT on 16 September 2021), we observe a broadening in SIII longitude of the northern 
auroral emission (467 counts, 6e), with the concentrated (green) emission shifting further toward 135° SIII longi-
tude and toward the Ganymede footprint boundary. This is accompanied by a general enhancement equatorward 
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Figure 6.  Polar X-ray heat maps of (left) Jupiter's north and (right) south poles as viewed from above. The plots have been 
split by jovian rotation (JR, ∼10 hr), with start and end times shown in purple. The azimuth angle (in jovigraphic longitude) 
within the polar plot (in degrees) is indicated around the plot. The concentric circles represent 10° latitude increments. 
Overplotted are the footprints of Io (dashed black line) and Ganymede (solid black line), computed using the JRM33 model 
(Connerney et al., 2022) with the magnetodisk model of Connerney et al. (2020). 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 color bar below 
in units of Rayleighs (R). The PSF shows the number density of photons detected with an uncertainty on its position. The 
regions that have little to no X-ray emissions are represented in white.
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in the less concentrated (blue) emission from 135 to 270° SIII longitude toward the Io footprint. The southern 
emissions are comparable to the previous rotation (267 counts) in terms of count rate, but the concentrated emis-
sion region from JR2 has decreased in brightness by a factor of 1.8. The overall morphology remains similar, 
with the emission lying within the Ganymede footprint. During the second half of this time interval is when the 
Juno data predicts a compression event of Jupiter's magnetosphere in both the Waves and MAG data. The bKOM 
auroral radio emissions become activated on ∼15:00 UT on 16 September 2021, which coincides with an increase 
in the lobe magnetic field strength above the Kivelson and Khurana (2002) lobe field fall-off model. The onset 
of a compression event appears to have changed the morphology of the concentrated northern auroral emission 
region, which no longer resembles the ”spot” or ”tear-drop” feature that was displayed in W21.

JR4 (16 September 18:00 to 17 September 03:41) contains 544 counts for the northern region and 324 counts 
for the south. The morphology of the north (6g) shows many similarities with the previous JR (6e), whereby we 
again see emission extending beyond the Io footprint in the region ∼200–300° SIII longitude. One difference is 
that the concentrated emission appears to be located in two distinct features, which is not observed in the other 
heat maps. This morphology of the northern aurora is similar to the case study of Weigt et al. (2020), which was 
observed during compressed conditions of Jupiter's magnetosphere. The southern emission (6h) appears more 
diffusive and dimmer than the north, with its morphology becoming similar to that observed for the south in 
JR1 (6b), and also the average morphology for the southern X-rays from W21. Within this time window, we see 
a continued enhancement of the lobe magnetic field amplitude in data from the Juno MAG instrument, which 
peaks at 00:05 UT on 17 September 2021 (see bottom panel of Figure 4), that is indicative of a compression of 
the jovian magnetosphere. However, timing analysis of the X-ray photons within this interval did not identify 
any statistically significant QPPs in the north or south. The observed peak magnetic field amplitude signifies the 
beginning of the second magnetic unloading phase (decrease in lobe field strength) in our data set, which coin-
cided with enhanced auroral images from HST observations in Yao et al. (2019). Enhancements in the bKOM 
emission also occur during periods of increasing lobe field strength (magnetic loading). Comparing to the X-ray 
results, we observe a slight enhancement in terms of photon counts in the X-ray emissions from JR3 to JR4, as 
the northern emissions increase by 16% and the southern emissions increase by 21%. However, this incremental 
increase in total counts does not translate to an increase in X-ray brightness, as the peak brightness decreases for 
both the northern and southern emissions.

4.  Discussion and Conclusion
In this paper we present an extended observation of Jupiter's X-ray aurora, made over a 40-hr interval by the 
Chandra X-ray Observatory from 15 to 17 September 2021 during a solar wind compression event (as confirmed 
from both solar wind propagation model and in situ magnetic field data). The Chandra X-ray observation is 
complemented with in situ sampling of Jupiter's magnetic field and remote sensing of its radio emissions by the 
NASA Juno spacecraft. The addition of propagated solar wind model parameters also helps to shed light on the 
external drivers at work during this time interval.

Timing analysis reveals two intervals containing statistically significant quasi-periodic pulsations (QPPs) for the 
northern auroral X-rays: with periods of ∼25 and ∼26 min respectively, taking place during the first (JR1) and 
second (JR2) JRs of the 40-hr Chandra X-ray observation. The unique feature of this study is that, although Juno 
was far from the magnetopause and not directly measuring the solar wind, we have the ability to infer the state 
of magnetospheric compression using both Juno data and propagated solar wind data. The in situ and remote 
sensing spacecraft data reveal an intense activation of the broadband kilometric emission (bKOM) in the Juno 
Waves data, along with a sudden enhancement in the lobe magnetic field strength from Juno MAG. The (Tao 
et al., 2005) solar wind 1D MHD propagation model also predicts a strong enhancement in solar wind dynamic 
pressure which would have compressed the magnetosphere during the Chandra X-ray observation. Quasi-periods 
of ∼26 min were also found by Dunn et al. (2016), Weigt et al. (2020), and Wibisono et al. (2020) for Chandra and 
XMM-Newton X-ray observations of Jupiter that also coincided with inferred compression events. In these previ-
ous studies, it has been suggested that the quasi-periodic emissions may be a result of global ultra-low frequency 
(ULF) waves in the magnetic field, which are found to be a product of resonant responses of closed field lines to 
perturbations from magnetospheric mechanisms, including, but not limited to, Kelvin-Helmholtz instability (KHI) 
on the magnetopause boundary. Using Galileo data combined with modeling, Manners et al. (2018) found that 
ULF waves, associated with standing Alfvén wave activity, are observed throughout the jovian magnetosphere, 
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indicative of a global phenomenon. They are also observed to pulsate every ∼10–20 min, with occasional periods 
as long as 60 min (e.g., Khurana & Kivelson, 1989; Nichols, Yeoman, et al., 2017; Wilson & Dougherty, 2000). 
The range of periodicities may be a result of the changing thickness of the plasma sheet (Manners et al., 2018). 
During a compression event (such as that found during the Chandra observation interval), the plasma sheet is 
expected to thicken (Southwood & Kivelson, 2001), resulting in a longer period QPP. Conversely, during the 
relaxation phases of the magnetosphere, the plasma sheet thickness decreases along with the periodicity of the 
QPP (Manners et al., 2018).

ULF waves at Earth are often associated with dayside reconnection (Prikryl et al., 1998) or with either KHIs 
or compression events (Chandrasekhar,  1961; Dungey & Loughhead,  1954; Kivelson & Russell,  1995). For 
example, KHIs can trigger magnetopause fluctuations in Earth's magnetosphere and excite compressional ULF 
magnetic field oscillations and field line resonances, driving standing Alfvén waves in the ionosphere (Mann 
et al., 2002; Rae et al., 2005). KHIs can therefore be considered as means of propagating ULF wave activity from 
the outer jovian magnetosphere to the ionosphere (e.g., Manners & Masters, 2020). Kimura et al. (2016) found 
the X-ray count rates during a 2014 campaign to be positively correlated with solar wind velocity and insig-
nificant with the dynamic pressure, and also stated the possibility that KHI events on the dusk flank at Jupiter 
could generate polar auroral variations. More work needs to be carried out to determine if KHIs can produce the 
field-aligned potential drops up to several MeV as required to produce the auroral X-rays (Cravens et al., 2003). 
However, wave-particle interactions, KHI-driven reconnection and/or modulation of current systems and their 
associated potential drops are all possible acceleration mechanisms (Dunn et al., 2017).

Alternatively, Yao et al. (2021) analyzed X-ray observations from 2017 coinciding with Juno's location in the 
predawn sector of the jovian magnetosphere, and showed that Jupiter's soft X-ray aurora pulsed in time with 
fluctuations in Jupiter's magnetic field strength occurring in the compressional direction of the field. The magne-
tospheric compressional mode wave power and X-ray emissions were found to pulse with a shared period of 
∼25  min (Yao et  al.,  2021). The large-scale compressional waves trigger EMIC (electromagnetic ion cyclo-
tron) waves, which operate on smaller scales, as resonances between the magnetic field and the ion gyration 
(Dunn, 2022; Yao et al., 2021). The EMIC waves then further drive atmospheric precipitation of energetic sulfur 
and oxygen ions along the magnetic fields via a pitch angle diffusion process, thus generating the X-ray auroral 
processes. Modeling results from Yao et al. (2021) show that EMIC waves observed by Juno would efficiently 
scatter oxygen and sulfur ions with energies ranging from 10 keV to 1 MeV, therefore confirming the capabil-
ity of the pitch angle scattering process. Manners and Masters (2020) found that constant perturbations of the 
magnetopause, leading to injections of ULF waves into the magnetosphere, are consistent with the ULF activity 
on both the dayside and dusk-flank sectors of the outer magnetosphere. They find that the lowest ULF power is 
found in the most ULF-active regions, which could represent the large variability of the magnetic field topology 
in the resonance region over long timescales. This increase power/amplitude of ULF waves as they get closer 
into the planet may provide the energy needed to drive the electromagnetic ion cyclotron (EMIC) wave process 
suggested by Yao et al. (2021).

Compressional mode waves can be produced in the magnetosphere as a result of solar wind compressions (Cho 
et al., 2017). Another potential driver for producing compressional waves on the dayside magnetopause is magne-
topause surface waves (Glassmeier, 1995; Plaschke et al., 2013). Compressional waves could also potentially be 
produced from high-speed plasma flows from the Vasyliunas cycle (Vasyliunas, 1983), which have been known 
to drive the transient aurora at Saturn (Yao et al., 2017). As has been mentioned previously, large potential drops 
would be required to accelerate heavy ions to produce X-ray aurora (Cravens et  al.,  2003). Yao et  al.  (2021) 
posits that it is possible for periodic precipitations of heavy ion to be accompanied by periodic or quasi-steady 
accelerations. Large potential drops near the poles in specific locations could provide the MeV accelerations of 
heavy ions needed for the observed auroral X-ray emissions. Such megavolt potential drops have been observed 
in Jupiter's polar region (Clark et al., 2017, 2020). The nondipolar nature of the magnetic field in Jupiter's north 
pole (Moore et al., 2018; Connerney et al., 2018) would then produce a multitude of mirror forces and potential 
drops and regions suitable for particles to drift into a loss cone (Yao et al., 2021).

Analysis of the spatial morphology of Jupiter's northern and southern X-ray auroral emissions show their 
dynamic variability over timescales of a JR. Different morphologies are observed for the north and south, and 
their emissions change independently of each other, as has been observed previously (Dunn et al., 2017; Jackman 
et al., 2018). This is most noticeable when moving from the first to the second JRs (JR1–JR2) in Figure 6, when 
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the northern auroral brightness decreases by ∼30%, but the brightness of the southern aurora increase by ∼270%. 
This is suggestive that different drivers are producing the northern and southern X-rays. The tilt angle of Jupiter's 
north pole toward Earth during the Chandra X-ray observation makes for more favorable viewing conditions 
in the north than the south, meaning that Chandra is more likely to observe QPPs in the north. The northern 
auroral region is brightest and most concentrated during the interval when statistically significant QPPs were 
present. These QPPs occur before the arrival of a shock front at Jupiter's magnetopause, as predicted by the Tao 
et al. (2005) solar wind propagation model. During this time, Juno Waves and MAG data also suggest that the 
magnetosphere is in a relaxed state at Juno's location in the lobe. On the arrival of the shock front, we see a change 
in the northern X-ray morphology away from the average behavior displayed in W21, and we observe a frag-
mented concentrated emission region that eventually splits into two distinct features in JR4. This morphology was 
also observed in Weigt et al. (2020), also taking place during a state of magnetospheric compression, whereby 
the X-ray emitting region did not resemble a concentrated ”spot” of emission as is the nominal morphology. A 
possible explanation for this is that the concentrated auroral region may host two possible independent X-ray 
sources that are governed by separate drivers.

In the near future, full investigation of the remainder of Chandra's 2021 X-ray observing campaign of Jupiter is 
a key priority. The accumulation of exposure time enables future statistical studies of Jupiter's auroral X-rays, 
with the ability to compare with data from the Juno spacecraft. As Juno extends its coverage of the dusk sector of 
Jupiter's magnetosphere, it will further examine the region thought to be the most likely source region for driving 
of jovian X-rays. This rich data set of in situ particles and fields data will hopefully be supplemented by further 
remote X-ray observations of Jupiter by Chandra and XMM-Newton, and will help to pin down a driver of the 
auroral X-ray emissions. Additionally, the development of more sophisticated solar wind propagation models will 
play a key role, particularly as they try to reduce the uncertainties in propagation time to Jupiter.

Data Availability Statement
Data from the NASA Chandra X-ray Observatory observation used in this study are available on the Chandra 
Data Archive and Chandra Source Catalogue (https://cda.harvard.edu/chaser/). In this study, we use the Louis, 
Zarka, and Cecconi (2021) Juno Waves processed data set for estimated flux density (doi: 10.25935/6jg4-mk86). 
Calibrated Juno MAG data can be found on the NASA Planetary Data System using the doi: 10.17189/1519711 
(Connerney,  2022). Tao et  al.  (2005) solar wind propagation model parameters are provided from the Auto-
mated Multi-Dataset Analysis (AMDA) database (Génot et al., 2021, http://amda.cdpp.eu/). The McEntee (2023) 
Zenodo repository (https://doi.org/10.5281/zenodo.8418559) contains all data analysis tools and code presented 
in this work.
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