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Uranus’ aurorae past equinox

L. Larnyl, R. Prangél, K. C. Hansenz, C. Tao3, S. W. H. Cowley4, T. Stallatrd47 H.

Melin4, N. Achilleoss,

1. Abstract “

42

The aurorae of Uranus were recently detected in the fas
ultraviolet with the Hubble Space Telescope (HST) pros
viding a new, so far unique, means to remotely study thes
asymmetric Uranian magnetosphere from Earth. We anass
lyze here two new HST Uranus campaigns executed in Septs
2012 and Nov. 2014 with different temporal coverage ands
under variable solar wind conditions numerically predictedo
by three different MHD codes. Overall, HST images takene
with the Space Telescope Imaging Spectrograph reveal aus
roral emissions in three pairs of successive images (one pais
acquired in 2012 and two in 2014), hence six additional auss
roral detections in total, including the most intense Urass
nian aurorae ever seen with HST. The detected emissionss
occur close the expected arrival of interplanetary shockss
They appear as extended spots at southern latitudes, rotats?
ing with the planet. They radiate 5-24 kR and 1.3-8.8 GW&s
of ultraviolet emission from Hs, last for tens of minutes ando
vary on timescales down to a few seconds. Fitting the 20140
observations with model auroral ovals constrains the longie:
tude of the southern (northern) magnetic pole to 104 + 26%
(284£26°) in the Uranian Longitude System. We suggests
that the Uranian near-equinoctial aurorae are pulsed cusps
emissions possibly triggered by large-scale magnetospheries
compressions. 66
67

68

2. Introduction 6

The Hubble Space Telescope (HST) recently succeeded i 1n
re-detecting the Far UltraViolet (FUV) aurorae of Uranus
in 2011 and then in 1998 [Lamy et al., 2012] (hereafter 112’
long after their discovery by the UV Spectrometer (UVS) o%a
Voyager 2 in 1986 [Broadfoot et al., 1986]. These detectrons
included the first images of Uranus aurorae and provided a
new means to remotely investigate the poorly known mag—
netosphere of Uranus from Earth, awaiting for any future
in situ exploration [Arridge et al., 2011]. This asymmetrlc
magnetosphere has no equivalent in the solar system, with a
spin axis close to the ecliptic plane, a 84-year revolution pe—
riod which carried Uranus from Solstice in 1986 to Equlnox
in 2007, a fast spin period of 17.24+0.01 h and a 59° tilt beZ
tween the magnetic and the spin axes [Ness et al., 1986]. Thé&
geometry of the solar wind-magnetosphere mteractlon thus
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dramatically evolves over timescales ranging from a quarter
of a rotation (hours) to seasons (decades).

The 2011 HST observations were scheduled to sample
the arrival at Uranus of a series of successive interplane-
tary shocks (displayed in Figure 1b), tracked through in situ
solar wind measurements near Earth and numerically prop-
agated to Uranus with an updated version of the Michi-
gan Solar Wind Model (mSWiM), validated up to Sat-
urn’s orbit [Zieger and Hansen, 2008]. The observations
acquired with the Space Telescope Imaging Spectrograph
(STIS) yielded positive detections of auroral signal in two
images (out of eight) analyzed by L12 and one spectrum
studied by Barthélémy et al. [2014], and brought the first in-
sights onto the Uranian magnetosphere near Equinox. The
images revealed isolated auroral spots on 16 and 29 Nov.
2011 (gray arrows in Figure 1b), lasting for a few min, ra-
diating a few kilo-Rayleighs (kR) over the observed FUV
range. They were precisely colocated, rotationally phased
in longitude and at —10° latitude. Their occurrence near
times of predicted increases of solar wind dynamic pressure
(up to 0.01 nPa) suggested that the solar wind could play
a significant role in driving dayside auroral bursts. A STIS
spectrum taken immediately after the STIS 29 Nov. 2011
image revealed auroral Hs emission, radiating in average
650 R between 70 nm and 180 nm over the portion of the
disc covered by the slit.

The re-analysis of STIS images of Uranus taken in 1998, in
a configuration intermediate between Solstice and Equinox,
yielded an additional detection during quiet solar wind con-
ditions (gray arrow in Figure la). Although fainter and
closer to the detection threshold than in 2011, the 1998 auro-
rae were seen in both hemispheres simultaneously and more
spatially extended along ring-like structures reminiscent of
partial auroral ovals.

The emissions detected with HST contrasted with the
Earth-like aurorae discovered by UVS at Solstice. The latter
were clustered on the nightside, mainly around the south-
ern magnetic pole along magnetotail longitudes, and radi-
ated up to 3-7 GW in the H Ly« line and in the Hy bands
< 116 nm, i.e. roughly twice as much over the full 70-180 nm
Hs range [Herbert and Sandel, 1994]. The variation of au-
roral characteristics along the Uranian orbit thus provides
a diagnostic of the solar wind/magnetosphere interaction at
very different timescales, which L12 assigned to changes of
the magnetospheric configuration, through particle acceler-
ation mechanisms yet to be identified.

Two recent studies investigated possible origins of the
observed auroral precipitations. Cowley [2013] discussed
the configuration of the Uranian magnetosphere at Equinox
which inhibits the formation of a magnetotail. Under such
conditions, the Uranian magnetosphere appears unable to
drive bright, long-lasting auroral storms such as those ob-
served at the Earth or Saturn induced by sudden magne-
tospheric compressions. Masters [2014] modelled magne-
topause reconnection at both Solstice and Equinox using
Voyager 2 solar wind parameters and concluded that day-
side reconnection is in general less favorable at Uranus than
at inner planets, at Equinox than at Solstice, and predicted
highly dynamic reconnection sites.

In this article, we analyze two new HST campaigns exe-
cuted in Sept. 2012 and Nov. 2014 with different temporal
coverage and under variable solar wind conditions (section
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Figure 1. Solar wind dynamic pressure at Uranus predicted by three MHD models (described in ap-
pendix 3.3) for the HST campaigns of (a) 1998, (b) 2011, (c¢) 2012 and (d) 2014. The uncertainty on
pressure fronts is estimated to 43 days. Vertical gray lines mark the distribution of HST orbits us-
ing STIS (solid), ACS (dashed) and COS (dotted) instruments. Gray arrows indicate positive auroral
detections with a size qualitatively proportional to their intensity.

Table 1. (Columns 1 to 5) HST observing parameters at mid-exposure. (Columns 6 to 9) Properties of auroral

emissions detected by HST in 1998, 2011, 2012 and 2014.

Date (Earth time) Dataset Filter Exposure | CML | Latitude | Longitude | Peak brightness | Total Power
1998-07-29 06:07:43 UT | 04wt01t0q | 25MAMA 1020s 180° | 35+35° | 93 423° 4 kR -
2011-11-16 15:32:10 UT | obrx10p0Oq | 256MAMA 1020s 338° 11+ 3° 49 £+ 5° 11 kR 2.0+ 0.8 GW
2011-11-29 02:09:24 UT | obrx18hbq | 2sMAMA 1020s 93° 9+3° 55 + 3° 10 kR 2.4+08 GW
2012-09-27 15:00:19 UT | obz501dgq | 25MAMA 1250s 296° | —50+3° | 297 £ 11° 5 kR 1.9+£1.3 GW
2012-09-27 15:27:07 UT | obz501diq | F25SrF2 820s 304° | —49+4° | 294+ 11° 15 kR 22+£18 GW
2014-11-01 23:57:33 UT | ocpl02nzq | 25MAMA 1231s 111° | —40+4° | 105+ 7° 6 kR 1.3+£1.0 GW
2014-11-02 00:26:11 UT | ocpl0206q | F25SrF2 900s 120° | —38 +4° | 105+ 13° 15 kR -
2014-11-14 08:34:22 UT | ocpl07ckq | 25MAMA 757s 155° | —44 +£9° | 105 £ 15° 17 kR 59+ 14 GW
2014-11-14 09:04:00 UT | ocpl07cmq | F25SrF, 900s 165° | —42 +£10° | 115 £ 10° 24 kR 8.8+ 1.8 GW

3). The images provide six additional detections of Uranuss
aurorae, whose properties display both similarities and difso
ferences with those of auroral emissions detected in 201iko
(section 4). All Uranian aurorae seen by HST are then diss
cussed together to investigate any possible control by the
solar wind and/or by the planetary rotation (section 5). 13
134

135

3. Dataset
3.1.
138

Following the Nov. 2011 HST campaign, two subsequent,
HST programs were executed in Sept. 2012 and Nov. 2014,
while Uranus gradually moved away from the 2007 Equinox,
These two programs consisted of a total of 19 HST visits,
each one lasting 1 orbit, which mainly used the Space Tele-
scope Imaging Spectrograph (STIS, 17 orbits) but also the,
Advanced Camera for Surveys (ACS, 1 orbit) and the Cog,
mic Origin Spectrograph (COS, 1 orbit) L. All the STIS ang’
COS observations were acquired with the time-tag mode,
which provides the arrival time of photons recorded on th(}s
MAMA detector at a 125 microsec time resolution. In this
article, we analyze the STIS data obtained along 13 imaging
orbits. We left aside ACS images which, as in L12, did not
bring positive results. STIS spectra were already analyzedo
by [Barthélémy et al., 2014], while the analysis of COS datiao
is beyond the scope of this study. Each STIS imaging orbit:
was made of a pair of consecutive images taken with the
Far-UV MAMA (Multi-Anode Microchannel Array) deteass
tor using the clear filter 25MAMA (137 nm central wavess

136

HST observations 137

length, 32 nm FWHM) which spans H> bands and H Ly-
a, and the Strontium Fluoride filter F25SrF2 (148 nm cen-
tral wavelength, 28 nm FWHM) which rejects wavelengths
shortward of 128 nm, including H Ly-a.

The 2012 program was aimed at carefully sampling the
rotational dynamics of auroral processes in order to assess
the influence of rotation on the magnetosphere/solar wind
interaction. The observations included 7 STIS imaging or-
bits spread from 27 to 29 Sept. 2012 over three consecutive
planetary rotations, hence providing an excellent longitudi-
nal coverage. This interval matched a modest increase of
solar wind dynamic pressure (Figure 1c).

The main goal of the 2014 program, obtained with direc-
tor’s discretionary time, was to track the auroral response
to two episodes of powerful interplanetary shocks character-
ized by large fronts of dynamic pressure at Uranus (Figure
1d) up to or beyond 0.02 nPa (depending on the solar wind
model, see section 3.3), twice as large as in 2011 and thus the
largest ever sampled by both HST and Voyager 2. The ob-
servations included 6 STIS imaging orbits distributed from
1 to 5 Nov. and from 22 to 24 Nov.

3.2. Image processing

The data were processed exactly as in L12 with the sim-
ple, robust two-steps pipeline described below.

The STIS images were calibrated through the Space Tele-
scope Science Institute pipeline and corrected for any geo-
coronal contamination, by subtracting to all pixels a con-
stant offset intensity estimated beyond the disc. Indeed,
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F25MAMA images are highly sensitive to contamination ats
H Ly-a and the oxygen OI 130.4 nm multiplet, but even,
F25SrF, images can be affected by strong oxygen lines. Theg;
level of contamination was variable with time, resulting in g,
variable background level of STIS exposures. We then sub-.
tracted to each image an empirical model of disc backgroun

of solar reflected emission. This background model was buift’
from a median image, derived separately for 25MAMA and’
F25S8rF, filters and for each HST campaign, before to 17é°
fitted to and subtracted from each individual image. 231

Although some of the images used to build our empies2
ical background possibly include the auroral emissions wes
are looking for, the derived model is generally excellent, ass
the location of auroral spots far from the rotational polesg;
together with their short lifetime renders it a priori unlikely,
to observe auroral signal exactly at the same position acrosg
the planetary disc in different images. This was a posteri-
ori confirmed by the different location of detected aurora
signal presented in section 4. The empirical background’
models were built for the 2012 and 2014 campaigns froff’
a set of 7 and 6 images taken in each filter, respectivel§i
The statistics was thus fair, but unsufficient to smooth owt2
spatial inhomogeneities. 243

Therefore, we also used an alternate numerical backs
ground model of background built with Minnaert functionss
[Vincent et al., 2000] fitted to the disc emission of each im;,
age and convolved by the STIS point spread function. This
model, although less physical, is smooth and well suited to
track isolated auroral features. Hereafter, we display imagds
processed with the empirical background, but we required’
auroral signatures to be detected with both kinds of back®®
ground models to be considered as positive detections. 251

Each background-subtracted image was then smootheud:
over a 5 X 5 pixels averaging filter to increase the signal-tess
noise ratio (SNR). This choice, already used by L12, wass
checked by varying the size of the averaging filter and found
to provide the best compromise between increasing the SNR
and preserving the spatial resolution.

The processed images in counts were ultimately transss
posed into physical units of kR and GW of unabsorbed Hxss
emission over 70-180 nm by using the conversion factors des,
scribed in [Gustin et al., 2012]. This enables one to comparg,
brightnesses derived with different filters and more largely,

with different instrumentation. 250

3.3. Solar wind models 2ot
262

In L12, we used solar wind parameters at Uranus nyg,
merically propagated from the Earth orbit out to Uranyg,
by one single MHD model, namely the Michigan Sola216r5
Wind Model (mSWiM) [Zieger and Hansen, 2008]. In the
present study, we used the results of three different codé®

mSWiM (1D), the Tao model (1D) [Tao et al., 2005}
and the Multi-scale Fluid-kinetic Simulation Suite (3D, MS%®
FLUKSS) [Pogorelov et al., 2014], all using near-Earth solag
wind in situ observations provided by NASA /GSFC’s OM N
1h averaged data set through OMNIWeb [?]|. The results ofi
these models are displayed by black, blue and orange lines in,
Figure 1, respectively. They are described in more details i,
appendix A by historical order of use and compared to infeg,
their limitations. Overall, we estimate a typical uncertainty
of £3 days on the dynamic pressure fronts at Uranus.

As only MS-FLUKKS has been validated yet in the outéf®
heliosphere by the comparison of predicted parameters with’
in situ plasma measurements of Ulysses, Voyager and Ne%#?®
Horizons missions [Kim et al., 2016], the MS-FLUKKS rew»
sults (orange lines in Figures 1 and 5) are hereafter taken aso
a primary reference to which the mSWiM and Tao results:
are compared. 282

283
4. Average properties of auroral structures:
285

Simple criteria were used to identify auroral signatureszss
the emission region must reach or extend beyond a 4 X A7

pixels box with intensities per pixel exceeding 3 standard
deviations (o) above the background level. This is intended
to discard isolated bright pixels. Inspection of all STIS im-
ages revealed six positive detections (out of twenty-six ex-
posures, hence detections in roughly a quarter of exposures,
strikingly similar to L12) displayed in Figure 2 a;-fi (and
replicated in Figure 2 as-fo with grids of planetocentric co-
ordinates) and indicated by white arrows. These detections
appear in three pairs of consecutive images taken on 27 Sept.
2012, 1-2 and 24 Nov. 2014. The corresponding observing
parameters are indicated in columns 1-5 of Table 1, which
also includes the previous detections analyzed by L12 for
comparison purposes. The peak intensity exceeded the 50
level in images c1 and f;, with o = 2.5 kR of Hy in average.
The acquisition of STIS images in pairs further strengthens
these detections since the auroral signal is seen to persist
from one image to the next and to rotate with the planet.
This motion is consistent with the expected 8 — 9° longi-
tudinal shift derived from the CML difference between two
consecutive exposures.

Hereafter, longitudes refer to the Uranian Longitude Sys-
tem (ULS) [Ness et al., 1986]. ULS longitudes are built
from TAU-defined longitudes, both increasing with time, by
referencing the 168.46° sub-Voyager 2 IAU longitude on 24
Jan. 1986 to 302° according to the ULS definition. Absolute
longitudes cannot be determined any more as the reference
has been lost, owing to the large uncertainty on the rotation
period. From 24 Jan. 1986 to 24 Nov. 2014, the planet
rotated 14660.3 4+ 8.5 times. In the ULS system, latitude is
measured positively from the equator toward the rotation
axis and the northern and southern magnetic poles lie at
+15.2° and —44.2°, respectively.

4.1. Morphology

These new auroral features display both strong similar-
ities to and some differences from those detected in 2011.
They appear as isolated spots, as in 2011, but with a larger
spatial extent of up to several tens of pixels (1 pixel ~
340 km). These emissions all lie in the southern hemisphere,
nearly at the southern magnetic pole latitude, while the
2011 aurorae appeared closer to northern polar latitudes.
Columns 6-7 of Table 1 provide the coordinates of the auro-
ral peak and its spatial extent at half maximum, assuming
an auroral altitude at 1100km above the 1-bar level. This
altitude is taken to be the same as for Saturn’s aurorae and
is consistent with early models of peak auroral energy depo-
sition at Uranus [ Waite et al., 1988].

As noted above, the auroral spots appear to persist and
rotate with the planet during each pair of consecutive im-
ages. Quantitately, Table 1 shows that the peak emission on
27 Sept. 2012 and 1-2 Nov. 2014 did not vary by more than
2° in latitude and 3° in longitude, well within the extent
of the auroral region. This suggests a single active region
fixed in longitude. In contrast, on 24 Nov. 2014, the peak
emission remains at constant latitude but shifts by 11° in
longitude. This compares with the larger size of the auroral
region itself whose morphology (as well as intensity and dy-
namics, discussed below) significantly evolves from the first
image to the second.

Interestingly, the aurorae seen on 1-2 and 24 Nov. 2014,
22 days apart, appear at the same latitude and longitude.
This indicates that, assuming an arbitrary southern auroral
oval of constant size, the same portion of it was activated
for different CML, as already observed in the north on 16
and 29 Nov. 2011, 13 days apart. The 27 Sept. 2012 auro-
rae were activated 10° southward of the 2014 emissions, and
at longitudes which cannot be compared to those of 2014
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Figure 2. HST/STIS images acquired on 27 Sept. 2012 (a;-bi), 1-2 and 24 Nov. 2014 (ci-f;) and
replicated with grids of planetocentric coordinates (az-f2). Images were acquired with the 25MAMA
(first column) and the F25SrF, (third column) filters and processed as described in the main text. They
are displayed in kR of unabsorbed Hj emission over 70-180 nm. The observing times are in Earth UT.
White arrows indicate spatially extended bright spots above the detection threshold. The planetary con-
figurations are corrected for light time travel (~2.7 hours). The dotted grey meridian marks the 0° ULS
longitude. The red and blue dashed parallels (dotted-dashed meridians) mark the latitude (longitude)
of the southern and northern magnetic poles, respectively. Model southern auroral ovals fitted to the
data are displayed by pairs of solid red lines (see main text). The conjugate model northern auroral oval,

shifted by 180° longitude, is not visible.

due to the large uncertainty in the ULS system (+106° per
year). 311
312

4.2. Energetics 313

314

Figure 2 displays images in kR of unabsorbed Hy emissioss
over 70-180 nm. A supplementary 16% average contributions
of H Lya [Broadfoot et al., 1986] may be added to obtain an?
exhaustive estimate of the total flux radiated by H and H3%®
Column 8 of Table 1 lists the Hy auroral peak brightnessed'’
for the 2012 and 2014 campaigns but also for the 1998 and’
2011 ones. These generally lie within a range of 5-15 klﬁ:
An exceptionally high value of 17-24kR was reached on 24,
Nov. 2014. We note that, within each pair of observations,,
the second image systematically displayed a brighter signads
We attribute these changes to intrinsic auroral variabilitss
as the active region is clearly seen to simultaneously extensd
and brighten in each case. The brightnesses discussed above?
are roughly consistent with the few kR estimated by L12 f3#°
the 2011 auroral spots in the observed 25MAMA range, and’
they strikingly compare to (and in the case of 24 Nov. 2012%
emissions even significantly exceed) the 9 kR of Hz emig;,
sion derived from Voyager 2/UVS measurements of souths,
ern nightside aurorae. Uranus aurorae are much less brights
than Jupiter’s but compare well with the average 10 kR ofs

Saturn’s aurorae (e.g. [Lamy et al., 2013, and references
therein]).

To estimate the total radiated power, we derived the total
number of counts per second within a constant radius cir-
cle encompassing the auroral signals (17 pixels ~ 5800 km)
. This size was chosen by fitting the largest spot in figure
2f; and then applied to all the images for the sake of con-
sistency (except for the 1998 observation which displayed
auroral features of different shape and wider than 17 pix-
els). Values were then converted into total Hy power as
described in section 3. The results are provided in column
9 of Table 1 (except for figure 2d; which was contaminated
by an irregular glow on the detector preventing any reliable
power estimate). The large associated uncertainty has been
estimated separately for each image. This uncertainty di-
vides into ~1/3 of Poisson noise and ~2/3 of error on the
background. The resulting power ranges from 1.3+1.0 GW
on 1 Nov. 2014 to 8.8+1.8 GW on 24 Nov. 2014. Assum-
ing the canonical 10% efficiency between precipitated and
radiated power, the precipitated power ranges from 13 to 88
GW. The radiated powers again compare with (as for bright-
nesses) but here do not exceed the ~6-14 GW inferred from
Voyager 2/UVS measurements of southern nightside auro-
rae. This likely results from emissions less spatially extended
near equinox than at solstice. Similarly, such values remain
lower than the usual power radiated by Saturn’s aurorae,
which extend along wide, circumpolar ovals.
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Figure 3. Composite cylindrical projection built from the 12 STIS processed images of Uranus obtained
in Nov. 2014. The top white region indicates latitudes which could not be sampled. The average Ho
brightness was derived in 2° x 2° bins. Uranocentric coordinates are taken at 1100 km above the 1-bar
level. Red and blue pairs of solid lines indicate southern and northern model auroral ovals calculated
with the AH5 model. Their outer and inner boundaries map the footprint of field lines whose apex reach
5 and 20 Ry respectively. The red and blue horizontal dashed parallels indicate the latitude of magnetic
poles. The red and blue vertical dotted-dashed meridians indicate the best-fit longitude of magnetic
poles, namely 104 4 26° (284426°) for the southern (northern) pole.

4.3. Dynamics 378

The auroral dynamics appears to differ slightly from whaig
was observed in 2011. The latter were seen to vary op,
timescales of minutes. Here, the auroral signatures persist,
over longer intervals, covered by two consecutive imagess;
From the delay between the mid-exposure times of consecug,
tive images, the active region lasts for at least ~17, 18 ands
13 min on 27 Sept. 2012, 1-2 and 24 Nov. 2014, respectivelyws
Within these active periods, variations and recurrences casar
be observed on much shorter timescales. 388

To investigate this dynamics in more details, we pese
formed a time-tag analysis of the brightest auroral featurego
seen on 24 Nov. 2014. The time-tag mode enables us t8
process the data at the desired time resolution and to buik{?
time series of the counts recorded in a specific region of t1#&
detector. The auroral signal detected on 24 Nov. 2014 wag'
sufficiently high to motivate the analysis of its temporal dy®
namics over the exposure time of the two images displayed i’
figures 2e; (clear filter 25MAMA) and 2f; (filter F25Sngj:;
As reminded in table 1, these images were acquired succes.
sively at 08:34: 22 and 09:04:00 UT (Earth time) and inte.
grated over 757 s and 900 s respectively. The lower effectivg,
integration time of the former 25MAMA image (compareg,
to other F25SrF; or 25MAMA images) is due to an unusyg,
ally high count rate dominated by geocoronal contaminatiog,
which, in turn, saturated the onboard buffer memory befougs
the data could be transferred, resulting in several significante
data gaps. 407

Figure 4 replicates figures 2e1-f;. On top of each imes
age, four 17 pixels wide white circles are drawn, definimgp
four discs over each of which a count rate was derived. Ao
disc surrounding the auroral emission region (labelled St
was first used to determine the signal count rate. The threéé
other discs (labelled By to Bs) were chosen out of the aurd?
ral region at similar solar zenithal angles across the planet*
with B; being additionally chosen at the same latitude 4%’
S. The signal averaged over discs B1-Bs served to determin’
a background count rate with a low noise. Time series &f
the difference between the signal and the background count
rate are displayed below each image of Figure 4 with three
different temporal resolutions : 1s, 2 s and 10 s from top tas
bottom respectively. Hereafter, we pay specific attention tao

episodes which reached or exceeded 2 or 3 standard devia-
tions o above the background level (indicated by horizontal
dashed and dashed-dotted lines respectively), although the
o reference may be slightly over-estimated due to the pres-
ence of auroral emission.

Although the 25MAMA image was built over discontinu-
ous intervals, the 10 s integrated histogram clearly displays
4 peaks in excess of 30 during the first minute of integra-
tion. The 10 s integrated histogram corresponding to the
F25SrF, image displays 3 recurrent peaks of auroral signal
beyond 3¢ until 14 minutes after the start of the exposure.
These peaks are statistically significant, as a random gaus-
sian distribution of the same number of points shall result in
0.23 and 0.27 data points respectively with an amplitude in
excess of 30 above the mean level. Taken altogether, these
results give evidence that the auroral region was active dur-
ing at least 36 min, which increases our above first, rough,
13 min estimate. A closer inspection of the right-handed
histograms, which were built from the brightest Uranus au-
roral emission ever seen with HST (see table 1), provides fur-
ther information on the auroral short-term dynamics. The
10 s integrated histogram shows 3 auroral bursts above 3o
and 3 more reaching 20, which repeat along the interval,
spaced by several minutes. These bursts are brief and made
of individual pulses lasting for less than 1-2 s. The 1 s in-
tegrated histogram for instance displays 15 pulses at or in
excess of the 3o level (while a gaussian distribution predicts
that only 2.7, hence 3 data points shall randomly reach this
level) and many more at the 20 level. The Fourier trans-
form of the 1 s integrated histogram (not shown) displays
several peaks of moderate amplitude, the most intense one
being at 2.5 min (secondary peaks are visible at 0.1, 0.45 and
1.3 min). This 2.5 min recurrence is tentatively indicated
with double arrows on the 10 s integrated histogram. While
the reliability of this quasi-period deserves to be confirmed
over a more statistical dataset, it is interesting to note that
similar quasi-periodic polar auroral flares with timescales of
several minutes, attributed to dayside pulsed reconnection,
have similarly been observed at Earth and Jupiter [Bonfond
et al., 2011, and refs therein)].

4.4. Localization of magnetic poles

In Figure 2, model southern auroral ovals are displayed in
red (the associated blue northern ovals are not visible as they
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Figure 4. Consecutive images of Uranus acquired on 24 Nov. 2014 with the 25MAMA and F25SrF,
filters. White circles define discs mapping regions with and without auroral emission. The disc labelled

S surrounds the auroral region and served to determine the signal count rate.

The discs labelled B1,

B2 and Bz surround background regions at similar solar zenithal angles, B; being additionally chosen at
the same latitude as S. The signal averaged over discs Bi-Bs served to determine a mean background

count rate.

The three histograms below each image display time series of the difference between the

signal and the background count rate with different time resolution, namely 1 s, 2 s and 10 s from top
to bottom respectively. Horizontal dashed and dashed-dotted lines indicate the 2 and 3o level above the

background.

are located on the nightside). They were derived from ther
most up-to-date AH5 magnetic field model of Uranus [Hews
bert, 2009] and delimited by a pair of solid lines which magas
the footprints of magnetic field lines whose apex reaches
(outer line) and 20 (inner line) Uranian radii respectively (b
Ry = 25559 km) at the 1100 km altitude. This wide intervaj,
provides a fair guide to investigate any auroral field lines, as;
it encompasses most of the inner magnetosphere (the 1986,
aurorae lay at the footprint of AH5 field lines of apex justs
outside 5 Ry) and the outer magnetosphere (the sub-solagg
standoff distance of the magnetopause lay at 18 Ry during,
the Voyager 2 flyby, and is likely to be less during magnetqs,
spheric compressions).

In order to quantitatively constrain the longitude of th&l
magnetic poles, we have built a composite cylindrical brigh{z,
ness map from all the 2014 images, including those whic
did not exhibit any significant auroral signal to take inf
account any possible weak or diffuse additional aurorae not
investigated above. The result is displayed on figure 3. As
a result of the planetary inclination, the projection maps
all longitudes, and latitudes < 50°. We then built a mask
from model auroral ovals defined above, and performed a
2D cross-correlation between the two projections by shifting
the mask in longitude. This assumes that the latitude ofs
magnetic poles had not varied since 1986. The correlationr
coefficient clearly peaks twice at 0.15 and 0.13, above an awves
erage level of 0.05, for longitudes of the southern magnetieo

pole of 104° and 118°, respectively. We chose the first peak
as best fit, and used it to fix the longitude of both magnetic
poles. The corresponding model ovals are overplotted on
the data in figure 3. The existence of a second peak of com-
parable (although lower) amplitude simply illustrates that
the aurorae, mainly clustered around one localized active
region, cannot be uniquely fitted : the oval corresponding
to the second fit is located to the right on figure 3. The
half maximum of the highest correlation coefficient yields a
conservatively acceptable range of 78-130° longitude. There-
fore, we identify the southern (northern) magnetic pole at
104 +26° (284+26°) longitude over the month of Nov. 2014.
The subsequent update of the rotation period and ULS sys-
tem using the full set of HST auroral detections is beyond
the scope of this paper.

A similar approach could not be applied to the 2012 ob-
servations, because of less frequent and weaker auroral emis-
sions. The model ovals displayed in figures 2as-bs thus sim-
ply indicate a visual best fit.

5. Discussion

The six detections acquired from the 2012 and 2014 HST
campaigns now add to the three auroral signatures detected
during the 1998 and 2011 HST campaigns. Although the
statistics remain limited, this collection nonetheless provides
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a basis to further investigate possible origins for the observed;
auroral precipitations. 538

The ring-like faint emissions of 1998 were discussed bso
L12 who proposed that they are powered by some magso
netospheric acceleration process, active for an intermediate:
Solstice-to-Equinox configuration, and able to operate over w2
wide range of longitudes. This is consistent with the parties
ularly quiet solar wind conditions which prevailed for mose:
than 5 days on both sides of the observations (Figure 1a).ses

From the persistent localized and dynamic nature of awss
roral spots observed over the 2011-2014 period on the sunlst
hemisphere, post-Equinox Uranus aurorae are a good candiss
date for cusp emission (as observed at the Earth, Jupitewr
and Saturn) at or near the boundary between open ando
closed field lines. The detected aurorae are brief, seconds:
long events, modulated on timescales of minutes and lastirsg
several tens of minutes. L12 already proposed that the 201st3
auroral spots could result from impulsive plasma injectiorsss
through dayside reconnection with the interplanetary magss
netic field, expected to be favored once per rotation accordss
ing to the variable solar wind/magnetosphere geometry. Ims?
terestingly, the 2011 and 2014 auroral features were in eacls
case radiated by a region which, although activated severad
weeks apart, remained strikingly fixed in latitude and longieo
tude. If we assume that the aurorae are related to dayside:
reconnection, a fixed emission locus would therefore suggestz
a stable reconnection site, in contrast with the expectatiorsss
of Masters [2014]. We note, however, that such a mappires
is generally poorly reliable due to the complex topology ofs
magnetic field lines at the magnetospheric cusps. Furthesss
more, Cowley [2013] pointed out that the topology of mags
netic field lines wound around the planet by the rotation #ss
likely to be complex and may even prevent dayside reconneés
tion part of the time. Whether injections are triggered bso
dayside or nightside reconnections cannot be inferred witlz
out a better knowledge of the planetary field geometry. 572

Further information on any influence of the solar winws
is provided by figure 1, which indicates all the HST deé=
tections with gray arrows plotted over the interplanetaisys
dynamic pressure, where the size of the arrow is qualit&z
tively proportional to the signal strength. Despite the larga
~ £3 days uncertainty in the arrival time, this global views
draws general trends. We first note that the 2014, 2011 (and®
even 2012) positive detections match episodes of globally ez
hanced solar wind activity - as consistently predicted by t#!
different MHD models - lasting for several days and made
of successive individual pressure fronts. The most intensé
Uranus aurorae ever observed (24 kR, 8.8 GW) interestingh
match a high-pressure episode (P>0.017nPa for 2 mode®
over 3), the largest ever sampled at Uranus. While the so-
lar wind is known as a driver for part of planetary aurorae
in general, it is worth noting that terrestrial cusp aurorae
brighten in particular during magnetospheric compressions,
their location being controlled by the interplanetary mag-
netic field orientation [Farrugia et al., 1995]. Possible Ura:
nian cusp aurorae discussed above might thus be similarlz)gf7
triggered by solar wind compressions. %

On the other hand, the limited number of positive dé&&’
tections over all the HST observations which sampled long’
lasting periods of active solar wind suggests that the Uranus'
aurorae also likely depend on the planetary field geometry,
and therefore on the planetary rotation, as the mean inter>’
planetary magnetic field at 19 AU remains almost entirel";')z:

azimuthal.
506

597

6. Conclusion 598
599

In this article, we analyzed two HST/STIS imaging camaso
paigns of Uranus acquired in 2012 and 2014 with diffese
ent temporal coverage under variable solar wind conditionse:

Their analysis yielded the identification of six additional de-
tections of Uranus’ aurorae acquired on 27 Sept. 2012, 1-2
and 24 Nov. 2014. The persistence of auroral signal on
consecutive images at the same coordinates provides direct
evidence of a rotational motion with the planet. The aurorae
were localized from —50° (in 2012) to —40° (in 2014) south-
ern latitudes. The auroral regions of 1-2 and 24 Nov. 2014
were also rotationally phased, which suggests that the same
portion of any auroral oval was activated 22 days apart, as
in 2011. The detected emissions lasted for tens of minutes.
The auroral region of 24 Nov. 2014 was active for at least
36 min and composed of brief pulses of emission, lasting for
less than 1-2s and variable on timescales of minutes, with a
main recurrence period of ~2.5 min.

The auroral spots radiated 5-24 kR and 1.3-8.8 GW,
which are comparable to the intensity of Uranian aurorae
observed previously and demonstrate that these can be rou-
tinely observed with HST (the four investigated campaigns
each included at least one detection). The Nov. 2014 ob-
servations were fitted with model auroral ovals which con-
strained the longitude of the southern (northern resp.) mag-
netic pole to 104 + 26° (284 & 26° resp.) ULS. We suggest
that near-equinoctial Uranus aurorae might be pulsed cusp
emissions formed by either dayside or nightside reconnec-
tion. The time (and possible amplitude) correlation between
aurorae and sudden increases of solar wind dynamic pressure
may suggest a prominent influence of the solar wind for driv-
ing auroral precipitation (to be confirmed), in addition to
the planetary field geometry. These results form a basis for
further modeling work of magnetic reconnection or full solar
wind/magnetosphere interaction using realistic solar wind
parameters prevailing during the investigated observations.

The comparative analysis of Uranus’ aurorae detected by
HST over 16 years shows an overall variation of Uranus auro-
ral properties from a Solstice-to-Equinox situation (1998) to
a configuration gradually moving away from Equinox (2011
to 2014). It is essential to pursue observing Uranian au-
rorae with HST, the most powerful FUV telescope in ac-
tivity, as the intermediate Equinox-to-Solstice configuration
will be reached in 2017. This configuration will provide an
opportunity to check the single auroral detection of 1998
under various solar wind conditions and identify the associ-
ated magnetospheric dynamics. Neptune, which forms the
family of ice giants planets with Uranus, also represents a
worthy unexplored target whose aurorae are likely acces-
sible to HST sensitivity. Neptune’s magnetosphere is less
tilted with denser and longer plasma residence times, and
may thus respond to the solar wind in a similar fashion as
Uranus does.

Appendix A: Solar wind propagation models
Al. mSWiM

The mSWiM 1D model considers the solar wind as an
ideal MHD fluid propagated from spacecraft in situ mea-
surements at 1 AU outward in the solar system in a spher-
ically symmetric configuration. The model was originally
developed and extensively validated for propagation to be-
tween 1 and 10 AU [Zieger and Hansen, 2008] (1 AU = 1
astronomical unit). The input boundary conditions at 1 AU
are rotated to an inertial longitude. Propagation occurs at
the inertial longitude and then results are rotated to the
target body. Motion of the both the spacecraft providing
the boundary conditions and the target body are taken into
account. As expected, the model provides the most accu-
rate results when the sun-spacecraft-target are aligned in
heliographic longitude. Both the L12 study and the present
one use a modified version of this code where the mass load-
ing due to interstellar neutrals in the outer heliosphere (10-
20 AU) is taken into account.
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A2. Tao model 666

The Tao 1D model considers the solar wind as an idegfl7
MHD fluid in a one-dimensional spherical symmetric coof>
dinate system. The equation set, numerical scheme, modéf’
setting, and inputs are detailed in [Tao et al., 2005] Th670
modifications brought to the code to propagate solar Wm
up to the Uranus orbit are described below.

To account for the effect of the solar rotation, the solar4
wind arrival time is delayed by At = AP /Q, Where Adis the
Earth-Sun-Uranus angle and €2 is the solar angular Veloc1t¥
(using a 26 days rotation period).

In the outer heliosphere (beyond 10 AU), the interactioe\c}8
between the solar wind and the neutral hydrogen of the local,
interstellar medium becomes non-negligible. It is taken intg
account by assuming that the neutral hydrogen distributiog,
and the temperature vary as a function of the heliospherig,
distance r as follows. 683

The hydrogen density ng(r) and velocity ug(r) are deg,
fined as in [Wang and Richardson, 2001] (equation 7) g,
nu(r) = ng exp™™" and up(r) = u¥ with A = 7.5 Al
n% = 0.09 cm ™3 [Wang and Richardson, 2003] and u% =
20 km/s. The direction of the interstellar wind is used tas
derive the radial and azimuthal components of the velocitgpo
along the the Sun-Uranus reference line [Lallement et abgp
2010]. 691

The temperature profile is defined as in [Wang and
Richardson, 2003] : Tg(r) = 1000 + Tg exp~ ", wheres
Tg? = 1.09 x 10* K. 604

The interaction of the solar wind with the neutral hyes
drogen is introduced through the momentum and ener
equations following the description of McNutt et al. [199g],
(see equations 29, 70 and 71). The energy source term ig
multiplied by 1.8 in order to obtain a steady state protoss
temperature profile consistent with Voyager 2 observatiornso
(e.g. Figure 1 of [Wang and Richardson, 2003]). 701

702

A3. MS-FLUKSS 703

704

Kim et al. [2016] recently developed a 3D model whicks
predicts solar wind conditions between 1 and 80 AU froris
time-dependent boundary conditions implemented in th&
adaptive mesh refinement framework of Multi-scale Fluid%®
kinetic Simulation Suite (MS-FLUKSS), which is a numergz
ical toolkit designed primarily for modeling flows of par;,
tially ionized plasma (see [Pogorelov et al., 2014, and refs,
therein]). MS-FLUKSS solves MHD equations for plasmas
coupled either with the kinetic Boltzmann or multiple gas
dynamics Euler equations describing the flow of different
populations of neutral atoms. Several different turbulence
models are implemented in MS-FLUKSS together with dif-
ferent approaches to treat non-thermal (pickup) ions as &'
separate plasma components. In this particular simulation,
the model takes into account the effects of pickup ions that
are created in the charge-exchange process between the so-
lar wind and interstellar neutral atoms. While the flows of
plasma and neutral atoms are described separately by solvz,
ing the MHD and Euler equations, respectively, the therg
mal (solar wind) and non-thermal (pickup ions) plasma ares
treated as a single, isotropic fluid. Thus, the model plasnras
temperatures are generally greater than those expected fG#
the solar wind at distances greater than ~10 AU such as d¥°
Uranus, due to the contribution from the much hotter picku"
ions that become increasingly dominant at larger distance%z

724

A4. Comparison of the model predictions at Uranus;

As only the MS-FLUKKS results have been validated yéﬁ
in the outer heliosphere, these results are hereafter taken as,
a reference to which the mSWiM and Tao results are comg
pared to assess typical uncertainties. 730

The solar wind parameters at Uranus predicted by these
three models are compared on Figure 5 throughout a repre-
sentative time interval of 66 days , which encompasses the
Nov. 2014 HST observations. The most accurately prop-
agated parameters are the radial velocity (top panel) and
the density (middle panel), or their combination within the
dynamic pressure (bottom panel), whose sudden increases
indicate interplanetary shocks. Results from MS-FLUKKS,
mSWiM and the Tao model and MS-FLUKKS are displayed
in orange, black and blue, respectively.

Figure 5 illustrates a general agreement between the re-
sults of the three models which all predict three different
disturbed solar wind episodes separated by three quiet con-
ditions episodes. We note that mSWiM’s densities are gen-
erally lower than those of MS-FLUKKS and Tao. In addi-
tion, these densities remain strikingly low and constant af-
ter DOY 320, while the mSWiM’s densities calculated with-
out considering interstellar neutrals (not shown) are more
consistent with MS-FLUKKS’s and Tao’s ones during this
period. The mSWiM’s predictions are thus considered as
insufficiently reliable after day 320 of year 2014.

The delay between the arrival of velocity, density or pres-
sure fronts predicted by the three models varies from 1 to
5 days, from 2 to 5 days and from 2 to 4 days during the
three active solar wind periods (DOY 284-292, 298-309 and
323-331, respectively). Consequently, we have set an esti-
mate of 3 days uncertainty, as indicated in the main text.
However, many individual fronts apparent in Figure S1 (late
2014) and most of the fronts displayed in Figure 1 (mid 1998,
late 2011, late 2012) display a much better coincidence.

Acknowledgments. This work is based on observations of
the NASA/ESA Hubble Space Telescope (Programs GO #13012
and GO/DD #14036). We thank the Space Telescope Science In-
stitute staff for their support in scheduling the observations. The
French co-authors acknowledge support from CNES and thank L.
Gosset who worked on a preliminary analysis of the 2014 data dur-
ing a master internship in 2015. We acknowledge the APIS ser-
vice http://apis.obspm.fr, hosted by the Paris Astronomical Data
Centre, and regularly used to browse and investigate the data, and
thank in particular F. Henry and P. Le Sidaner who maintain this
service. We acknowledge use of NASA/GSFC’s Space Physics
Data Facility’s OMNIWeb service http://omniweb.gsfc.nasa.gov
and OMNI data. We thank the CCMC and L. Mays to have ran
the ENLIL model specifically at Uranus for comparison purposes.
Work at Leicester was supported by STFC grant ST/N000749/1.
SVB was supported by STFC Fellowship ST/M005534/1.
and NP were supported by NASA grants NNX14AF41G and
NNX14AJ53G, and NSF SHINE grant AGS-1358386.

Notes

1. http://www.stsci.edu/hst/HST _overview/instruments

References

Arridge, C. S., et al. (2011), Uranus Pathfinder: exploring the
origins and evolution of Ice Giant planets, Ezperimental As-
tronomy, p. 113, doi:10.1007/s10686-011-9251-4.

Barthélémy, M., et al. (2014), Dayglow and auroral emissions
of Uranus in He FUV bands, Icarus, 239, 160-167, doi:
10.1016/j.icarus.2014.05.035.

Bonfond, B., et al. (2011), Quasi-periodic polar flares at Jupiter:
A signature of pulsed dayside reconnections?, Geophys. Res.
Lett., , 88, L02104, doi:10.1029/2010GL045981.

Broadfoot, A. L., et al. (1986), Ultraviolet spectrome-
ter observations of Uranus, Science, 233, 74-79, doi:
10.1126/science.233.4759.74.

Cowley, S. W. H. (2013), Response of Uranus’ auroras
to solar wind compressions at equinox, Journal of Geo-
physical Research (Space Physics), 118, 2897-2902, doi:
10.1002/jgra.50323.



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

Farrugia, C. J., et al. (1995), Reconnection-associated auraes
ral activity stimulated by two types of upstream dynamies
pressure variations: Interplanetary magnetic field B, ~ @5
By << Ocase, J. Geophys. Res., , 100, 21,753-21,772, doiss
10.1029/95JA01082. 767

Gustin, J., et al. (2012), Conversion from HST ACS and STIS auss
roral counts into brightness, precipitated power, and radiateds
power for Ho giant planets, Journal of Geophysical Researah
(Space Physics), 117, A07316, doi:10.1029/2012JA017607. 71

Herbert, F. (2009), Aurora and magnetic field of Uranus, Journwk
of Geophysical Research (Space Physics), 114(A13), A112063
doi:10.1029/2009JA014394. 774

Herbert, F., and B. R. Sandel (1994), The Uranian aurora ants
its relationship to the magnetosphere, J. Geophys. Res., , 99
4143-4160, doi:10.1029/93JA02673. 777

Kim, T. K., et al. (2016), Modeling the Solar Wind at the Ulysse#g
Voyager, and New Horizons Spacecraft, Astrophysical Journdalo
32(1), 72, doi:10.3847/0004-637X/832/1/72. 780

Lallement, R., et al. (2010), The Interstellar H Flow: Updated:
Analysis of SOHO/SWAN Data, Twelfth International Solas
Wind Conference, 1216, 555-558, doi:10.1063/1.3395925. 783

Lamy, L., et al. (2012), Earth-based detection of Uranus’ auroraé#
Geophys. Res. Lett., , 39, L07105, doi:10.1029/2012GL05131285

Lamy, L., et al. (2013), Multispectral simultaneous diagnosis &
Saturn’s aurorae throughout a planetary rotation, Journal &
Geophysical Research (Space Physics), 118, 4817-4843, dogs
10.1002/jgra.50404. 789

Masters, A. (2014), Magnetic reconnection at Uranus’ magné®
topause, Journal of Geophysical Research (Space PhysicsP}
119, 5520-5538, doi:10.1002/2014JA020077. 792

McNutt, R. L., Jr., et al. (1998), Simulation of the heliosphere’®
Model, J. Geophys. Res., , 103, 1905, doi:10.1029/97JA02143.

Ness, N. F., et al. (1986), Magnetic fields at Uranus, Science, 233,
85-89, doi:10.1126/science.233.4759.85.

Pogorelov, N. V., et al. (2014), MS-FLUKSS and Its Application
to Modeling Flows of Partially Ionized Plasma in the Helio-
sphere, in 2014 Annual Conference on Extreme Science and
Engineering Discovery Environment, ACM Digital Library
(New York), doi:doi:10.1145/2616498.2616499.

Tao, C., et al. (2005), Magnetic field variations in the Jo-
vian magnetotail induced by solar wind dynamic pressure en-
hancements, Journal of Geophysical Research (Space Physics),
110(A9), A11208, doi:10.1029/2004JA010959.

Vincent, M. B., et al. (2000), Mapping Jupiter’s Latitu-
dinal Bands and Great Red Spot Using HST/WFPC2
Far-Ultraviolet Imaging, Icarus, 143, 189-204, doi:
10.1006/icar.1999.6232.

Waite, J. H., Jr., et al. (1988), Superthermal electron pro-
cesses in the upper atmosphere of Uranus - Aurora and
electroglow, J. Geophys. Res., , 93, 14,295-14,308, doi:
10.1029/JA093iA12p14295.

Wang, C., and J. D. Richardson (2001), Energy partition between
solar wind protons and pickup ions in the distant heliosphere:
A three-fluid approach, J. Geophys. Res., , 106, 29,401-29,408,
doi:10.1029,/2001JA000190.

Wang, C., and J. D. Richardson (2003), Determination of
the solar wind slowdown near solar maximum, Journal
of Geophysical Research (Space Physics), 108, 1058, doi:
10.1029/2002JA009322.

Zieger, B., and K. C. Hansen (2008), Statistical validation of
a solar wind propagation model from 1 to 10 AU, Journal
of Geophysical Research (Space Physics), 113(A12), A08107,
doi:10.1029,/2008JA013046.



E mSWiM

F Tao

400 F \IS-FLUKSS
380 F

Vr (km/s)
W
()]
o

p (cm®)

Pressure (nPa)

270 280 290 300 310 320 330
DOY 2014

Figure 5. Solar wind velocity, density and dynamic pressure predicted at Uranus by the mSWiM (black),
Tao (blue) and MS-FLUKSS (orange) models for late 2014.



