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Abstract within the solar system, X-ray emissions have been detected from every planet except the
Ice Giants: Uranus and Neptune. We analyze the three archival Chandra X-ray observations of Uranus
(each 24-30 ks duration) to date: a stand-alone Advanced CCD Imaging Spectrometer (ACIS) observation
on August 7, 2002 and two High Resolution Camera (HRC) observations on November 11 and 12, 2017
coordinated with optical observations. For the earlier ACIS observation, the Uranus-coincident photons
were clustered in the 0.6-1.1 keV spectral range, consistent with emission from Jupiter and Saturn. To test
the significance of the detected signal, we distributed a grid of ~10,000 Uranus-sized regions across the
field of view (FoV). The number of Uranus-coincident X-ray photons in the 0.5-1.2 keV range exceeded
99.9% of Uranus-sized regions across the FoV (10.2 standard deviations > FoV mean; probability of chance
occurrence ~107°~1077). However, the planetary signal was low with only 5 # 2.2 X-ray photons against

a FoV mean background of 0.16 photons. Without the possibility of energy filtering, the recent HRC
observations had a much brighter background (FoV mean ~10 photons). Consequently, neither of the new
observations provided a second unambiguous Uranus detection, although a 40-min interval of brightening
on November 12, 2017 did produce a signal above 99.9% of the FoV. The observed Uranus X-ray fluxes

of 107°-107"° erg/cm?/s are consistent with previous observational limits and modeling predictions.

These fluxes exceed expectations from scattered solar emission alone, suggesting either a larger X-ray
albedo than Jupiter/Saturn or the possibility of additional X-ray production processes at Uranus. Further
observations are needed to test this.

1. Introduction: X-Ray Emissions in the Solar System

X-ray emissions have been detected from comets, Venus, Earth, Mars, Saturn, Pluto, Jupiter, and several of
Jupiter's moons (Branduardi-Raymont et al., 2013; Cravens, 1997, 2002; Dennerl, 2002; Dennerl et al., 2002;
Lisse et al., 1996, 2001, 2017; Nulsen et al., 2020). For Mercury, which is too close to the Sun to be observed
by the Earth-orbiting X-ray observatories, in-situ X-ray instruments have provided detailed maps of the
planet's X-ray emissions (Nittler et al., 2011). Of the planets in the solar system, only the Ice Giants, Uranus
and Neptune, still remain to be detected in the X-ray waveband. In this study, we will focus on the closer of
these two bodies: Uranus.

Previous observations of Uranus in the 1990s with the Rontgensatellit (ROSAT) yielded non-detections sug-
gesting that the X-ray flux from the planet must be less than 5.7 x 10" erg/cm?/s (Ness & Schmitt, 2000).
Since ROSAT, the launch of the Chandra and XMM-Newton X-ray observatories in 1999 provided
ground-breaking new opportunities for planetary X-ray studies with unprecedented spatial and spectral
resolution, respectively, and heightened sensitivity. While XMM-Newton is yet to observe Uranus, Chandra
has conducted three exploratory relatively short-duration observations that provide the perfect opportunity
to evaluate the fluxes beyond the limits of ROSAT.

The study of X-ray emissions from planets provide key and often unique insights into a variety of character-
istics of the system. Most relevant for Uranus, these include: atmospheric, surface and planetary ring com-
position through fluorescence (Adler et al., 1972; Bhardwaj, Elsner, et al., 2005; Dennerl et al., 2002, 2006;
Elsner et al., 2002; Nittler et al., 2011; Nulsen et al., 2020) or scattering (Bhardwaj, Branduardi-Ray-
mont, et al., 2005a; Branduardi-Raymont et al., 2007b; Cravens et al., 2006; Dunn, Branduardi-Raymont,
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et al., 2020); magnetosphere-ionosphere coupling through auroral studies (Dunn et al., 2017; Gladstone
et al., 2002); and the nature of solar wind interactions through charge exchange emissions (Cravens, 1997;
Lisse et al., 2001; Raab et al., 2016; Soman et al., 2018). For the hydrogen-dominated atmospheres of Ju-
piter and Saturn, equatorial X-ray emission is predominately due to elastic-scattering of solar photons and
therefore varies with the solar X-ray intensity (Bhardwaj, Elsner, et al., 2005; Bhardwaj et al., 2006; Brandu-
ardi-Raymont et al., 2007b, 2010; Cravens et al., 2006; Dunn, Branduardi-Raymont, et al., 2020; Maurellis
et al., 2000). For Venus and Mars, the higher relative abundances of larger molecules in the atmosphere
result in higher contributions by X-ray fluorescence emissions, for example, lines from the CO2 rich at-
mosphere (Dennerl et al., 2002, 2006). The relative abundance of CNO elements is higher in Uranus than
Saturn (Atreya & Wong, 2005), which may lead it to be an intermediate between the elastic scattering dom-
inated atmospheres of Jupiter and Saturn and the fluorescence dominated atmospheres of Venus and Mars.
Cravens et al. (2006) provided theoretical calculations of albedos for elastic backscatter and fluorescence
giving a prediction of soft X-ray flux of Uranus of 1.3 x 107" erg cm ™ s/, assuming solar maximum and
the albedo of Jupiter.

X-ray aurorae have also been observed from the poles of Earth and Jupiter (Bhardwaj et al., 2007; Dunn
et al., 2017; Gladstone et al., 2002; Jackman et al., 2018; Kimura et al., 2016). Auroral emissions are known
to brighten when interplanetary shocks in the solar wind collide with the magnetospheres of the bodies
(Dunn, Gray, et al., 2020; Dunn et al., 2016; Weigt et al., 2020; Wibisono et al., 2020). Jupiter's X-ray aurora
is thought to be predominately produced by the precipitation of particles from the volcanoes on its moon
To (Elsner et al., 2005; Houston et al., 2020; Hui et al., 2009, 2010; Ozak et al., 2013). However, there are
also some less frequent observations that show indications of solar wind particles charge exchanging with
the atmosphere (e.g., Dunn, Gray, et al., 2020). At Earth, the X-ray aurora is predominately produced by the
precipitation of energetic magnetospheric electrons along the auroral oval, which generate bremsstrahlung
emissions and fluorescence emissions from collisions with oxygen and nitrogen in the atmosphere (e.g.,
Bhardwaj et al., 2007). For the neutral and dusty coma of comets, charge exchange from the collision of
solar wind ions is also a key contributor of X-ray emission (e.g., Cravens, 1997 and Lisse et al., 2001). At
Earth, this charge exchange process also produces emissions along the magnetosheath and at the cusps
(e.g., Carter et al., 2008, 2010, 2011). These emissions will be utilized by the SMILE spacecraft to explore the
terrestrial magnetosphere’s response to incident solar wind (Raab et al., 2016).

One of the many factors that makes Uranus an interesting target is the configuration of its magnetosphere.
While the rotation and magnetic field axes of Earth, Jupiter, and Saturn are all oriented almost perpendic-
ular to the ecliptic plane (and thus the direction of the solar wind), Uranus' rotation axis is nearly parallel
to its orbital plane. Moreover, the axis of the magnetic field of Uranus is surprisingly far from being spin
axis-aligned, so that, during the solstice conditions which prevailed during the Voyager 2 flyby in 1986, the
solar wind was incident nearly perpendicularly to the magnetic axis (Russell & Luhmann, 1997). The mag-
netic axis is not only tilted with respect to the rotational axis, it also does not pass through the center of the
planet and is offset from the center by about a third of the planetary radius Ness et al. (1986). This produces
a particularly variable magnetosphere with a complex relationship to the solar wind.

The global dynamics and interactions of a magnetosphere are often studied remotely through their auroral
and radio emissions. UV and radio auroral emissions have been observed from Uranus on several previous
occasions (for details see reviews by Desch et al., 1991; Farrell et al., 1991; Lamy, 2020). Most of the observa-
tions of these emissions were conducted under solstice conditions during the Voyager 2 flyby of Uranus in
the 1980s, which revealed patchy, mainly nightside, UV aurorae clustered around both magnetic poles at the
footprint of flux tubes mapping to the magnetotail. More recently, Hubble Space Telescope (HST) observing
campaigns past equinox have revealed complex, time-variable auroral emissions from the Uranian dayside,
radically different to those observed three decades earlier by Voyager 2 (Lamy et al., 2012, 2017). These
have shown elongated spots in both hemispheres interpreted as polar cusp aurorae. Unambiguous auroral
detections were obtained in 25% of observations taken with the Space Telescope Imaging Spectrograph
(STIS) onboard HST, with these detections statistically more common when coincident with interplanetary
shocks from the solar wind impacting Uranus. One radio component (narrowband bursty emissions) was
also observed to vary with solar wind density (Desch et al., 1989). Ground-based near infrared observations
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Table 1
X-Ray Observations of Uranus by Chandra
Obs Duration  Peak solar flux measured at 1 AU
1D Instrument Observation start Observation end (ks) by GOES (1.5-12.4 keV) erg/cmz/ S
2518 ACIS 2002-08-07 T16:00:05 2002-08-08 T00:50:22 29.58 5%107°
20846 HRC 2017-11-11 T19:29:19 2017-11-12 T02:59:49 24.84 6 x 107
20847 HRC 2017-11-12 T12:56:58 2017-11-12 T20:27:28 24.53 6 x 107

The solar fluxes quoted come from the GOES-10 (2002) and GOES-13 (2017) measurements in the 0.1-0.8 nm (1.5-
12.4 keV) band (see supporting information). For all three observations, the Uranus-Chandra distance was 19 AU.

Abbreviations: ACIS, Advanced CCD Imaging Spectrometer; HRC, High Resolution Camera.

have further revealed emissions from H*" across the disk of the planet, with some observations suggesting
the possibility of a connection to auroral processes (Lam et al., 1997; Melin et al., 2011, 2019).

2. Chandra X-Ray Observations of Uranus

As of June 2020, Uranus had been observed with the Chandra X-ray Observatory three times (Table 1). The
first observation (August 7, 2002) used the Advanced CCD Imaging Spectrometer (ACIS) instrument, which
provides both spatial and spectral resolution. The ACIS-S instrument on Chandra offers good temporal
(each exposure is 3.2 s long with a 42-ms readout time) and spatial resolution (0.5” Point Spread Function
Full Width Half Maximum [PSF FWHM] and 0.5” pixel size) and provides moderate spectral resolution (E/
AE of 10-50). Its energy range is particularly useful for planetary emissions, which are predominately below
1.2 keV (e.g., Branduardi-Raymont et al., 2004; 2007a). Since 2011, a contaminant build-up on the ACIS
optical blocking filter has significantly reduced the viability of the instrument for planetary observations,
preventing the detection of much of the emission below 1.2 keV, where the majority of the scattered solar
emission, charge exchange emission and K-shell fluorescence lines from, for example, carbon, nitrogen, and
oxygen occurs, unfortunately meaning that the archival ACIS observation is currently unrepeatable.

The observations in 2017 were, therefore, conducted with Chandra's High Resolution Camera’s (HRC) im-
aging capabilities. The HRC-I is sensitive to softer X-ray emissions (down to 0.06 keV) than ACIS, enabling
it to collect more photons in the 0.1-1.2 keV energy range most important for planetary studies. It also offers
an improvement in pixel size (0.4” pixel size). However, HRC offers essentially no energy resolution. The
HRC-I and ACIS-S instruments have fields of view of 30’ x 30’ and 8.3’ x 8.3’ (for chip S3), respectively,
which extend far beyond the angular size of Uranus (3.7” angular diameter for the observations presented
here).

The ACIS observations were taken through the guest observer program. The HRC observations were award-
ed as Director Discretionary Time, as part of a coordinated multi-spectral observing campaign aimed at
tracking the arrival of powerful interplanetary shocks at the planet including UV (HST) and IR (Very Large
Telecope [VLT] and Gemini) observations (Lamy et al., 2018), in line with successful HST detection strate-
gies (Lamy et al., 2012, 2017). The observations in 2002 occurred during solar maximum, while those from
2017 occurred near solar minimum. X-ray fluxes from the Sun are shown in Table 1, while plots from the
GOES spacecraft are in the supporting information. Given the differences between the instrument capabil-
ities (particularly energy filtering), we treat the analysis of the ACIS observation and the HRC observations
in turn.

3. Analysis of Chandra ACIS Observation on August 7, 2002

Figure 1 shows the majority of the field of view (FoV) for Chandra ACIS-S Chip-S3 (CCD-ID 7) during
the Uranus observation in comparison with the size of the planet (red square) in the planet's rest-frame.
The figure overlays the sky x-y coordinates (blue) on the detector with reframed coordinates centered on
Uranus (orange). Due to the motion of Uranus across the detector during the observation, bright stationary
X-ray sources in sky X-Y coordinates become streaks of emission in the Uranus-centered frame (arrows
highlight examples). Given that none of these bright known sources overlapped Uranus' position during the
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Figure 1. Field Observed by ACIS Chip-S3 on August 7, 2002. In blue are
X-ray Photons in sky coordinates on the detector for the observation. In
orange are X-ray photons re-projected into Uranus-centered coordinates.
X-ray sources that show as concentrated collections of blue dots for sky
coordinates become orange streaks when re-projected, due to the inverse
of Uranus’ motion across the detector during the observation. The red
boxisa2 X 2 Ry (1 Ry = 1 Uranus radius) region placed on Uranus (in
Uranus-centered coordinates) for the observation, showing for scale the
field of view compared with the planet's size and location. The x-y units

are Chandra pixels in the sky plane or Uranus-Centered coordinate frame.

ACIS, Advanced CCD Imaging Spectrometer.

observation, we chose not to remove the sources, rather than potentially
artificially reduce the X-ray emission across the FoV. This leaves the back-
ground overestimated. We filtered the ACIS observation to include only
photons with energies between 500 and 1,200 eV. As discussed above, this
is the energy range in which the majority of the scattered solar emission,
charge exchange emission and K-shell fluorescence lines from, for exam-
ple, carbon, nitrogen, and oxygen is observed. It is consequently the ener-
gy range for which the majority of Saturn and Jupiter's X-ray emission is
observed by ACIS. Beyond 1,200 eV, the signal-to-noise ratio for planetary
signals worsens, with the main X-ray contributions predominately from
bremsstrahlung emissions or scattering from the more energetic compo-
nents of the solar emission.

To test the number of photons on the region occupied by Uranus against
those present on the entire FoV, we placed a grid of boxes across the de-
tector, where each box occupied 2 X 2 Ry, where 1 Ry = 1 Uranus radi-
us = 1.85”. This provided a grid with over 10,000 Uranus-sized regions.
In each region, the number of photons detected by ACIS was counted.

Figure 2 (top) shows a small fraction of this grid, zoomed-in to the re-
gion on the detector occupied by Uranus (Uranus' location is shown with
the red circle). This shows that 5 X-ray photons were coincident with the
location of Uranus during the observation. Figure 3 (top) shows the dis-
tribution of photons detected within boxes across the FoV. Text on the
plot shows the total number of boxes included in the grid (11,342) and
the mean number of photons from those boxes (0.16). The detection of
5 photons from the Uranus-located region is greater than 99.9% of the

boxes across the detector (including other X-ray sources) and 10.3 standard deviations above the mean of
the regions across the FoV. Table 2 summarizes these values with the HRC observations.

In order to test the probability that 5 photons could occur in the location of Uranus by chance, we applied
a Monte Carlo approach of randomly simulating the emission across the FoV. To do this, we took the total
number of photons detected during the observation and we randomly placed these photons onto different
pixels on the detector. We produced 1,000,000 simulated random observations. In only 2 of these million
randomly generated fields of view were 5 or more photons randomly produced at the location of Uranus.
This low probability of chance occurrence is also consistent with fitting a Poisson distribution to the distri-
bution in Figure 3 (top), which also produced a probability that 5 or more photons would randomly occur 3
or less times in 1,000,000 observations.

Figure 4a shows the distribution in energy of the Uranus-coincident photons, confirming that the concen-
tration of photons is similar to what would be expected for a Saturn or Jupiter-like X-ray emission, from
charge exchange or scattering of solar photons.

4. Analysis of Chandra HRC Observations on November 11 and 12, 2017

For the HRC observations, we took a Pulse Height Amplitude (PHA) range of 1-90, which removed ~25%
of the background signal, but less than 10% of the Uranus-coincident signal. Higher PHA values than 90
are often associated with particle impacts on the detector rather than X-ray photon observations. However,
without being able to filter on energy, as was done for the ACIS observations, the Chandra HRC observa-
tions still had a much higher background than the ACIS observations. There is a clear difference in the
background as shown in both Table 2 and by comparing the panels in Figure 2. Attempts to reduce this
background using a new “Hyperscreen” technique are detailed in the supporting information.

The number of Uranus-located photons for both HRC observations are within 2 standard deviations of the
mean of the distribution for both observations. The November 11, 2017 observation (Figure 2 middle panel),
shows a very low number of events from Uranus (4 counts), which is less than or equal to 98.7% of the boxes
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7 Aug 2002 Uranus ACIS Observation
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Figure 2. Uranus-centered x and y coordinates for the Chandra ACIS
observation on August 7, 2002 (top) and the HRC observation on
November 11 (middle) and 12 (bottom), 2017. Red lines indicate the
division of the detector into a grid of boxes of size 2 x 2 Uranus Radii. The
red circle indicates the region occupied by Uranus on the detector. Each
detected X-ray photon is indicated by a blue dot. The x-y units are Chandra
pixels in the sky plane or Uranus-Centered coordinate frame. ACIS,
Advanced CCD Imaging Spectrometer.

and is 1.8 standard deviations below the mean (Figure 3 middle panel).
The November 12, 2017 observation (Figure 2 lower panel) has 16 pho-
tons from the Uranus region meaning it has more photons than 95% of
the distribution and is 1.8 standard deviations above the mean (Figure 3
lower panel). The probability of chance occurrence for so many photons
to be coincident with Uranus is ~2% (see Table 2). This constitutes a 3.6
standard deviation change in counts between the two observations. A
similar 12-count increase between the two observations was observed in
less than 0.5% of boxes on the detector. We also note that the Uranus-co-
incident photons on November 12, 2017 are not uniform in time (Fig-
ure 4b), unlike the distribution across the detector. Filtering on time to
17:10-18:10 results in a 6-photon Uranus signal that is higher than 99.9%
of boxes (mean of 0.52) across the detector and 7.6 sigma above the FoV
mean. Although, we note that, unlike the energy range filtering for the
ACIS observation, there is not yet a clear underlying physical reason to
filter the data for this brightening.

5. Comparison of Flux Measurements

To calculate the counts from Uranus alone, we subtracted the mean of
the FoV distribution from the total number of photons on Uranus. For
the ACIS observations, we calculated fluxes by using the energies of the
detected photons in the range 500-1,200 eV. For the November 12, 2017
HRC observation we assumed the median photon energy from the ACIS
observations (0.743 keV). We took the total energy combined from the
photons and divided this by the observation time and instrument effec-
tive area at the median photon energy. We validated these calculated flux-
es against the NASA HEASARC Tool (https://heasarc.gsfc.nasa.gov/cgi-
bin/Tools/w3pimms/w3pimms.pl) with an astrophysical thermal plasma
emission code (APEC) model (Smith et al., 2001). To identify a suitable
temperature for the APEC model, we fitted spectra from Jupiter's equator
during comparable intervals of solar activity and solar X-ray irradiance,
as measured by the GOES spacecraft (see the supporting information for
details). This provided APEC models with temperatures of 0.3 keV for the
August 2002 ACIS observation and 0.19 keV for the November 2017 ob-
servation. Fluxes retrieved from both methods are shown in Table 3. We
also note that converting the count-rate from the 5-photon ACIS obser-
vation should lead to a Chandra HRC detected photon count of between
13 and 18 photons (depending on the energy range and chosen model),
in good agreement with the November 12, 2017 observation but in poor
agreement with the November 11, 2017 observation.

For Uranus, Ness and Schmitt (2000) calculated a 95% confidence up-
per limit of 5.7 X 107" erg/cm?/s, while Cravens et al. (2006) used mod-
els for atmospheric scattering to calculate an emission from Uranus of
1.3 x 107'® erg/cm?/s. The fluxes measured for both the ACIS and Novem-
ber 12, 2017 HRC observations fall between the Ness and Schmitt (2000)
limits and Cravens et al. (2006) predictions.

To determine how much of the observed flux is the result of scattered so-
lar emission, we took solar X-ray fluxes measured by the GOES Soft X-ray
Imager at 1 AU (see supporting information) and propagated these back
to the Sun. Using the PIMMS tool, we converted from the GOES energy
band of 1.55-12.4 keV to the Chandra ACIS (HRC) band of 0.5-1.2 keV
(0.2-10 keV). We do this assuming an APEC model with a solar abun-
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7 Aug 2002 ACIS Counts Per Uranus-Sized Region
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Figure 3. Histogram distribution of counts from each box on the grid
relative to the number of counts from the box containing Uranus (orange
dashed line) for the Chandra ACIS observation on August 7, 2002 (top)

and the HRC observation on November 11 (middle) and 12 (bottom), 2017.

Shown in text are the number of 2 X 2 Uranus radius boxes (N) across the
detector, the field of view mean from those boxes (FoV p), the percentage
of those boxes that the number of counts from Uranus (Cy) was larger/
smaller than and how many standard deviations (o) Cy was greater/less
than the FoV p. ACIS, Advanced CCD Imaging Spectrometer; Cy, counts
from Uranus; FoV, field of view; HRC, High Resolution Camera.

dance and the temperatures of 0.3 and 0.19 keV for the ACIS and HRC
observation respectively (see supporting information for details). The
resulting fluxes were then propagated to Uranus. The X-ray albedo for
Jupiter and Saturn are between 0.001 and 0.01 for photons with energy of
0.5-1.0 keV (Cravens et al., 2006), we therefore applied these as lower and
upper albedo limits for the X-ray emission reflected from Uranus.

For the August 2002 ACIS observation, this gives an upper (lower) detect-
ed flux of 4 x 107'° (107"7) erg/cm?/s, while for the November 2017 HRC
observation, this gives a detected upper (lower) flux of between 2 x 107'¢
(107") erg/cm?/s. We note that this value is sensitive to the chosen tem-
perature of the APEC model. A lower temperature model shifts the ma-
jority of the emission to lower energies, meaning that the GOES fluxes
are measurements of a higher energy tail of the distribution. This means
that an under-estimated plasma temperature leads to an over-estimated
flux, while an over-estimated temperature leads to an under-estimated
flux. We also note that the flux from the GOES data above 1.5 keV is fit-
ting the high energy tail of a solar APEC model. The majority of the emis-
sion from a solar APEC model is below 1.35 keV.

Because it is particularly challenging to gauge the uncertainties on this es-
timation, for the calculations above, we deliberately chose a temperature
of 0.3 keV to represent the lower end of possible temperatures for solar
maximum and therefore the highest physically consistent fluxes that the
propagation could produce. During solar maximum, it is likely that the
APEC model solar temperature would have been higher (Dunn, Brandu-
ardi-Raymont, et al., 2020), in which case the scattered solar fluxes from
a propagation of the GOES observations diminishes (e.g., a solar APEC
temperature of 0.4 keV produces an observed flux of scattered solar emis-
sion of 1 x 107 (107"") erg/cm?/s). This happens as the center of the solar
spectrum shifts toward the GOES energy range. Conversely, it is possible
to reproduce the observed fluxes through solely solar scattered emission
if the Solar APEC model uses a temperature that was infeasibly cool for
the August 2002 observation. A solar APEC temperature of 0.19 keV dur-
ing solar maximum, means that the GOES measurement represented the
wings of the distribution and that the scattered solar flux from Uranus
between 0.5 and 1.2 keV would be a larger 2.6 x 107** (107'%) erg/cm?/s.
While this temperature is improbably low, this serves to caution over-in-
terpretation of these low-signal results and further demonstrates the lim-
itations of these observations. To better understand the extent to which
the observed emissions are produced by scattered solar emission and/or
other processes will require further observations with longer exposure
times, and ideally with spectral resolution in order to model the spectrum
from Uranus and truly test the possible origins of the emission.

Comparing the observed fluxes to the fluxes expected from scattering of
solar emission alone, using the estimations above, suggests two possibil-
ities either (1) the X-ray albedo of Uranus may be markedly higher than
for Saturn or Jupiter, which could be the case, for example, additional
fluorescence emissions (as discussed in Section 1) or (2) that scattering
of solar emission alone is unable to account for all of the observed X-ray
emissions and thus that additional X-ray production mechanisms are at
work.
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Table 2
Uranus Counts Compared With Number of Photons From a Grid of Uranus-Sized Boxes Across the Detector and Resulting Distributions Shown in Figures 2, 4
and 5

Poisson
Number Counts Mean Counts % of boxes Uranus  Standard deviations Monte Carlo distribution
of boxes In across the counts per from counts were larger  above or below (—) Probability of Probability of
Obs grid grid box in grid Uranus than mean chance occurrence occurrence
August 7, 2002 11,342 1,815 0.16 5 99.9% 10.3 ~2%x107° 3x107°
November 11, 2017 99,567 991,677 9.97 4 1.3% -1.8 0.92 0.96
November 12, 2017 99,567 990,999 9.95 16 94.7% 1.8 0.04 0.02

The Monte Carlo and Poisson Distributions show the probability that at least the number of photons occurring in the location of Uranus would be generated
randomly, for each observation.

6. Discussion and Conclusion on Expected Sources of X-Ray Emissions

The ACIS observation shows a statistically significant detection of X-rays from Uranus. Table 3 further
suggests that the ACIS-S observation may require a mechanism beyond scattered solar emission alone, in
order to explain the detected X-ray fluxes. However, we remain cautious on this, noting that the Poisson er-
rors on the counts could be almost half the detected counts, which would
bring the observations more in line with expectations from scattered solar
emission alone. We also note the unavoidable challenges of comparing
GOES observations in one energy band with Chandra observations in a
different energy band. Further observations are required to test whether
this excess is simply a fluctuation in Poisson statistics. While the HRC
observations formally constitute a non-detection, there are sufficient ten-
tative hints to justify a brief speculation on a physical explanation for
the observed 4 sigma count variations between observations and for the
interval in which the planet brightens to greater than 99.9% of the FoV.

7 Aug 2002 ACIS Energy Histogram for Uranus Vs Whole Field

3000 5
Il Field of View [ Uranus

2500 4

2000 A
F3

1500 -

1000 Figure 5 presents the locations of the X-ray photons in comparison with

a graticule of the planet's orientation for each observation. For the ACIS
observation, this may suggest one possible source of a heightened X-ray
albedo could be the rings of the planet. At Saturn, the rings are known
to produce X-ray fluorescence (Bhardwaj, Elsner, et al., 2005), and a sim-
ilar process may be possible for Uranus. In fact, studies of the radiation

belts by Mauk and Fox (2010) show that Uranus has a higher intensity of
500000 = Field of View 1 Uranus 6 ~100 keV electrons than Jupiter or Saturn and that the Uranian intensi-
ties of MeV electrons are almost identical to those of Jupiter. Collisions
by particles with these energies are well-suited to generating fluorescence
emissions that can characterize the composition of the rings and possi-
bly the surfaces of the satellites, although more detailed examinations of
scattering and fluorescence cross-sections and further and longer X-ray
observations would be required to explore this. We also note that the 2
photons located at high latitudes would be consistent with the latitudes
L4 associated with auroral emission.

Events in Field of View
Events from Uranus Region

500 1

04
500 750 1000 1250 1500 1750 2000 2250
Energy (eV)

12 Nov 2017 HRC Time Histogram for Uranus Vs Whole Field

400000 A

300000 -

200000

Events in Field of View
o
Events from Uranus Region

100000 A

Lo The two HRC observations were organized to coincide with the predict-
ed arrival of a solar wind shock at Uranus. The multi-instrument cam-
paign included (alongside Chandra) HST, VLT, and Gemini observations

Figure 4. (a) Energy Distribution of Uranus photons compared with the (Lamy et al., 2018). The November 11, 2017 Chandra HRC observation

o4
13:00  14:00 15:00 16:00 17:00 18:00 19:00  20:00
12 Nov 2017 (UT)

energy distribution of photons across the field of view for the Chandra occurred shortly after a HST observation and coincident with a VLT
ACIS observation on .AugUSt 7 200?. (P) T}me Distribution of Uranu§ observation from this campaign. The HST/STIS waveband FUV image
photons compared with the time distribution of photons across the field . : . .

of view for the Chandra HRC observation on November 12, 2017. ACIS. showed a bright auroral spot in the southern hemisphere, which could
Advanced CCD Imaging Spectrometer; HRC, High Resolution Camera. be fitted fairly well with a model of an auroral oval hence providing a
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Figure 5. (a), (b), and (c) show illustrative graticules of Uranus overlaid with the X-ray photon locations (blue dots)
detected by Chandra for each respective observation and (e) for an interval of brightening within the observation on
November 12, 2017. The blue cross indicates the spatial resolution of Chandra. (d) shows the start and end auroral
location for both HRC observations. This is propagated from the auroral detections of the November 2017 Hubble Space
Telescope observing campaign (Lamy et al., 2018). (f) shows the predicted auroral location for the interval shown in

(e). The axes are in right ascension and declination for a given instance in the observation. Large X (Y) axis increments
are 0.1 (2) seconds right ascension (declination). We note that Uranus moves across the sky during the observation so
that the precise right ascension and declination are not included on the axis to remove confusion. The sub-observer and
sub-solar point are within one degree of each other (approximately normal to the plane of the page), so that the planet
orientation is very similar for both. Graticules were initially produced from: https://pds-rings.seti.org/tools/viewer2_
ura.html. HRC, High Resolution Camera.
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Table 3

Field of View Mean-Subtracted Counts From Uranus, Converted to Count Rates and Fluxes, Through an Assumed Photon Energy for HRC From the ACIS
Observations, and Through the PIMMs Tool With an APEC Model

Observation ACIS August 7, 2002 HRC November 12, 2017
Counts with Poisson Errors 4.8+2.2 6.0+2.5
Counts/s 1.6 +£0.7x107* 24+1x107

Flux from observation (assuming the ACIS median energy for HRC) (erg/cm®/s) 57 +24x107'° 1.5£0.7x 107"

Flux from observations using PIMMS with an APEC model (erg/cm?/s) 4+1.7 %107 (0.5-1.2 keV) 2.3+1 %107 (0.2-10 keV)
Scattered solar flux from Uranus given an albedo of 0.01 (erg/cm?*/s) 4% 107 2x107"°
Scattered solar flux from Uranus given an albedo of 0.001 (erg/cm?/s) 4x107"7 2x107"

These are compared with a scattered solar emission from Uranus assuming the upper (0.01) and lower (0.001) limits of Jupiter and Saturn's X-ray albedo

(Cravens et al., 2006).

Abbreviations: ACIS, Advanced CCD Imaging Spectrometer; APEC, astrophysical thermal plasma emission code; HRC, High Resolution Camera.

reference position of both magnetic poles for coordinated observations. The VLT/NACO wideband NIR
image (acquired with adaptive optics) only revealed the rings (likely their thermal emissions) and a hint of
the limb (H** disc emission of non-auroral nature). This context indicates that dayside auroral precipita-
tions occurred one rotation period before the first HRC observation, so that the non-detection in the X-ray
waveband on November 11, 2017 may be explained by limitations in sensitivity and/or time variable auroral
activity with weak or absent particle precipitations.

In contrast with the November 11th, on the November 12th the Uranus region was four times (and 3.6
standard deviations) brighter. If physical, the increased fluxes from the HRC observation also exceed the
expectations for scattered solar emission. The GOES data (Table 1 and supporting information) shows very
little difference between the two HRC observations, showing that changing solar X-ray irradiance (e.g., a so-
lar flare) is not responsible for the change. This may also be indicative of additional X-ray emission process-
es at Uranus. Lamy et al. (2017) showed that the majority of auroral detections coincide with increases in
solar wind pressure. Solar wind shocks are known to cause impulsive brightening of Jupiter's X-ray aurora
(Dunn et al., 2016; Dunn, Gray, et al., 2020b). Figure 5 compares the location of the X-ray photons with the
location of the auroral ovals and shows X-ray photons coincident with the auroral oval location. However,
we note the very low count statistics and that additional observations covering several complete rotations of
Uranus would be required to test whether the X-ray fluxes varied in phase with the aurora rotating in and
out of view.

In the near term, X-ray emissions like those observed here for the ACIS-S observation would produce
4-7 x 10~ counts per second for XMM-Newton's EPIC-pn instrument, suggesting that an observation last-
ing a few XMM-Newton orbits would be needed to provide a Uranus X-ray spectrum that could be modeled.
This would enable a deeper characterization of the spectrum from Uranus, to explore, for example, the pres-
ence of fluorescence line emissions from the rings. Further, and longer, observations with Chandra would
help to produce a map of X-ray emission across Uranus and to identify, with better signal-to-noise, the
source locations for the X-rays, constraining possible contributions from the rings and aurora. Such longer
timescale observations would also permit exploration of whether the emissions vary in phase with rotation,
potentially suggestive of auroral emissions rotating in and out of view. However, the current generation of
X-ray observatories does not provide sufficient sensitivity to spectrally characterize the short interval tem-
poral fluctuation observed in the November 12, 2017 observation. For this, the step-changes in effective area
provided by ESA's ATHENA OBSERVATORY or NASA's nominal Lynx mission would be required.

Data Availability Statement

The Uranus X-ray observations presented here are publicly available on the Chandra archive
(https://cda.harvard.edu/chaser/).
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