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generate hard non-thermal X-ray bremsstrahlung up to >∼ 1 MeV3, 4 and power Earth’s var-

ious types of aurorae. Although Jupiter’s magnetic field is an order of magnitude larger

than Earth’s, space-based telescopes have previously detected X-rays only up to ∼ 7 keV5.

Based on theoretical models of the Jovian auroral X-ray production6–8, X-ray emission in

the ∼ 2–7 keV band has been interpreted as thermal (arising from electrons characterized

by a Maxwell-Boltzmann distribution) bremsstrahlung5, 9. Here we report the observation

of hard X-rays in the 8–20 keV band from the Jovian aurorae, obtained with the NuSTAR

X-ray observatory. The X-rays fit to a flat power-law model with slope 0.60±0.22 – a spectral

signature of non-thermal, hard X-ray bremsstrahlung. We determine the electron flux and

spectral shape in the keV–MeV energy range using coeval in-situ measurements by the Juno

spacecraft’s JADE and JEDI instruments. Jovian electron spectra of the form we observe

have previously been interpreted to arise in stochastic acceleration, rather than coherent ac-

celeration by electric fields10. We reproduce the X-ray spectral shape and approximate flux

observed by NuSTAR, as well as explain the non-detection of hard X-rays by Ulysses11, by

simulating the non-thermal population of electrons undergoing precipitating electron energy

loss, secondary electron generation and bremsstrahlung emission in a model Jovian atmo-

sphere. The results highlight the similarities between the processes generating hard X-ray

auroras on Earth and Jupiter, which may be occurring on Saturn, too.

NuSTAR, launched in 2012, is the first space-based focusing hard X-ray telescope12. Given

its broad energy band (3–79 keV) and sub-arcminute angular resolution, NuSTAR provides suffi-

cient sensitivity to detect hard X-ray emission from Jupiter and spatially resolve the northern and
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southern aurorae. From 2015 to 2018, we conducted five NuSTAR observations of Jupiter (with a

total exposure time of 600 ksec), four of which coincided with Perijoves (PJ) 6, 7 and 12 and Apo-

jove (AJ) 7 of Juno’s orbits (Extended Data Table 1). The NuSTAR observations during PJ 7 and

AJ 7 overlapped with XMM-Newton observations, which are included in the subsequent analysis.

In each of the observations, NuSTAR detected X-ray emission from Jupiter with net count rates

of ∼ 1.2 × 10−3 cts s−1 on average, and significance ranging between (3 − 5)σ in the 3–20 keV

band. We found no significant detection ( <∼ 1σ) above 20 keV. Detection significance is defined

as S = NT−NB√
NT+NB

, where NT and NB are total (source+background) and background counts, ex-

tracted from a circle with r = 45′′ (which contains the entire planet) and an annulus at r = 60–75′′,

respectively. Since we did not detect significant flux variability among the NuSTAR observations

(Methods), we combined imaging and spectral data from all NuSTAR observations, allowing us to

explore the persistent hard X-ray emission above 8 keV with improved photon statistics. Unlike

the recent timing studies with XMM-Newton and Chandra13, 14, any variable components related to

the solar wind are likely to be time averaged in our NuSTAR analysis. A recent XMM-Newton

observation revealed that the persistent auroral X-ray emission is largely due to charged particles

accelerated inward from the Io plasma disk9, which is the Jovian reservoir of electrons and ions

emitted from the volcanically active moon Io15.

We detected hard X-ray emission from Jupiter in the 8–20 keV band with 7σ significance

in the combined images. Figure 1 shows a NuSTAR 8–20 keV image of Jupiter in the planet’s

co-moving frame, clearly resolving hard X-ray emission from the two auroral regions. Above

∼ 20 keV, we found no significant detection exceeding ∼ 2σ. The NuSTAR observations show
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higher fluxes from the southern aurora, by a factor of 2.1 ± 0.1 and 2.0 ± 0.2 in the 3–20 and

8–20 keV bands, respectively. The observed divergence in brightness is intrinsic and not due to

the visibility of the auroral regions, which suggest ∼ 7% higher visibility for the northern aurora

(Methods). The brighter southern aurora above 3 keV is in stark contrast to the softer X-ray band,

where ion line emission is predominant and the northern aurora is consistently brighter16. We also

confirmed that the northern aurora is brighter than its southern counterpart by a factor of 2.9± 0.1

in the E = 0.3−3 keV EPIC images of the XMM-Newton observations, which are simultaneous

with two of the NuSTAR observations (AJ7 and PJ7). This contrast between the aurorae is further

emphasized by the often incoherent X-ray pulsation signals16. Together, these observations suggest

that the X-ray emission of the southern aurora may be more controlled by the energetic flow of

electrons, and the northern aurora by precipitation of sulfur and oxygen ions and charge exchange

processes, since the southern pole exhibits more persistent and higher electron currents, as revealed

by recent Juno/MAG observations17.

We found no significant difference in the spectral hardness ratio between the northern and

southern aurorae (Methods). This allowed us to perform joint spectral analysis for the two emission

regions, improving fit statistics. We extracted NuSTAR and XMM-Newton-EPIC spectra from a

r = 45′′ circle around the Jovian center. NuSTAR and XMM-Newton-EPIC background spectra

were taken from an annular region at r = 60−75′′and a nearby source-free rectangular region,

respectively. Joint NuSTAR and XMM-Newton spectra are shown in Figure 2. The NuSTAR and

XMM-Newton spectra are fit to a power-law model with the best-fit photon index Γ = 0.60± 0.22

(χ2
ν = 1.09 for 34 dof). In contrast, high temperature thermal bremsstrahlung (kT ∼ 30–200 keV),
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previously suggested by XMM-Newton observations9, has a markedly different shape and yields a

poor fit in the 3–20 keV band (χ2
ν = 1.5 for 34 dof). Our simulation of a thermal bremsstrahlung

model, using telescope response files, resulted in a much softer X-ray spectrum with Γ > 1.3. The

observed hard spectral index is a signature of non-thermal bremsstrahlung emission and is only

discernible from thermal emission through fitting the broadband NuSTAR data.

Exploiting simultaneous Juno and NuSTAR data presents a unique opportunity to use ob-

served, non-thermal electron fluxes and spectra, and an appropriate model, to ab initio predict the

hard X-ray flux and spectrum for direct comparison with the X-ray observations. Consequently we

simulated X-ray bremsstrahlung spectra from precipitating electrons measured by Juno’s JADE

and JEDI instruments. We extracted JADE and JEDI electron spectra from PJ 6,7 and 12, ranging

in energy from 0.1 keV to 1 MeV18. The downward electron current into the atmosphere was se-

lected by confining the range of pitch angles at θ ≤ 44◦ (northern aurora) and θ ≤ 37◦ (southern

aurora)19 with respect to the magnetic field orientation measured by the Juno/MAG instrument20.

Broadband JADE/JEDI electron spectra from Ee ∼ 1 keV to ∼ 1 MeV are well characterized by a

power-law model (N(Ee) ∼ E−αe
e ) with αe = 0.7–1.9 (Figure 3). We interpret these near-smooth

spectra, with no evidence of a peak in phase space, as indicative of a stochastic, or broadband,

as opposed to coherent acceleration process, as has been argued for spectra from previous Juno

observations21. We found that the electron spectral shape, solely extracted from the Juno data, is

insensitive to the selection of a loss cone range. We then simulated X-ray bremsstrahlung spectra

using the GEANT4 particle propagation simulator22. In each simulation, we injected a beam of 100

million electrons – which were generated randomly from a power-law model with mean spectral
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index αe = 1.3, calculated from the observed JADE/JEDI electron spectra (Figure 3) – into a strati-

fied spherical shell that mimics the Jovian atmosphere (Methods). The most accurately determined

chemical composition and density/temperature profile of the atmosphere in the polar regions have

been implemented in our simulation23, 24. All primary electrons, electrons generated by collisional

ionization and X-ray bremsstrahlung photons are tracked. We recorded X-ray photons that escape

the model atmosphere to construct bremsstrahlung X-ray spectra.

Inserting the full JADE and JEDI electron spectrum into the GEANT4 simulation that real-

istically models the Jovian atmosphere yielded a spectrum that reproduces the features observed

in the broadband NuSTAR and XMM-Newton X-ray data. These include both the observed X-ray

power law with an effective photon index of Γ ≈ 0.6 (3–20 keV) and a gradual spectral softening

at >∼ 20 keV. The observed and simulated spectral softening explain the Ulysses non-detection of

X-rays above 27 keV. This consistency confirms that the observed hard X-rays are indeed gener-

ated by these electrons. One of the earlier XMM-Newton observations, fitting the narrow 2–7 keV

energy band, also detected a flat power-law component and an extrapolated flux at 27–48 keV that

was inconsistent with the Ulysses non-detection, indicating a rollover below 50 keV.5 These key

features are robust; they are apparent over the entire range of electron spectral indices (αe = 0.7–

1.9) measured by Juno (Figure 4). The predicted X-ray flux, calculated by combining all the

downward electron data from the PJ6, 7 and 12 orbits, is lower than the observed flux by a factor

of 1.4–4, depending on the electron spectrum selection (Methods). This is excellent agreement,

considering the sensitivity of the result to the spatial and temporal variability of the electron flux,

statistical uncertainties associated with the selection of the electron loss cone, the precise size of
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the X-ray emitting area, and the neglect of magnetic mirroring. Our simulations indicate that the

bulk of the bremsstrahlung X-rays originate at an altitude ∼ 200 km (corresponding to a neutral

hydrogen column density NH ∼ 1022 cm−2) above Jupiter’s surface (defined as a pressure of 1

bar). This is substantially deeper in the stratosphere compared to findings from previous work,

which assumed that the X-rays were generated by thermal bremsstrahlung, resulting in peak emis-

sion at altitudes of ∼ 260–340 km8. The comparable upwelling flux of electrons observed by Juno

was ignored in our simulations. Those electrons must originate at much higher altitudes, where

X-ray emission is negligible due to the low atmospheric density. Otherwise, the upwelling electron

spectrum would have been substantially different than what Juno observed, due to electron energy

losses in the denser stratosphere.

Our interpretation of Jovian X-ray spectra has relied on forward folding a detailed model

of the Jovian atmosphere with the relevant X-ray emission physics, using coeval Juno electron

data as initial input, as has been done for similar Earth X-ray auroral analysis25. But the X-ray

spectra alone encode substantial information about the most energetic electrons. Greater than 95%

of the NuSTAR band X-rays arise from >∼ 100 keV electrons, and the bulk of the X-rays arise

from ∼ 700 − 1000 keV electrons. Thus unfolding Jovian hard X-ray spectra can provide the

novel capability of extracting correlated electron spectra when such information is not otherwise

available. This high energy electron probe is possible because the electron-energy dependence

of the X-ray bremsstrahlung cross-section and the higher molecular densities required for X-ray

emission both favor more energetic electrons. While electron spectra from coherent B-field aligned

acceleration differ from those produced by stochastic acceleration, similar considerations suggest
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that unfolding hard X-ray spectra is unlikely to permit discrimination between the acceleration

processes; the X-ray observation times would have to be much longer, as the periods of such

coherent electron acceleration are rarer than the stochastic processes10.

Broadband NuSTAR X-ray observations have provided clear evidence of non-thermal, hard

X-ray bremsstrahlung from a Solar System body other than Earth. The observed spectral shape

and flux arise naturally from non-thermal electron precipitation, energy loss and subsequent X-ray

emission in the Jovian atmosphere. The coeval JADE/JEDI electron spectra associated with our

X-ray spectra show the unambiguous signatures of stochastic or broadband acceleration of non-

thermal electrons, in analogy to the interpretation established in previous work by the JEDI/JADE

teams10, and similar to processes responsible for the diffuse aurorae on Earth1–4. No longer are

unphysically high electron temperatures of kT >∼ 100 keV9, such as are typically seen in stel-

lar objects, required to fit the harder part of the X-ray spectrum. And the non-thermal X-ray

bremsstrahlung spectrum naturally softens above 20 keV, explaining the Ulysses non-detection in

the 28–45 keV band11. Further hard X-ray bremsstrahlung studies of Jupiter will provide a fruitful

approach to elucidating Jovian magnetospheric physics, as such studies have on Earth. Moreover,

an intense, bi-directional, non-thermal electron spectrum has also been observed from the magne-

tosphere of Saturn26, and holds out the prospect that deep, hard X-ray observations may yet reveal

a third planet with non-thermal hard X-ray bremsstrahlung.
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Methods

X-ray observations and data reduction. NuSTAR observed Jupiter five times from 2015 to 2018

with a total exposure of ∼ 600 ksec. Besides the first observation in 2015, the NuSTAR observa-

tions coincided with Juno’s perijoves (PJ 6, 7 and 12) or apojove (AJ 7) as shown in Extended Data

Table 1. In each NuSTAR observation, a series of multiple NuSTAR pointings were consecutively

performed by tracking the (moving) target close to the on-axis position. Using JPL’s HORIZONS

ephemeris data, we corrected all photon event positions to Jupiter’s comoving frame. The ab-

solute astrometric accuracy of NuSTAR is ±5′′ (90%)12 which was confirmed by comparing the

optical and NuSTAR positions of a background AGN (SDSS J092412.11+161135.5)28 in the 2015

observation. For the other NuSTAR observations in 2017–2018, no X-ray sources were observed

in the field of view. All NuSTAR data were processed using the nupipeline command12. We

processed EPIC data from the two XMM-Newton observations coinciding with the NuSTAR obser-

vations in June 18 and July 10, 2017 using SAS version 16.1.0. Similar to the NuSTAR data, we

modified all photon event positions to Jupiter’s comoving frame.

Visibility of the Jovian aurorae regions. To compute the visibility of the northern and southern

aurora, the left handed Sys III latitudes and longitudes for the main auroral ovals were obtained

from the LASP Magnetospheres of Outer Planets Group (https://lasp.colorado.edu/

home/mop/missions/juno/trajectory-information). The Jupiter ephemeris was

gathered from JPL’s HORIZONS database. The auroral ovals were orthographically projected and

the total visible projected area was computed for every interval within a NuSTAR observation.

The areas of the northern and southern aurorae were compared in this way and we found that the
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northern aurora was on average 7.2% more visible than the southern aurora during the NuSTAR

observations.

Background analysis. NuSTAR background below ∼ 30 keV is dominated by stray-light pho-

tons – X-ray photons from point sources and diffuse X-ray emission outside the field of view and

therefore not reflected by the optics. The Galactic latitude of Jupiter’s position during the NuSTAR

observations ranged from 32◦ to 59◦. Stray-light background from the Galactic Ridge X-ray emis-

sion did not significantly affect our analysis; this was confirmed by the lack of Fe emission lines in

the background spectra. Based on the nuskybkg tool29, we found that the NuSTAR background,

mostly due to the stray-light background from cosmic X-ray diffuse emission, is not spatially uni-

form on the detector plane. Therefore, we extracted NuSTAR background counts and spectra, from

an annulus close to the source, at r = 60–75′′ around the Jupiter position. XMM-Newton back-

ground spectra were extracted from a rectangular region near the source by avoiding the detector

chip gaps.

Variability analysis. We studied long-term X-ray variation using NuSTAR count rates between

the different NuSTAR observations. To minimize statistical errors, we generated lightcurves for

each observation after combining the FPMA and FPMB data, using a circular extraction region

of r = 45′′. Extended Data Table 1 shows the source counts and detection significance for each

NuSTAR observation. The detection significance is defined as S = NT−NB√
NT+NB

, where NT and NB

are total (source+background) and background counts, respectively. We did not find any signif-

icant variation in the 3–20 keV lightcurves between the NuSTAR observations. There has been

no prominent solar activity during the NuSTAR observations. Our search for short-term (hours)
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variability signals using the Bayesian Block algorithm30 yielded no detection, possibly due to the

limited statistics. Due to the lack of variability, we stacked NuSTAR images and spectra in the

subsequent analysis.

Spectral analysis. We extracted NuSTAR source spectra and generated detector response files as

well as effective area files using the nuproduct command12. We performed spatially-resolved

spectral analysis using hardness ratios and stacked NuSTAR spectra from each auroral region (de-

fined as a r = 25′′ circle around the centroid of X-ray spot at each pole). We obtained 114 and 229

net counts (8–20 keV band) from the northern and southern regions, respectively, by combining

all the NuSTAR observations. We defined the hardness ratios as HR = (H − S)/(H + S), where

H and S are the net counts in 3–8 keV and 8–20 keV, respectively. The hardness ratios between

the two aurorae, HR = 0.15 ± 0.24 (north) and 0.10 ± 0.11 (south), do not differ statistically

significantly. In order to improve the statistics, we stacked 3–30 keV NuSTAR spectra extracted

from a r = 45′′ circle around the Jovian center (including both aurorae) and from all the observa-

tions listed in Extended Data Table 1. Background spectra were extracted from an annular region

at r = 60–75′′ around the Jovian center. NuSTAR spectra were adaptively rebinned so that each

energy bin contains enough source counts to ensure more than 2σ significance over the background

counts. For fitting NuSTAR spectra, we adopted the 3–22 keV band above which the background

dominates. XMM-Newton-EPIC source photons were extracted from a circle of r = 45′′ around the

Jovian center, and background photons from a nearby, source-free rectangular region. We adopted

the lower energy bound for XMM-Newton-EPIC data to be 3 keV in order to ensure that there is no

contamination from the CX line emission <∼ 2 keV. Jointly fitting 3–10 keV XMM-Newton-EPIC
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and 3–30 keV NuSTAR spectra with a power-law model, using the detector response and telescope

effective area files in XSPEC, yielded a photon index (Γ = 0.60±0.22) with χ2
ν = 1.02 for 34 dof.

Fitting a thermal bremsstrahlung model resulted in the maximum temperature of kT = 200 keV

allowed in the XSPEC model; the temperature is poorly constrained and the fit yields an unac-

ceptably large reduced chi-squared value of χ2
ν = 1.51 for 34 dof. In Figure 2, we present the

unfolded NuSTAR and XMM-Newton-EPIC flux spectra as well as the Ulysses flux upper limit in

the 3–50 keV band.

Juno JADE and JEDI data analysis. We extracted in-situ electron data from Juno collected

during the three perijoves (PJ6, PJ7, and PJ12) coinciding with the NuSTAR observations. The

JADE31 and JEDI32 instruments aboard Juno measure the energies and pitch angles of ions and

electrons in the 0.1–100 keV and 30–1000 keV band, respectively. The JADE and JEDI level

3 files were gathered from the Planetary Plasma Interactions node of the NASA Planetary Data

System as well as the magnetometer data from the MAG instrument (in payload coordinates)33–35.

Additionally, SPICE kernels were acquired from the NAIF data node of the PDS36. JEDI-E level

3 files contain differential intensity and pitch angle data of electrons, while JADE-E level 3 files

provide count rates, energies, and look directions of electrons in despun spacecraft coordinates. We

converted the JADE-E electron data to differential intensity distribution [electrons/cm2/s/keV/sr],

following the methodology of Allegrini37. A conversion from despun spacecraft coordinates to

pitch angles was performed using the transformation matrix data provided in the level 3 files and

the SPICE kernel data as well as the MAG magnetic field data. We converted the channel number

to kinetic energy [keV] for each JEDI electron event using the calibration files. For each of the
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three perijoves (PJ 6, 7 and 12), we selected two time intervals corresponding to Juno’s passages

over the northern and southern poles (Extended Data Table 2). For each of the six time intervals,

electron event times were selected when Juno’s magnetic footprint was close to the auroral ovals38

(1.5 − 2.6RJ or 42,500 - 117,500 km above the surface) and JADE-E recorded high net count

rates(∼ 108 cts s−1 above the background level).

Only precipitating electrons are considered in this investigation. As shown later (cf. figure 5),

the X-ray emission peaks deep in the stratosphere, where the equivalent hydrogen column density

is NH ∼ 1022 cm−2. Simulations using GEANT demonstrate that the upwelling electron spectrum

would be substantially modified by ionization energy losses from that observed by Juno unless

electrons originate at much higher altitudes than the stratosphere, and at these higher altitudes the

particle densities are too low for efficient production of bremsstrahlung. We segmented the differ-

ential intensity data into downward and upward electrons by loss cone intervals (defined for each

pole)19. We found that the spectral shape of the precipitating electrons was insensitive to the selec-

tion of a loss cone range, even between pitch angles θ = 12◦ and θ = 90◦. Pitch angles are locally

defined with respect to the magnetic field orientation measured by the Juno/MAG instrument. The

lower limit of the pitch angle range, corresponding to the integral range of differential electron

flux, is set to the FOV of a single JEDI detector. Note that the MAG data are well characterized by

the JRM09 model which represents the global magnetic field geometry20, while the perturbation

by the Birkeland current is negligible (< 1%)17. Thus, the pitch angle data obtained by JADE,

JEDI and MAG instruments accurately reflect the electron current’s directions above the auroral

regions. In the end, we adopted the values found in Allegrini19, θ < 44◦ for the northern aurora
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and θ < 37◦ for the southern aurora, for constructing the flux data for precipitating electrons. The

electron flux normalization varies linearly with the loss cone angle range. JADE is composed of

three separate instruments which, when combined, offer complete pitch angle coverage. However,

one of these instruments (JADE 300) malfunctioned in flight and had been switched off, resulting

in incomplete pitch angle coverage. To rectify this effect, we excluded electron data for the time

intervals when the full loss cone coverage was not obtained by JADE.

We produced spectra of the precipitating electrons for each pole and JADE/JEDI instrument

by averaging over the period for which Juno’s magnetic footprint overlapped the auroral oval and

across all look directions within the defined loss cones. Merging the observations of these two

instruments into a single electron spectrum required some modification in the 30–100 keV band

where the two instruments overlap. Since JADE has higher energy resolution than JEDI in this

energy range, we rebinned JADE spectra to match up with the JEDI energy bins. This re-binned

spectra was then averaged with the JEDI data for fitting purposes. The resulting electron spectra,

constructed from the JADE and JEDI data, spanned from 0.1 keV to 1 MeV with only a small

discrepancy between the two instruments. Figure 3 shows the precipitating electron spectra of the

northern and southern aurorae, taken by JADE and JEDI instruments during PJ 6, 7 and 12. We

fit a power-law model (I(Ee) ∝ E−αe
e ) to characterize JADE, JEDI and joint spectra (Extended

Data Table 2). In several instances, a power-law model did not yield a good fit to the joint JADE

+ JEDI spectra (e.g., the north pole orbit in PJ 7). Otherwise, the JADE, JEDI and joint spectra

are well characterized by a power-law model yielding the best-fit spectral index from αe = 0.7

to 1.9 (Extended Data Table 2). The power-law form of the electron spectra of Figure 3, with
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the possible exception of north pole PJ 7, is evidence of electrons accelerated by stochastic or

broadband acceleration10. The north pole PJ 7 spectrum shows a positive slope just above ∼

100 keV. But the spectral slope αe ∼ −0.65 to −0.95 is shallower than the αe
<∼ −1 characteristic

of coherent acceleration by magnetically-aligned electric fields. Consequently we calculated the

average electron spectral index, including all six Juno orbits (ᾱe = 1.30). For the reason noted just

above, the average spectral index is unchanged by the exclusion of north pole PJ 7 data. Note that

we did not weight the spectral index by the measured electron fluxes since the Juno’s orbit altitude

varied between the observations (thus likely leading to different electron fluxes). Hereafter, we

assumed that the precipitating electron spectra follow a power-law model of αe = 1.3.

Spatial and temporal variability of the JADE/JEDI electron flux. Since the cumulative ob-

servation time of the Juno orbits (7 ksec) is a small fraction of the NuSTAR exposure, the spatial

and temporal variability of the precipitating electron flux may affect the flux normalization of our

model X-ray spectra. In order to investigate the electron flux variability, we extracted JADE/JEDI

electron data from a 2–minute time interval of all available Juno orbits (PJs 1–24 excluding PJ2)

around their perijove points. The 2–minute interval was selected to ensure that Juno would com-

plete two rotations on either side of the perijove point. The total electron flux above 3 keV, after

averaging over all time intervals and look directions, was calculated for each orbit. We found a

factor of 2.1 variability between different Juno orbits, representing the temporal variability over

weeks to months. In addition, as shown in Extended Data Fig. 1, the electron count rate signif-

icantly changed in each Juno’s orbit. Thus, the selection of a loss cone and X-ray emission area

(through the pitch angle range and time interval from which electron data are extracted), both of
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which cannot be completely determined from the current in-site and X-ray observations, can result

in additional flux uncertainties. These effects likely caused the electron flux variability by a factor

of 1.9–3.0 and 1.2–1.4 in the northern and southern pole, respectively, between PJ 6, 7 and 12

(Extended Data Table 2). Overall, we estimated the electron (and thus X-ray) flux errors up to a

factor of ∼ 2− 3.

Simulation of electron bremsstrahlung spectra in the Jovian atmosphere. Given the com-

plexity of electron propagation and bremsstrahlung X-ray emission in the Jovian atmosphere, we

utilized the widely-used particle propagation simulator GEANT422, 39. Our Monte-Carlo simula-

tion approach, by taking into account the electron energy distribution measured in-situ, the most

updated particle/atomic database and a more realistic Jovian atmosphere profile, supercedes the

original calculation of Singhal in 19928 and is similar to the approach utilized for Earth X-ray

modeling by Woodger (2015)25. Our simulation employs the Electromagnetic Penelope Physics

List, which agrees most accurately with experimental bremsstrahlung results below 3 MeV40. In

our simulation, we modeled a stratified Jovian atmosphere based on the density/temperature pro-

files of the polar regions obtained by Atreya23, 24 and Livengood41. The model atmosphere is a

spherical shell with the Jovian radius and a thickness of 80,000 km which corresponds to Juno’s

perijove altitude, divided into four distinct regions (see below) and composed of 80 total layers

of molecular/atomic hydrogen, helium atoms, and methane. The fraction of other species is neg-

ligible. Each layer’s thickness was set such that none of the parameters (temperature, density, or

pressure) varies by more than a factor of 2 across the layer. We found this configuration optimal

for achieving the most robust results within reasonable CPU time, after testing various cases. Since
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initial simulations demonstrated that X-rays were exclusively produced below 700 km of altitude,

we decreased the thickness of these layers to 10 km and achieved a smooth X-ray emissivity curve

as a function of altitude (Extended Data Fig. 2). The finer altitude depths removed numerical

glitches which are artificially produced as a result of the typical bremsstrahlung interaction length

being shorter than the grid size.

The model atmosphere consists of four regions, each of which has been characterized by

attributes in its profile. (1) Region 1: The lowest of these regions consists of 43 layers over

h = 430 km measured from the Jovian surface at 1 RJ. It is characterized by a narrow temperature

range of 150–200 K but a steep density variation. These layers are composed entirely of molecular

hydrogen, helium, and methane mixed at the average fractional ratios for Jupiter’s atmosphere23.

(2) Region 2: Above this is a region at h = 430−1400 km, characterized by the rapid change in

temperature (a gradient of ∼ 1 K/km) connecting the low temperature region below it to the high

temperature (∼1200 K) region above it24. Within this region, the chemical composition varies

dramatically, largely due to the steep temperature gradient: methane does not exist in significant

quantities in this region and helium becomes increasingly sparse until the atmosphere is dominated

entirely by molecular hydrogen. Then, atomic hydrogen begins to become more prominent as

hydrogen molecules become dissociated at higher temperatures. (3) Region 3: The top atmospheric

region at h = 1400−5000 km is characterized by an exponential density profile. It is assumed that

this region has a constant temperature of 1,200 K, but our simulation is insensitive to this specific

temperature. (4) Region 4: The Juno observations during PJ 6, 7, and 12 occurred at an average

height of 83,800 km, far above the atmospheric regions mentioned above. To fill in the gap, we
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introduced a single homogeneous layer of 75,000 km height and composed of atomic hydrogen. In

this region we assumed a constant density of 50 cm−3, similar to the ion density value measured

by Juno42. Given the small total hydrogen column density (NH < 1013 cm−2), this above-the-

atmosphere region has a negligible impact on electron deceleration and X-ray emission/absorption.

As mentioned above, the average JADE and JEDI electron spectra are well characterized by a single

power-law model with αe ≈ 1.3 up to ∼ 1 MeV. In each simulation, we randomly injected 100

million primary electrons between 3 keV and 1 MeV from a power-law distribution with αe = 1.3.

While a majority of the primary electrons are eventually absorbed in the atmosphere, the number

of injected electrons is sufficient to characterize X-ray spectra and compare well with the NuSTAR

and XMM-Newton spectra. We collected X-ray photons escaping from the spherical atmosphere at

its top. Most of the precipitating electrons emit bremsstrahlung X-rays at the upper atmospheric

depths corresponding to NH
<∼ 1022 cm−2 (mostly in Region 1 and 2). As shown in Extended Data

Fig. 2, X-ray emissivity drops sharply below ∼ 200 [km] in Region 1 where the neutral hydrogen

column density dramatically increases (NH
>∼ 1025 cm−2). On the other hand, X-rays are scarce

above ∼ 600 [km] since the hydrogen density is not high enough to emit bremsstrahlung X-rays.

Note that X-ray photons should escape from the auroral regions at 80–90◦ degrees with respect

to the pole (in the direction of Earth) in order to be observed by X-ray telescopes43. However,

X-ray bremsstrahlung photons above E ∼ 3 keV do not suffer from limb darkening since the

photo-absorption and Compton scattering are insignificant at the atmospheric depths where they

are emitted.

In order to compute the total X-ray luminosity emitted from both auroral regions, we mul-
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tiplied the integrated electron flux obtained by JADE/JEDI, by an electron-to-X-ray conversion

factor, and the projection of the emitting area of the two auroral regions (A) onto Juno’s orbital

altitude. For simplicity, we adopted A = 1× 1020 cm2, corresponding to the area of the UV ovals

which overlap with the X-ray continuum emission above E ∼ 2 keV44 assuming that the electron

flux is spatially uniform over the auroral regions. Since Juno’s orbits during the perijoves covered

only a portion of the magnetic field lines above the aurorae, this assumption may lead to errors

in the predicted X-ray flux if the electron current is not spatially uniform over the oval region,

since this causes electron flux variability as discussed in the previous section. From the GEANT4

simulation, we determined the ratio of the number of X-rays to the number of primary electrons

in the 3–20 keV band. This ratio is about 5.8 × 10−4. Since our simulation results showed that

the bremsstrahlung X-ray emission is nearly isotropic, we computed X-ray flux by dividing the

X-ray luminosity by 4πd2 where d is the average distance of Jupiter (7.24× 1013 cm; weighed by

exposure time of each NuSTAR observation) during the NuSTAR observations.

If we adopt the average electron spectra from PJ 6, 7 and 12, the estimated 3–20 keV

flux of 9.1 × 10−7 photons/cm2/s is a factor of 3.6 smaller than the measured X-ray flux of

3.3+0.2
−0.8 × 10−6 photons/cm2/s, while the observed X-ray spectral shape obtained from NuSTAR,

XMM-Newton and Ulysses data are well reproduced (Figure 2). The flux normalization discrep-

ancy is likely due to the spatial/temporal electron flux variation over the auroral regions (as dis-

cussed in the previous section) as well as uncertainties associated with the selection of a loss cone

and X-ray emitting area. We found that the electron flux varied between different Juno perijoves

by a factor of 2.1 (1-σ standard deviation between all available perijoves) to 3 (the maximum flux
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variation between PJ 6, 7 and 12). For instance, if we take the highest electron fluxes measured

in each pole during PJ 6, 7 and 12, the estimated 3–20 keV flux of 2.4 × 10−6 photons/cm2/s is

consistent with the measured X-ray flux (i.e. a factor of 1.4 lower but within the statistical errors).

In addition, any uncertainty associated with the loss cone and X-ray emitting area should affect

the predicted X-ray flux linearly. We also took into account the possibility that multi-MeV energy

electrons populate the Jovian magnetosphere beyond the JADE/JEDI energy band (> 1 MeV) as

suggested by recent Juno observations27. When we extended the best-fit power-law model up to

Emax = 2 and 5 MeV, we found that the flux normalization discrepancy decreases to a factor of

2.2 and 0.96, respectively. This is due to the contribution of additional X-ray emission from higher

energy electrons that terminate deeper in the atmosphere. However, we found that simulated X-

ray spectra with Emax
>∼ 1 MeV are harder than the observed X-ray spectra (e.g., χ2

ν = 1.25 with

35 dof for Emax = 2 MeV). Furthermore, our X-ray modeling with GEANT4, consistent with

the work of previous authors4, 25, ignores magnetic mirroring. This effect should produce higher

downward electron fluxes above the atmosphere at ∼ 1RJ (thus leading to higher X-ray fluxes)

compared to the fluxes measured at higher altitudes ∼ 2RJ corresponding to the perijoves. This

would systematically increase our modeled X-ray fluxes, bringing them more into agreement with

the observations. Given the electron flux variability, statistical errors related to the X-ray flux, and

these other systematics, we consider that the observed and predicted X-rays fluxes are consistent

with each other.

Simulated X-ray spectra are plotted in Figure 4, as well as in Figure 2 along with the NuS-

TAR and XMM-Newton spectra. The predicted and observed X-ray spectra are similar to each
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other, exhibiting a hard spectral index (Γ ≈ 0.6) then spectral softening (which is consistent with

the Ulysses X-ray flux upper limits in the 27–48 keV), after matching the flux normalization be-

tween the spectra. We found that this characteristic X-ray spectral shape is robust by inputting

other electron spectral indices (from αe ∼ 0.8 to 1.7 measured by Juno) than the average value

(αe = 1.3) in the GEANT4 simulation. We note that deceleration of electrons in the upper atmo-

sphere is required to reproduce the flat X-ray spectra with Γ ≈ 0.6 (3–20 keV); the precise spectral

shape results largely from the energy-dependence of the electron stopping power (dEe/dx) in-

creasing at lower electron energy, Ee
<∼ 1 MeV. We also found that the Jovian atmosphere density

profile reproduces the observed X-ray spectral shape well; atmosphere layers with higher column

densities yielded too soft model spectra, compared to the measured X-ray photon index in the

3–20 keV band, by overproducing low-energy X-rays. Thus, we emphasize that the consistency

between the observed and predicted X-ray spectra is a natural consequence of propagating the Juno

electron data taken during the perijoves into the realistic Jovian atmosphere model – there is no

parameter fitting besides the X-ray flux normalization. Our analysis and simulation, based on the

simultaneous NuSTAR, XMM-Newton and Juno observations, establishes that the X-ray continuum

emission from the Jovian aurorae originates from precipitating non-thermal electrons in the upper

atmosphere.
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Figure 1: NuSTAR 8–20 keV image of Jupiter overlaid on a graticule which shows the geometry

of the planet during PJ12 (r = 42.6′′). The north pole is indicated by ”North” in the graticule. The

angular size of Jupiter varies between r = 37′′ and 45′′ during the five NuSTAR observations. We

combined FPMA and FPMB images after smoothing by a gaussian kernel with σ = 6 pixels (15′′).

The NuSTAR PSF (FWHM = 18′′ shown in the lower left corner), is comparable to the size of each

auroral region, thus it is not feasible to correlate the hard X-ray emission with the UV oval or soft

X-ray polar region. The northern and southern auroral regions, defined by a r = 25′′ circle around

each pole, yielded 114 and 229 counts, respectively, in the 8–20 keV band.
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Extended Data Table 1: NuSTAR observations of Jupiter

Observation Distance Exposure Neta Detection Juno Simultaneous

date [AU] [ksec] counts σ orbit observations

01/30/2015 4.4 102.6 105 3.3 — —

05/16/2017 4.7 134.5 132 3.2 PJ6 Chandra

06/18/2017 5.1 101.5 130 3.4 AJ7 Chandra, XMM, HST

07/10/2017 5.4 134.2 163 4.2 PJ7 Chandra, XMM, HST

04/01/2018 4.6 126.3 197 5.0 PJ12 Chandra
a Net count rates in the 3–20 keV band. Both FPMA and FPMB counts are combined. Source

and background counts were extracted from a r = 45′′ circle and a r = 60−75′′ annular region

around the Jovian center, respectively.

Extended Data Table 2: Juno orbits coincident with NuSTAR observations and electron

spectral parameters

Juno Orbit Pole Time RJ αe Electron flux

Orbit Date [electrons/cm2/s]

PJ 6 05/19/2017
North 00:57:11 7.03 1.26± .05 1.16× 105

South 06:49:00 1.87 1.41± .61 3.50× 105

PJ 7 07/11/2017
North 01:19:00 1.59 1.89± .14 2.79× 106

South 02:30:00 1.57 1.01± 0.03 5.78× 105

PJ 12 04/01/2018
North 07:32:00 3.77 1.54± 0.08 4.82× 104

South 10:42:30 2.12 0.67± 0.01 5.36× 105

Note: αe is the best-fit spectral index of JADE + JEDI electron spectra in each Juno passage. The

last column lists the downward electron flux in the 3keV – 1 MeV band.
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Figure 2: XMM-Newton-EPIC and NuSTAR flux spectra of Jupiter (green and blue, respectively)

with simulated spectrum (red) and best-fit thermal bremsstrahlung model (kT = 200 keV; ma-

genta). Both NuSTAR and XMM-Newton spectra are binned to a minimum detection significance of

σ ≥ 2. The NuSTAR spectra are further rebinned in the plot for better visualization. X- and Y-errors

represent the energy bin sizes and 1–σ statistical errors, respectively. The 27–48 keV flux upper

limits (3–σ) obtained by the in-situ Ulysses measurements11 are indicated by an arrow. The fit with

the simulated spectrum (χ2
ν = 1.1 for 35 dof) is better than that of the thermal bremsstrahlung

model (χ2
ν = 1.5 for 34 dof). The Akaike information criterion test yields ∆AIC = 14.9, indi-

cating that the simulation model is preferred over the thermal bremsstrahlung model by a relative

likelihood of 3× 106. The simulated spectrum’s flux normalization has been multiplied by a factor

of 3.6 in order to match the X-ray flux observed by XMM-Newton and NuSTAR.

26



100

102

104

106

108

PJ 06 - North
Distance: 7.03 Rj

e: 1.28

Di
ffe

re
nt

ia
l I

nt
en

sit
y 

[e
le

ct
ro

ns
 c

m
2 s

1 k
eV

1  s
r

1 ]
PJ 07 - North
Distance: 1.59 Rj

e: 1.92

PJ 12 - North
Distance: 3.77 Rj

e: 1.57

10 1 100 101 102 103100

102

104

106

108

PJ 06 - South
Distance: 1.87 Rj

e: 1.43

10 1 100 101 102 103

PJ 07 - South
Distance: 1.57 Rj

e: 1.01

Energy [keV]
10 1 100 101 102 103

PJ 12 - South
Distance: 2.12 Rj

e: 0.67

Figure 3: JADE (black) and JEDI (blue) energy spectra of precipitating electrons in the north (top

panels) and south (bottom panels) for PJ 6 (left), 7 (middle), and 12 (right). The power-law models

fit from 3 keV to 1 MeV, corresponding to the energy range of electrons that produce 3–20 keV

bremsstrahlung X-rays in the Jovian atmosphere, are overlaid in red. The best-fit power-law index

(αe) and the distance of Juno from the Jovian center (in unit of the Jovian radius RJ ) are listed

in each panel. The corresponding Juno observations and more details are listed in Extended Data

Table 2.
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Figure 4: Simulated spectra of X-ray photons escaping from the model atmosphere for three dif-

ferent electron spectra. The spectra are plotted in counts per energy bin vs photon energy [keV].

We input the mean electron spectrum (black) from the Juno observations listed in Extended Data

Table 2 into the GEANT4 simulator, as well as the hardest (blue) and softest (red) spectra ob-

served by Juno. The simulated X-ray spectra are characterized by a flat power-law component

(Γ ∼ 0.03–0.4) up to E ∼ 10 keV, followed by a softer power-law component (Γ ∼ 1). Fitting a

single power-law model to the simulated X-ray spectra in the 3–20 keV band, where we obtained

XMM-Newton and NuSTAR spectra, yields Γ = 0.2–0.7, which is consistent with the observed

X-ray photon index (Γ = 0.60± 0.22).
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Extended Data Fig. 1: Magnetic footprint of Juno as viewed from above the north (left) and south

(right) poles in PJ12. Black ovals represent the UV ovals38. The color bar indicates the net electron

counts obtained by JADE across all energy channels and look directions (in logarithmic scale). A

region in the Juno orbit (indicated by black), where background counts exceeded signal counts, was

removed from our analysis. We obtained coordinates for the auroral ovals and JRM09 magnetic

footprint20 from the MOP LASP website. All coordinates are SYS III.
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Extended Data Fig. 2: Counts of escaping X-rays as a function of the altitude [km] (which is

measured from 1 Rj). The counts drop sharply below h ∼ 200 [km] as X-rays are heavily absorbed.

The altitude range shown in the plot cover Region 1 and 2 described in the Method. Note that most

of escaping X-rays are from Region 1 (h < 430 km).
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