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ARTICLE INFO ABSTRACT

Keywords: Between February and September 2019, Jupiter’s ultraviolet aurorae were frequently observed during a large

Jupiter campaign of the Hubble Space Telescope (HST GO-15638). The campaign included approximately 10 visits

Aurora around each of the perijoves of the Juno spacecraft orbits 18 to 22 around Jupiter. During this time, the solar

Ultraviolet .. . . . . . . . . .
activity was minimal, giving the opportunity to investigate auroral dynamics minimally driven by the solar wind.

Magnetosphere . . . . .

Juno The main emission often appeared fainter than usually observed, particularly on the dawn side where the dawn

arc was not always present. In contrast, emissions poleward of the main emission were dynamic, exhibiting polar
bright spots, extremely bright flares and quasi-periodic flashes. Many other features are observed, such as dawn
storms, long-standing secondary arc parallel to the main emission, injection signatures, transpolar arcs and
bridges connecting the main emission to the polar emissions. HST high temporal and spatial resolutions enable
the investigation of the dynamics of the auroral structures and substructures like beads within the main emission.
Juno auroral observations are also combined with HST images to track conjugate auroral features in both
hemispheres simultaneously. Finally, a splitting of the main emission into two narrow parallel arcs is highlighted
for the first time.

1. Introduction Initially detected by the two Voyager spacecraft (Broadfoot et al.,

1979), extensive investigations of Jupiter’s UV aurora really became

Jupiter’s auroral emissions span most of the electromagnetic spec-
trum. They are routinely observed in the ultraviolet, infrared, radio and
X-Ray domains (see the review by Badman et al. (2015)). All wave-
lengths provide valuable information, but here we concentrate on the
ultraviolet (UV) auroral emissions. These emissions are produced by the
radiative de-excitation of the Hy molecules and H atoms previously
excited by collisions with precipitating magnetospheric electrons (e.g.,
Bhardwaj and Gladstone, 2000; Gustin et al., 2012). They exhibit a va-
riety of structures and intensities around each magnetic pole of the
planet which reveals the complexity and diversity of processes taking
place in the huge Jovian magnetosphere.
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possible in the 1990’s based on the high-resolution observations pro-
vided by the cameras on board the Hubble Space Telescope (HST), as
reviewed by Clarke et al. (2004). After several observing campaigns of
the aurora over a couple of decades, the interest of HST observations
became even higher when the NASA Juno spacecraft arrived at Jupiter
in July 2016. Combining the in situ data provided by Juno and the
remote sensing observations by HST helps to interpret both types of
information. Furthermore, since Juno is also equipped with an ultravi-
olet spectrograph, aurorae can occasionally be observed in both hemi-
spheres simultaneously, enabling the identification and tracking of
conjugate emissions.
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Hence, some HST campaigns were scheduled to take advantage of
Juno’s presence in the Jovian environment. A first program (GO-14105)
started a few weeks before Juno’s orbit insertion (JOI) and ended shortly
after JOI, providing a continuous monitoring of the interplanetary
conditions upstream of the magnetosphere. The observations of this
campaign were analyzed in Nichols et al. (2017a). A large set of auroral
observations was also performed between November 2016 and
September 2018. The main part of this program (GO-14634), described
by Grodent et al. (2018), covers eight months between Juno’s orbits 3
and 7, totaling 118 sequences of ~40-min long observations. From this
large campaign, Grodent et al. (2018) defined six auroral morphological
families, each of them tentatively associated with a particular magne-
tospheric state. A first family corresponds to a compressed magneto-
sphere induced by a solar wind event (family X’ according to their
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nomenclature). The opposite state is associated with a quiet and un-
disturbed magnetosphere (family ‘Q’). Two states are characterized by
the presence of plasma injections (families ‘I’ and ‘i’). A family corre-
sponds to a post-injection phase of the magnetosphere returning to a
quiet state (‘N’). Finally, a magnetosphere releasing energy through
plasma instabilities defines family ‘U’. Nichols et al. (2019) also iden-
tified similar families through machine learning techniques.

The different magnetospheric states and their associated auroral
morphology are the consequences of internal and external drivers. In-
side the magnetosphere, auroral dawn storms are related to recurring
magnetotail reconfigurations associated with the internally driven
Vasyliunas cycle (Kimura et al., 2015; Yao et al., 2020; Bonfond et al.,
2021). Moreover, changes of the Io plasma torus density and mass
outflow rate can also leave a signature in the aurora (e.g., Bonfond et al.,

Table 1

List of HST visits during campaign GO-15638.
Index Root name HST time (dd/mm/yyyy hh:mm:ss) HST DOY 2019 Juno time (dd/mm/yyyy hh:mm:ss) Hemi- CML start Fa-mily

sphere [deg]

c01 odxc0lokq 09/02/2019 18:05:53 39.8 09/02/2019 17:18:09 N 148.0 N
c02 odxc02phq 10/02/2019 00:27:14 40.0 09/02/2019 23:39:32 S 18.5 19)
c04 odxc04alq 10/02/2019 21:06:39 40.9 10/02/2019 20:19:03 S 47.7 N
c03 odxc03agq 11/02/2019 00:17:21 41.0 10/02/2019 23:29:46 N 163.0 N
c05 odxc05f4q 11/02/2019 19:21:21 41.8 11/02/2019 18:33:52 N 134.5 N
c06 odxc06haq 12/02/2019 01:42:45 42.1 12/02/2019 00:55:18 S 5.1 I
PJ18 12/02/2019 18:21 42.8 12/02/2019 17:34
c07 0dxc07q5q 13/02/2019 20:37:47 43.9 13/02/2019 19:50:33 N 121.6 N
c08 0dxc08q9q 13/02/2019 22:12:05 43.9 13/02/2019 21:24:51 N 178.6 N
c09 odxc09z4q 09/03/2019 11:54:25 67.5 09/03/2019 11:10:16 N 177.0 Q
cl0 odxc10ceq 10/03/2019 06:59:16 68.3 10/03/2019 06:15:13 N 149.1 N
cll odxcllryq 28/03/2019 21:32:31 86.9 28/03/2019 20:50:57 N 147.0 Q
cl2 odxcl2w3q 29/03/2019 18:11:48 87.8 29/03/2019 17:30:21 N 176.2 1)
cl3 odxcl3axq 30/03/2019 22:48:22 89.0 30/03/2019 22:07:05 N 134.0 U
cl4 odxcl4ekq 31/03/2019 19:27:05 89.8 31/03/2019 18:45:54 N 162.9 1)
cl5 odxc15fpq 01/04/2019 16:06:24 90.7 01/04/2019 15:25:20 N 192.1 18)
clé odxcl6htq 02/04/2019 01:38:23 91.1 02/04/2019 00:57:22 N 177.9 i
cl7 odxc17r5q 03/04/2019 17:21:45 92.7 03/04/2019 16:40:57 N 178.9 i
cl8 odxc18zuq 05/04/2019 18:37:06 94.8 05/04/2019 17:56:33 N 165.6 18)
PJ19 06/04/2019 12:54 95.5 06/04/2019 12:14
cl9 odxc19dwq 06/04/2019 15:16:26 95.6 06/04/2019 14:36:00 N 194.9 Q
c20 odxc20esq 06/04/2019 23:13:05 96.0 06/04/2019 22:32:41 N 123.0 18)
c21 odxc21f7q 30/04/2019 03:19:12 119.1 30/04/2019 02:41:24 N 136.3 N
c23 odxc23qcq 22/05/2019 22:00:38 141.9 22/05/2019 21:24:30 N 169.0 X
c25 odxc25txq 23/05/2019 17:04:39 142.7 23/05/2019 16:28:33 N 140.8 X
c22 odxc22csq 25/05/2019 13:34:03 144.6 25/05/2019 12:58:02 S 314.8 U
c27 odxc27gdq 26/05/2019 14:59:27 145.6 26/05/2019 14:23:29 N 157.1 I
c24 odxc24heq 26/05/2019 21:20:48 145.9 26/05/2019 20:44:50 S 27.7 N
c26 odxc26eeq 27/05/2019 18:00:10 146.8 27/05/2019 17:24:14 S 57.0 N
c28 odxc28j4q 28/05/2019 21:00:56 147.9 28/05/2019 20:25:03 S 317.0 1)
PJ20 29/05/2019 08:44 148.4 29/05/2019 08:08
c29 odxc29n4q 29/05/2019 12:54:19 148.5 29/05/2019 12:18:27 N 173.5 1
c30 odxc30rdq 30/05/2019 17:30:24 149.7 30/05/2019 16:54:34 N 131.1 U
c31 odxc31dxq 14/07/2019 19:37:26 194.8 14/07/2019 19:00:32 N 146.5 N
c32 odxc32d6q 15/07/2019 14:43:55 195.6 15/07/2019 14:06:58 N 119.7 N
c33 odxc33dbq 15/07/2019 16:16:37 195.7 15/07/2019 15:39:39 N 175.7 U
c34 odxc34gqq 16/07/2019 11:20:30 196.5 16/07/2019 10:43:29 N 147.2 i
c36 odxc36poq 18/07/2019 14:10:54 198.6 18/07/2019 13:33:43 N 191.4 19)
c37 odxc37ruq 19/07/2019 09:14:49 199.4 19/07/2019 08:37:34 N 162.9 N
¢35 odxc35tlq 19/07/2019 18:46:47 199.8 19/07/2019 18:09:30 N 148.7 N
c38 odxc38xkq 20/07/2019 13:52:59 200.6 20/07/2019 13:15:38 N 121.7 X
PJ21 21/07/2019 04:39 201.2 21/07/2019 04:02
c39 odxc39c7q 21/07/2019 10:30:00 201.4 21/07/2019 09:52:34 N 149.5 N
c40 odxc40n8q 04/09/2019 12:37:29 246.5 04/09/2019 11:54:59 N 157.4 U
c41 odxc41q5q 05/09/2019 07:41:21 247.3 05/09/2019 06:58:45 N 128.8 1)
c42 odxc42ahq 07/09/2019 10:31:42 249.4 07/09/2019 09:48:50 N 172.6 Q
c43 odxc43edq 08/09/2019 15:07:32 250.6 08/09/2019 14:24:31 N 129.7 1)
c44 odxc44efq 08/09/2019 16:42:51 250.7 08/09/2019 15:59:50 N 187.3 U
c45 odxc45dnq 09/09/2019 11:46:44 251.5 09/09/2019 11:03:36 N 158.7 i
c46 odxc46i8q 10/09/2019 05:15:20 252.2 10/09/2019 04:32:07 S 72.5 X
c47 odxc47itq 10/09/2019 08:26:00 252.4 10/09/2019 07:42:46 N 187.7 Q
PJ22 12/09/2019 04:23 254.2 12/09/2019 03:40
c48 odxc48zuq 12/09/2019 09:41:10 254.4 12/09/2019 08:57:40 N 173.9 U
c49 odxc49e8q 13/09/2019 04:45:09 255.2 13/09/2019 04:01:33 N 145.3 I
c50 odxc50grq 13/09/2019 14:17:08 255.6 13/09/2019 13:33:29 N 131.0 Q
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2012; Yoshikawa et al., 2017; Kimura et al., 2018; Tao et al., 2018).
Outside, increases in the solar wind dynamic pressure trigger enhanced
auroral activity (e.g., Nichols et al., 2017a; Kita et al., 2019; Yao et al.,
2022).

The HST program GO-15638 described in the present manuscript
took place between February and September 2019, close to the time of
the minimum of the solar cycle 24 (December 2019). The observations
provide the best opportunity to investigate the effects of internal pro-
cesses minimally affected by the solar wind. Nonetheless, while coronal
mass ejections are absent, solar wind events such as corotating inter-
action regions can still regularly hit Jupiter’s magnetosphere, triggering
an unambiguous auroral response. In the following, we review several
global and local structures of Jupiter’s aurora, as well as their dynamics,
observed during the GO-15638 campaign.

2. Observations

The HST program GO-15638 consists of 50 orbits which include for
most of them one single visit, i.e., one sequence of observation. Each
visit is assigned an index which is the middle characters of the official
HST archive root name (for instance, index “c01” for the root name
“odxc01okq™). Table 1 gives information about each visit, namely the
HST UT time at the start of the exposure, the same time converted in
decimal day of year (DOY), the corresponding time at Juno taking into
account the light travel time between HST and Juno, the hemisphere
(North or South), Jupiter’s central meridian System III (SIII) longitude
(CML) at the start of the visit and the morphological family as defined by
Grodent et al. (2018). The campaign is subdivided mainly into five pe-
riods of approximately one week, each occurring around Juno’s peri-
joves (PJ) from orbits 18 to 22. The times of PJ18 to PJ22 are also listed
in Table 1. A few visits were also performed close to Juno’s apojove at
the start of orbits 19 and 20.

Each HST visit provides an approximately 40 min-long continuous
observation of one hemisphere of Jupiter. The observations are per-
formed by the Space Telescope Imaging Spectrograph (STIS) UV camera,
using the Far Ultraviolet Multi-Anode Microchannel Array (MAMA) and
the Strontium Fluoride (SRF2) filter (~130-182.5 nm) which excludes H
Lyman-o contamination by geocoronal emission. The images were ac-
quired in time-tagged imaging mode with an accumulation time of 10 s.
Images presented hereafter have been integrated over 30 s to increase
the signal-to-noise ratio. The STIS camera provides a platescale of 0.024

arcsec/pixel over a field of view of 25 x 25 arcsec?.
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The dark counts, flat field and geometry corrections were applied
using the standard CalSTIS procedure from the Space Telescope Science
Institute. Planetary disk background emissions were removed to isolate
auroral emissions, following the method described by Bonfond et al.
(2011). Count rates on the detector were converted to brightness and
power emitted in the 70-180 nm range, using the conversion coefficients
inferred by Gustin et al. (2012) and assuming a typical colour ratio of
2.5. HST images presented here are projected on a polar map fixed in
System III (as illustrated in Fig. 1), after applying the limb fitting pro-
cedure described by Bonfond et al. (2009) and considering an auroral
emission altitude of 400 km (Bonfond et al., 2015b). For the southern
hemisphere, the projections are oriented so that the aurorae are seen
through the planet from above the north pole.

To complement HST observations, observations from Juno’s Ultra-
violet Spectrograph (UVS) are presented in this manuscript. Juno-UVS is
an imaging spectrograph operating in the 68-210 nm range (Gladstone
et al., 2017). The nominal orientation of the slit is perpendicular to the
spacecraft rotation axis, however an adjustable mirror at the entrance of
the instrument allows it to point up to 30° away from the rotation plane.
The slit has a dog-bone shape, and only the 0.2°-wide sides of the slit are
used in this study for a better signal-to-noise ratio. Moreover, in this
work, the wavelength range was limited to 155-162 nm, in order to
avoid areas of the Hj spectrum affected with hydrocarbon absorption.
This brightness is then multiplied by 8.1 in order to compute the total Hy
UV brightness in 4rn steradians (Gustin et al., 2012). For each photon
detection event, the intersection the pixel’s field of view and an ellipsoid
located 400 km above Jupiter’s 1-bar level is computed. An image of the
auroral UV emissions is progressively constructed for each Juno spin.
Consecutive partial images of the aurora, acquired for different mirror
positions, are then assembled to produce more complete maps. Addi-
tional discussions of the calibration, uncertainty sources and back-
ground subtraction can be found in Greathouse et al. (2013), Hue et al.
(2019a, 2021b), Gérard et al. (2020) and Bonfond et al. (2021).

Jovian auroral emissions can be divided into three subregions
defined in Nichols et al. (2009b) and Grodent et al. (2018). These sub-
regions, highlighted in the right panel of Fig. 1, include a ribbon
encompassing the main emission, the region poleward of the main
emission, also called the polar or poleward region, and the equatorward
region bounded by the equatorward boundary of the main emission
ribbon. The main emission ribbon is built from one of the main emission
reference contours derived in Bonfond et al. (2012), selecting the con-
tour which fits the best the observed main emission. The width of the

Fig. 1. Left: Example of an HST/STIS UV observation of the northern Jovian aurora acquired during the GO-15638 campaign. The emissions have been accumulated
over 30 s and the colour scale is saturated at 2000 kR. The white line indicates Jupiter’s limb. Right: The same image projected on a polar map with 10°-spaced
System III meridians and parallels. The main emission region, separating the poleward and the equatorward emissions, is highlighted in orange. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ribbon is set to 5.0° on the surface of Jupiter. The equatorward subre-
gion is magnetically connected to the inner magnetosphere where the
Galilean moons are located (<~20 Ry, where 1 Ry = 71,492 km), while
the poleward subregion is linked to the outer magnetosphere (> ~ 40
Rp).

Figure 2 shows the auroral power emitted in each subregion (the
main emission in red, the poleward emissions in green and the equa-
torward emissions in orange) for all the HST observations acquired
around Juno’s perijoves 18 to 22. The auroral power was corrected for
the viewing geometry, as explained in Grodent et al. (2018). Only the
median power value is given for each visit and subregion, but the power
can vary on short timescales within a visit, for instance, when a bright
flare appears in the polar region (see Section 4).

The auroral power remained most of the time (74% of the observa-
tions) below 600 GW within each subregion, with a total power ranging
between 0.8 and 1.4 TW. However, Fig. 2 reveals that large power en-
hancements sometimes occur in a subregion. The power can increase by
a factor of 2-3 in the main emission ribbon due to dawn storms (“DS”,
cl7, c29, c45, c49, see Sections 3.2 and 3.3) or brightening of the narrow
dawn arc (“DA”, ¢23, ¢25, Section 3.4). The presence of extended quasi-
periodic flares (“QPF”) can increase the median power in the polar re-
gion, e.g., in visit ¢30 (Section 4). The power emitted in the equatorward
subregion is enhanced, up to 1 TW, when injection signatures are pre-
sent (“I”, c06, c26, c40, c45, Section 5.1) or when the Io’s auroral
footprint is brighter (“IFP”, c24, Section 5.2). Finally, all auroral emis-
sions can also brighten as a whole (Global Brightening “GB”, Section
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3.4), like in visit c46 when the total auroral power reached 3 TW, the
maximal value of the campaign.

As suggested by Fig. 2, observations acquired near Juno’s perijove 22
(PJ22, 12 September 2019) exhibit many remarkable phenomena. These
observations are displayed in Fig. 3, with one image selected for each
visit between September 4 and September 13. Several auroral structures
are highlighted and are discussed in the following sections. Sections 3, 4
and 5 are devoted to the main emission, the polar emissions and the
equatorward emissions, respectively.

3. Main auroral emission

The main auroral emission generally forms a discontinuous strip of
emissions around the magnetic pole (like in Fig. 1). Its general
morphology remains relatively stable and is fixed in SIII longitudes
(Grodent et al., 2003b). The main emission exhibits a marked dawn-dusk
asymmetry as observed from HST with a narrow arc in the dawn sector
and more diverse and less defined emissions in the post-noon and dusk
sectors. Between these two distinct parts of the main emission, its
brightness often drops due to faster plasma rotation in the prenoon
sector, forming the so-called discontinuity around noon local time
(Radioti et al., 2008, Chané et al., 2013). A small-scale auroral spot can
occasionally be present at the duskward edge of the discontinuity and is
attributed to an ultralow-frequency wave process or to shearing motions
resulting from intermittent inward radial plasma flow (Palmaerts et al.,
2014, Nichols et al., 2017b, Chané et al., 2018). In the southern
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Fig. 2. Median auroral power emitted by the poleward emissions (green), the main emission (red) and the equatorward emissions (orange) for each HST visit of the
GO-15638 campaign. Diamond symbols connected by a solid line indicate the observations in the northern hemisphere, while southern aurora observations are
represented by stars connected by a dashed line. Each subpanel covers a time interval around Juno’s perijove 18 to 22, whose times are indicated by vertical lines.
The time is given in day of year (DOY) 2019. The index of some of the visits mentioned in the text are indicated. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3. HST-STIS observations of Jupiter’s aurora during 10 days in September 2019, near Juno’s perijove 22 (September 12 at 04:23 UT, HST time). The auroral
emissions are projected like in Fig. 1. The visit index, the HST UT time and the Juno UT time (in italic) of the observations are indicated on top of each panel. A
yellow line indicates the longitude facing the Sun (12 LT). Several auroral structures are highlighted and discussed in the text: features a, b, ¢, d, e in Section 3;
features f, g, h, i in Section 4; features j, k in Section 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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hemisphere, the main emission has an oval shape, while the northern
main emission is distorted due to a magnetic anomaly around 100° SIII
longitude (Grodent et al., 2008; Connerney et al., 2018). Given the ge-
ometry of observation from the Earth orbit, this distortion is always
located around dusk on HST northern auroral observations.

3.1. Faint dawn main emission

In the dawn sector, the main emission usually forms a clear arc at the
boundary between the polar dark region and the diffuse outer emissions.
In this campaign, this arc was often particularly faint, and even some-
times not visible on the auroral images, as pointed by the red arrows
with the letter ‘a’ on Fig. 3. While the brightness of the main emission is
usually lower at dawn than at dusk (Bonfond et al., 2015a), the absence
of a dawn arc as reported here was not frequently observed in previous
observing campaigns (Nichols et al., 2017a). HST does not provide a
continuous observation of the aurora, however this faint main emission
at dawn was consistently observed during several consecutive visits,
suggesting that its brightness could remain low over several days.

The dim dawn arc could be related to the low solar activity and a
generally expanded magnetosphere (Nichols et al., 2017a). We surveyed
this faint emission in the previous HST campaigns and compared its
occurrence with the number of sunspots observed on the solar surface,
which is the traditional indicator of the solar activity. No clear corre-
lation emerged from this comparison but the investigation of the cor-
relation is hampered by the limited number of observing days during the
solar maxima of cycles 23 and 24.

3.2. Dawn storms

During a period of faint main emission at dawn, some powerful
events can nevertheless affect it, such as a dawn storm. A dawn storm
occurred on September 13, consisting of a large and bright structure
observed on visit c49 (Fig. 3, feature b), whereas the emission was
particularly weak 3 days earlier (c47), one day earlier (c48) and 9.5 h
later (c50). This dawn storm was present during the whole ~40-min
observing time of visit ¢c49 and its structure started to fragment longi-
tudinally into three parts, as often observed (Bonfond et al., 2021).
Combining HST observations with simultaneous Juno in situ data, Yao
et al. (2020) and Swithenbank-Harris et al. (2021) showed that

c29
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PJ20 29/05/2019 11:12 10:36
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magnetotail reconnection or possibly current disruption generates dawn
storms.

Another dawn storm was observed during the campaign, on May 29
(c29). Top panels of Fig. 4 display two snapshots of the dawn storm
separated by 20 min. Again, the bright structure divided into two parts
separated by a growing longitudinal gap. This dawn storm was observed
by HST in the northern hemisphere. Simultaneously, the Juno spacecraft
was flying over the southern polar region (PJ20) with its UVS instrument
acquiring images of the southern aurora. Some UVS images are repro-
duced on the bottom panels of Fig. 4. HST and UVS data are chrono-
logically sorted from left to right and the same polar map orientation is
used for all panels, enabling a direct comparison of the auroral features
in both hemispheres. The southern aurora exhibits an obvious dawn
storm as well. The longer UVS observing period captures the evolution of
the southern dawn storm from its birth until it became fragmented like
the northern storm. Hence, the synergy between Juno-UVS and HST
provided clues that conjugate dawn storms evolve similarly in both
hemispheres.

3.3. Beads

The time-tag observations also reveal dynamics within the thin dawn
arc of the main emission. At the start of visit c48, a bright auroral spot,
fixed in System III, was located at around 185° longitude (pink arrow on
top row of Fig. 5). Then, a second spot developed at ~195° (orange
arrow) and grew by the merging of a succession of tiny spots (red ar-
rows), like beads, coming from higher longitudes. A movie of the whole
visit is provided in the supplementary material (Movie S1). The opposite
process was observed during visit c45, where an elongated bright spot at
the same longitude as in the first sequence (middle row of Fig. 5, orange
arrow) split in several smaller spots (red arrows, Movie S2). Visit c17
also shows a dynamic dawn arc in which the section between 208° and
223° longitude became visible after the appearance and merging of a
couple of arcs which intensified to reach a peak brightness of 9 MR after
32 min (bottom row of Fig. 5 and Movie S3).

Juno-UVS observations of the southern aurora concomitant with the
c48 visit reveal a patchy and bright emission at the same longitude as the
dynamic main emission arc. However, the temporal and spatial resolu-
tions of UVS prevent from following the dynamics within the patchy
emission in the southern hemisphere. The motion of the beads observed

12:54 12:18 13:14 12:38

13:30 12:54

Fig. 4. Conjugate observations of the evolution of a dawn storm in the northern hemisphere captured by HST and in the southern hemisphere captured by Juno-UVS
during PJ20. The observing sequence is going from left to right, with the HST UT time and Juno time (in italic) indicated for both HST and Juno observations. The
yellow line marks the subsolar longitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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10:19 09:35

17:52 17:11

Fig. 5. Three auroral sequences showing the formation of beads (red arrows) in the dawn section of the main emission. The pink arrows point to a relatively
unvarying spot fixed in System III. The orange arrows point to the spot resulting from the bead merging or splitting into beads. The HST UT time and the Juno UT
time (in italic) of the observations are indicated on top of each panel. The yellow line points to the Sun. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

in the northern hemisphere might be a signature of plasma instabilities
in the plasma sheet, such as ballooning instability (e.g., Pu et al., 1997;
Yao et al., 2017). The relation between auroral beads and magneto-
spheric instabilities has been already highlighted at Saturn (Radioti
et al., 2019) and at Earth (e.g., Rae et al., 2010; Kalmoni et al., 2015).
The beads at Jupiter might also correspond to the Saturnian auroral
patches associated with a rotating multiple field-aligned current struc-
ture (Guo et al., 2021). Further investigation using Juno in-situ mea-
surements are necessary to find out their driving process. The initial
steps of the Jovian dawn storm process include the emergence of auroral
beads (Bonfond et al., 2021). These pre-storm beads are found in the
midnight-to-dawn sector, contrary to the beads reported here. However,
the bright emissions in the prenoon sector observed in the three exam-
ples of Fig. 5 are similar to pseudo-dawn storms, which are a kind of not
fully developed dawn storms (Bonfond et al., 2021).

3.4. Solar wind influence

Observations have shown that the occurrence of dawn storms is in-
dependent of the solar wind conditions (Nichols et al., 2009b; Bonfond
et al., 2021). This independence is in agreement with an internally-
driven origin, such as reconnection (Kimura et al., 2017; Yao et al.,
2020; Swithenbank-Harris et al., 2021). However, solar wind shocks

compressing the magnetosphere can cause a large enhancement of the
intensity of the main emission dawn arc or even a global brightening of
the whole dayside main emission (Nichols et al., 2007, 2009b, 2017a;
Grodent et al., 2018; Yao et al., 2022). A bright narrow dawn arc was
observed twice during this campaign, in May (c23 and c25) and in
September in both hemispheres (c45 and c46, Fig. 3). During c46, the
dusk aurora and the Io auroral footprint (feature indicated by a ‘k’ in
Fig. 3) were also particularly bright. Large injection signatures were also
present (feature j). The next visit (c47) shows that the main emission
recovered low intensities at all local times only 2.5 h later, with a total
auroral power decreasing from 3 TW to 1.4 TW.

Juno being close to perijove, no direct or indirect measurements of
the upstream solar wind (SW) parameters are available during c45/c46.
Hence, we must rely on solar wind propagation models from the Earth to
Jupiter to estimate these parameters. The model by Tao et al. (2005) isa
one-dimensional magnetohydrodynamic (MHD) model using near-Earth
solar wind measurements as input parameters. Its prediction accuracy is
at most two terrestrial days when the Earth-Sun-Jupiter angle does not
exceed 50°. Fig. S1 in the Supplementary Material shows the estimated
SW dynamic pressure around each of the perijoves 18 to 22. Tao’s model
predicts a sharp increase of the dynamic pressure at Jupiter on
September 8, revealing the arrival of a SW shock which compressed
Jupiter’s magnetosphere. On that day, the Earth-Sun-Jupiter angle is
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around 63°, implying that the inaccuracy on the shock arrival time can
exceed two days. Nevertheless, a SW shock on September 8 is compatible
with the auroral global brightening observed the next two days in both
hemispheres (c45 and c46 on Fig. 3) since the auroral response is ex-
pected 10-15 h after the shock hit the magnetopause (Kita et al., 2019).

Additionally, we examined the predictions of the ENLIL tool which is
a three-dimensional MHD model of the heliosphere (Odstrcil, 2003;

c12 29/03/2019 18:12 17:30 c13 30/03/2019
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Odstrcil et al., 2004). ENLIL generates a background solar wind from 0.1
AU to 10 AU based on a coronal model which uses photospheric mag-
netic field observations. On top of the background solar wind, distur-
bances such as Coronal Mass Ejections (CMEs) are propagated with
properties derived from coronagraph observations. The ENLIL simula-
tion shows a corotating interaction region (CIR) reaching Jupiter in the
afternoon of September 8 (Fig. S2 right), in agreement with Tao’s model.

23:25 22:44 31/03/2019 19:54 19:12

Europa footprint reference contour

c15 01/04/2019 16:07 15:26 c16 02/04/2019

c18 05/04/2019 18:58 18:17 PJ19 North
= T

- \

Europa
footprint

06/04/2019 14:20 13:39

01:38 00:57

06/04/2019 12:14 11:33

03/04/2019  17:21 16:41

06/04/2019  23:42 23:01

Fig. 6. Sequence of HST and Juno-UVS observations showing a secondary arc at dusk parallel to the main emission (red arrows). The HST UT time and the Juno UT
time (in italic) are indicated for HST and Juno observations. The yellow line points to the Sun. The Europa footprint reference contour (Bonfond et al., 2017c¢) is
drawn with a dashed line on the polar projection c13. The Far-UV colour ratio maps associated with the UVS images are also shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Finally, both solar wind propagation models indicate a relatively
weak CIR arriving at Jupiter a few hours before the observation of a
bright main emission dawn arc on visit ¢23 and ¢25 on May 22 (Fig. S1
and S2 left).

3.5. Secondary arc

A secondary arc is sometimes observed at lower latitudes than the
main emission and at various longitudes (Grodent et al., 2003b; Gray
et al., 2017). Although being part of the equatorward emission region,
its morphology links it to the main emission. This long and narrow
structure is roughly parallel to the main emission and is fainter (feature e
in Fig. 3). The secondary arc was suggested to result from electron
scattering caused by wave-particle interactions at the boundary between
two electron pitch angle distributions (Tomas et al., 2004; Gray et al.,
2017). Fig. 6 displays an observing sequence covering 8 days between
March 29 and April 6. The first four visits (c12 to c15) show that a
secondary arc was present in the noon-to-dusk sector during four
consecutive days. In c15, the presence of the secondary arc is only visible
between 160° and 175° of longitude whereas the equatorward emissions
are more diffuse at lower longitudes. The secondary arc was then not
clearly distinguishable during the next two visits (c16 and c17). It
should be noted that the dusk main emission was reduced to a short arc
in ¢16. Two days later, the visit c18 shows that the secondary arc ap-
pears again and was also present during the last visit of the sequence
(c20). Like in the previous observations reported by Gray et al. (2017),
the secondary arc lies slightly polewards from the contour of Europa’s
auroral footprint (derived by Bonfond et al. (2017c)), as shown by the
dashed curve on the snapshot c13 of Fig. 6. This is also clearly seen on
c18 where the Europa footprint is located next to the secondary arc.

Earlier on the day of visit ¢20, Juno-UVS observed the northern
aurora before PJ19 and the southern aurora afterwards. Because of the
viewing geometry of HST from Earth orbit, it is not possible to disen-
tangle whether the secondary arc in the northern aurora appears in a
fixed local time sector or in a fixed SIII longitude range, noon local time
being most of the time located between 120° and 210°. Juno provides an
answer by capturing aurora at all local times and SIII longitudes inde-
pendently. The UVS northern auroral image in Fig. 6 shows an arc
parallel to the main emission on the dusk side at longitudes of around
45° and close to the pole (red arrow), which would not be visible with
HST. This parallel arc is found in the dusk region as was the case on all
HST images. Hence, the secondary arc can be observed at different local
times and has a varying longitudinal extent (Gray et al., 2017), but once
appeared, its local time position remains roughly fixed.

The secondary arc is more distinguishable on the colour ratio map
(Fig. 6). The Far-UV colour ratio is the ratio between the total Hj in-
tensity in the 155-162 nm range, a wavelength domain not absorbed by
methane, and the total intensity of the partly absorbed H; between 126

c41 05/09/2019  08:19 07:36 c07
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and 130 nm. This ratio is related to the energy of the precipitating
electrons, since electrons with higher energy penetrate deeper into the
hydrocarbon layer, implying a stronger absorption and thus a higher
colour ratio (e.g., Yung et al., 1982; Gérard et al., 2016). The secondary
arc appears as a region with a colour ratio somewhat lower than the
colour ratio of the main emission at dusk. The UVS observation acquired
a couple of hours later in the southern hemisphere shows also a sec-
ondary arc at dusk.

3.6. Splitting of the main emission

A particular phenomenon inside the main emission was detected for
the first time during this campaign. Twice, a part of the main emission
appeared split into two narrow parallel arcs separated by a thin gap
filled with background level emissions (Fig. 7 and feature ‘d’ in Fig. 3).
The gap is not present at the start of the sequence but gradually develops
throughout the observing time. This phenomenon has not been reported
in the previous observing campaigns and remains unexplained. The
identification of the splitting did not occur during the Earth-Jupiter
opposition time (June 2019) and thus does not result from a higher
resolution of the auroral observation by HST/STIS. Juno’s observations
revealed that the main emission exhibited the same double arc structure
the day before the occurrence on visit c07 (right panel of Fig. 7), indi-
cating a rather long-lived structure. Juno observations show also that
this structure, when it is present, is always found at similar longitudes, in
the magnetic anomaly region (Grodent et al. 2008, Connerney et al.,
2018), but can appear at different local times.

4. Polar emissions

The polar aurora, bounded by the main emission (Fig. 1), encom-
passes dynamic emissions with various timescales. It may be divided
into three subregions: the dark, active and swirl regions (Grodent et al.,
2003a). The dark region is an elongated crescent-shaped area mostly
devoid of emission and located poleward of the main emission dawn arc
(Swithenbank-Harris et al., 2019). Around the magnetic pole, the swirl
region contains highly variable patchy emissions (Grodent et al., 2003a;
Nichols et al., 2009a). Finally, the active region, located between the
swirl region and the noon-to-dusk section of the main emission, exhibits
a diversity of spots, arcs and diffuse emissions (e.g., Bonfond et al., 2016;
Nichols et al., 2017a). Recently, Juno-UVS observations over a large
range of local time (LT), including on Jupiter’s nightside, showed a
strong local-time effect of the most poleward auroral regions (Great-
house et al., 2021). The emissions in the swirl region were observed to
be only bright from 5 to 7 LT until 20-22 LT, while they were an order of
magnitude weaker at all other local times.

21:09 20:22

PJ18

12/02/2019

Fig. 7. Examples of the main emissions divided into two narrow parallel arcs (orange arrows) observed by HST (left and middle) and by UVS (right). The yellow line
indicates the subsolar longitude. The HST time and the Juno time (in italic) of the observations are indicated. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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4.1. Description of three types of polar brightening categories are often mixed and grouped under the same name while

their characteristics are noticeably different.
The first category consists of polar bright spots. These spots are
localized transient brightenings which can appear at any local time

We focus here on three categories of polar emission brightening
features frequently observed at Jupiter. In the literature, these three

Polar bright spot Short-lived flare Quasi-periodic flare

c08 13/02/2019  22:23 21:35 c39 21/07/2019  11:02 10:24 c30 30/05/2019  17:59:24 17:23:34

22:26 21:38 11:06 10:28

17:59:54 17:24.04

22:31 21:43 11:08 10:30 18:00:24 17:24:34
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power [GW]
N
8

100

23:_12 22 232 22:42 2;52 10:30 10:40 10:50 11:00 "0 730 17:40 17:50 18:00 18:10
time time time

Fig. 8. Observing sequences exhibiting (left) a polar bright spot, (middle) a bright short-lived flare, and (right) a quasi-periodic flare. The HST UT time and the Juno

time (in italic) of the observations are indicated on top of each panel. The lower panels show the variation of power inside the region surrounded in red in the upper

panels. The vertical dotted lines indicate the time of each HST image in the sequence. The orange arrow points to a transpolar arc and the yellow arrow points to

another example of a polar bright spot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(feature f in Fig. 3). First reported by Pallier and Prangée (2001, 2004),
they have been extensively studied and characterized by Haewsantati
et al. (2021) based on Juno-UVS observations. They revealed that the
polar bright spots are located at the edge of the swirl region, and they
can reappear at nearly the same SIII longitude with a period of 25 min on
average and ranging from 3 to 47 min. An example of an HST sequence
with a polar bright spot is given in the left column of Fig. 8. The power of
the emissions in the region where the bright spot appears (encircled in
red) was calculated and its variation throughout the visit is drawn on the
lower panel. The times of the three snapshots above are indicated by
dotted lines. The whole observing sequence (see Movie S4 in the sup-
plementary material) and the power curve shows that a first small bright
spot was present in the same area ~ 11 min earlier and a third one
appeared ~17 min later. The polar bright spots are characteristically
different from the faint circular expanding auroral features highlighted
at the outer edge of the swirl region by Hue et al. (2021a) on Juno-UVS
observations. Because of the grazing observing geometry from Earth and
their low brightness, these expanding polar features are not observed
with HST and are therefore not discussed here, but they could constitute
a category of polar emissions on their own.

A second type of polar brightening comprises flares which are very
bright emissions lasting a couple of minutes only (Waite et al., 2001;
Grodent et al., 2003a). Examples of short-lived flares are indicated by
arrows with the letter ‘g’ in Fig. 3. The middle column of Fig. 8 displays
another example which also illustrates the lifetime of such an intense
flare (Movie S5). The power curve shows the dramatic peak of the power
in the region surrounded in red in the first snapshot. The ~minute-long
flares occur in the active region and are more extended than the polar
bright spots. Their emitted power usually exceeds 1 TW (similar to the
typical power emitted by the whole auroral region) and their brightness
can peak at a few dozens of MR while the bright spots are generally
limited to 5-10 MR. During visit c¢23, a flare reached the brightness of 56
MR (29 pixels >40 MR, 6 pixels >50 MR), exceeding the precedent re-
cord of 37 MR reported by Waite et al. (2001). This flare occurred while
the main emission dawn arc was particularly bright. In visit c47, the
intense flare (~1.0 TW, peak intensity of ~6.6 MR) indicated by the
letter g in Fig. 3 was followed 28 min later by a second flare (~1.2 TW,
~14.7 MR) in the same System III sector. Besides, it should be noted that
a polar bright spot and a short-lived flare can coexist, as observed during
visit c49 which also exhibits a dawn storm (indicated respectively by the
letters f, g and b in Fig. 3).

Simultaneously to the polar flare on 39, the aurora also exhibited a
bright and short-lived transpolar arc, also called polar filament, in the
swirl region (orange arrow on Fig. 8). This quasi-sun-aligned elongated
feature has been reported and described by Nichols et al. (2009a) who
concluded that its occurrence is independent of the solar wind condi-
tions and is possibly associated with plasmoids drifting down the mag-
netotail. These previous observations of transpolar arc do not suggest
any correlation with polar flares, though they appeared also at the same
time during visit c40 (g and i on Fig. 3). It seems however that the flare
brightens all structures of the polar aurora and thus makes the transpolar
arc more visible.

A third type of polar activity consists of flashes in the active region, i.
e. rapid increase of brightness lasting <30 s (right panels in Fig. 8 and
Movie S6). They can continuously recur during the whole visit and they
exhibit a quasi-periodicity of a few minutes. Hence, they are often
referred to as quasi-periodic flares (Bonfond et al., 2011, 2016). Their
brightness peak is however lower than the short-lived flares described
earlier, and their characteristic power variation highly differs from both
other types of polar activity, as shown in the bottom panels of Fig. 8. In
this example, the periodicity inferred from a Lomb-Scargle analysis is
1.8 min. The extension of the quasi-periodic flares is diverse, ranging
from a single spot to a large area covering almost the whole active re-
gion. Other visits during the campaign show quasi-periodic flares with a
reoccurrence time increasing from 2 to 6 min during the visit (c21) and
quasi-periodic flashes initiating 20 min after the start of the observations
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and intensifying towards the end of the sequence (c44, within the frame
‘h’ in Fig. 3). Finally, during ¢30 (given as an example in Fig. 8), it
should be noted that a polar bright spot appears next to the flashing
region (yellow arrow).

4.2. Possible generation mechanisms of the polar brightenings

The characteristic morphologies and power variations of the three
types of polar emissions depicted here suggest that they are generated by
different mechanisms. The source region of the polar bright spots
probably corotates with the planet since they can appear several times at
the same SIII position during an HST sequence (Haewsantati et al.,
2021). Despite being observed at various local times, their initial asso-
ciation with the magnetospheric cusp (Pallier and Prangé, 2001) cannot
be dismissed as the cusp morphology can be very complex at Jupiter
(Zhang et al., 2021). The quasi-periodic flares occur independently of
the solar wind conditions (Bonfond et al., 2016), suggesting an internal
driver too. Furthermore, their occurrence in phase in both hemispheres
and their mapping strongly indicate that their source region is located
on closed field lines crossing the equatorial plane in the outer dayside
magnetosphere. However, the synchronized flare brightenings over a
large area, sometimes covering the whole active region, suggests that
their propagation mechanism lie close to the planet, in the lobes or in the
ionosphere (Bonfond et al., 2016).

As mentioned above, the characteristic reoccurrence time of the
polar bright spots is tens of minutes (Haewsantati et al., 2021), similar to
many quasiperiodic phenomena occurring in the Jovian magnetosphere,
with signatures in the plasma measurements (e.g., McKibben et al.,
1993; Krupp et al., 2004), radio emissions (e.g., MacDowall et al., 1993;
Hospodarsky et al., 2004) and X-Ray aurorae (e.g., Dunn et al., 2016;
Wibisono et al., 2020). The characteristic short period of a few minutes
of the quasi-periodic flares (Bonfond et al., 2016) has also been identi-
fied in radio emissions (Hospodarsky et al., 2004) and particle mea-
surements (McKibben et al., 1993). These periodic phenomena can be
explained by the presence of ultralow-frequency waves (ULF), in
particular standing Alfvén waves, with periods of 1-60 min, which are
found throughout Jupiter’s magnetosphere (Khurana and Kivelson,
1989; Manners and Masters, 2019, 2020). Connections between ULF
waves and aurora have been suggested by Nichols et al. (2017b) for a
pulsating spot within the main emission and by Pan et al. (2021) who
highlighted a positive correlation between the auroral power and the
magnetospheric ULF wave power.

Unlike the two other types of polar emissions described here, the
short-lived intense flares occurring in the noon active region seem to be
an auroral response to solar wind events. They have been interpretated
as a consequence of a magnetospheric disturbance caused by a rapid
increase of the solar wind dynamic pressure (Waite et al., 2001) or as a
signature of sporadic small-scale reconnection at the dayside magneto-
pause (Grodent et al., 2003a). The intense flare occurring on September
10 (c47, Fig. 3) appears to be preceded by the arrival of a CIR at Jupiter
leading to a global brightening of the aurora, as discussed in Section 3.4.
However, most of the flares occur while only the dawn arc of the main
emission shows high intensities.

We examined at the solar wind propagation models for the flare
event occurring on July 21 (Fig. 8). The ENLIL model indicates that a
strong CIR hit Jupiter on that day (Fig. S2 middle). Tao’s model shows a
quiet solar wind on July 20 and 21 but predicts two successive increases
of the SW dynamic pressure on July 22 evening and on July 23 midday
(Fig. S1). The geometry between the Earth and Jupiter is favorable for a
good prediction but the accuracy on the SW events timing can still be as
high as two days. Given the output of the ENLIL simulation, it is then
likely that a SW shock reached Jupiter shortly before the intense flare
observed on July 21. Finally, according to both solar wind propagation
models, a relatively weak CIR arrived at Jupiter ~15-20 h before the
extreme flare (~56 MR) occurring at the end of May 22 (Fig. S1 and S2
left).
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As they are triggered by solar wind events such as CIRs, the intense
flare might preferentially reoccur at the solar period of 25-28 days. This
long period cannot be easily identified given the limited HST observa-
tions sampling rate and the short lifetime of the flares. We note however
that 54 days separate the July 21 flare from the September 13 flare,
which corresponds to two solar rotations, and the July 21 flare occurred
60 days after the May 22 flare.

4.3. Bridges

Another auroral feature in the polar region is worth mentioning. It
consists of an elongated arc attached to the dusk arc of main emission
and curved polewards into the active region. Although often observed,
this “bridge” connecting two auroral regions has barely been studied
(Pardo Cantos, 2019; Greathouse et al., 2021). Fig. 9 displays some
examples of bridges (orange arrows) observed during the campaign. A
bright bridge was visible during a short interval of visit c05. Multiple
bridges occasionally appear like in visits c01 and ¢29. The bridges can
also pulse, similarly to the quasi-periodic flares found in the active re-
gion as well, i.e., with a periodicity of a few minutes. In c01, the bridges
a and b have a strikingly similar behavior, pulsing in phase with a
similar brightness, while the bridge c has a relatively stable brightness
over the visit.

Juno-UVS observations in Fig. 9 were acquired on the same day as
visit c29. Both observations show the presence of multiple bridges. Juno
provides evidence that the bridges can be found at various longitudes
but are always located in the post-noon sector (Greathouse et al., 2021).
A dedicated study is required to understand the origin of the bridge
feature.

c05 11/02/2019  19:39 18:51

c29 29/05/2019 13:22 12:46
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5. Equatorward emissions
5.1. Injection signatures

The emissions equatorward of the main emission include the auroral
signatures of injections, the moon auroral footprints and the secondary
arc already mentioned in Section 3. Injection signatures are the auroral
counterpart of magnetospheric plasma injections (e.g., Mauk et al.,
2002; Dumont et al., 2018; Haggerty et al., 2019). They are observed
often and consist of emission patches corotating and moving equator-
ward (features j in Fig. 3). Injection signatures can grow from a dawn
storm as they are the consequences of dipolarization following the
magnetotail reconnection triggering the dawn storm (Gray et al., 2016;
Yao et al., 2020, Bonfond et al., 2021). Such an auroral injection is
visible during visit c49 (Fig. 3) and this event was discussed by Yao et al.
(2020). Visit c45 provides another example of injection signatures in the
postnoon sector (feature j), associated in this case with a pseudo-dawn
storm (feature c). Some injection signatures can also develop indepen-
dently from a dawn storm (e.g., Bonfond et al., 2017b), as it may be the
case in visits c40 and c47 (Fig. 3).

5.2. Moon auroral footprints

The HST GO-15683 campaign offers also interesting and diverse
observations of the moon auroral footprints. These aurorae are located
close to the ionospheric feet of the flux tubes connecting the moons to
Jupiter. Io’s footprint is the brightest and consists of several distinct
spots followed by an extended tail (e.g., Gérard et al., 2006; Bonfond
et al., 2008). The Europa and Ganymede footprints generally consist of a
unique spot, but a secondary spot is sometimes observed (Bonfond et al.,
2013b, 2017a), as well as a short tail (Grodent et al., 2006; Bonfond

c01 09/02/2019 18:21 17:34

PJ20 08:06 07:30

29/05/2019

Fig. 9. Examples of the bridge structure (orange arrows) observed by HST and Juno-UVS. The yellow line indicates the subsolar longitude. The HST time and the
Juno time (in italic) of the observations are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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et al., 2017c). Recent Juno infrared observations with a higher spatial
resolution revealed that the moon spots and tails have a finer structure
made up of several sub-dots (Mura et al., 2018; Moirano et al., 2021).

The characteristics of the moon auroral footprints observed during
this campaign, although sometimes particular, are consistent with the
generation mechanisms described during the past decade. The moon
footprints result from the electromagnetic interaction between the sat-
ellites and the magnetospheric plasma rotating rapidly around the
planet (Hess et al., 2013a; Bonfond et al., 2013a, 2017a; Hue et al.,
2022, 2023 and references therein). The interaction generates Alfvén
waves which propagate along the magnetic field lines and are partially
reflected by density gradients at the boundaries of the Io plasma torus or
of the plasma sheet, or at the Jovian ionosphere. The reflected waves
and transhemispheric electron beams generated by the waves produce
the multiple spots of the satellite footprints. The tail probably results
from multiple reflections of Alfvén waves trapped between density
gradients downstream of the satellite (Bonfond et al., 2017c).

Three observing sequences have been selected and are displayed in
Fig. 10. The first sequence on the top row shows a bright Io footprint
(yellow arrow). The observed maximum brightness of the Io footprint
varies by ~50% on timescales of 2-3 min and reaches values up to 16.5
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MR during this 2350 s long sequence. Such rapid variations are
commonly observed (Bonfond et al. 2007), but the peak brightness is
about 3 times brighter than usually observed with Hubble in this
longitude range (95-115° SIII) (see Figure 4 in Bonfond et al. 2013) and
the Io footprint is brighter than the brightest parts of the main emissions
(5.6 MR). The footprint is elongated and the main and secondary spots
cannot be disentangled. At these SIII longitudes (~90°), a small inter-
spot distance, or even a merging of the spots, is in agreement with the
findings of Bonfond et al. (2013a, 2017a) who explain it by Io’s location
close to the center of the torus. In addition, the position of Io in the dense
torus center would lead to more power being generated locally and
radiated away in the form of Alfvén waves (Hess et al., 2010, 2013a).
The merging of the auroral spots could partly contribute to the enhanced
maximum brightness, and the enhanced local interaction in the torus
center should lead to a larger total power in the footprint (all spots
included). However, these effects alone cannot explain why the Io
footprint is so bright in the southern hemisphere around 110° SIII, while
the maximum brightness is lower in the northern hemisphere or around
290° in the south, (Bonfond et al., 2013a; Hue et al., 2019b), with Io
being in the same position relative to the torus center. The magnetic
field strength and the plasma density at various places along the flux

21:59 21:23

22:11:08 21:35:00

Fig. 10. (Top) Bright Io auroral footprint (yellow arrows) and Ganymede footprint with a tail (orange arrows). (Middle) Evolution of the Io footprint over 1.6 h. A
zoom on the footprint is shown on the inset subpanel, with higher saturation. (Bottom) Short-lived tail of the Ganymede footprint. A zoom on the footprint is shown
on the inset subpanel, with higher saturation. The HST UT time of the observations are indicated on top of each panel.
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tube, influence the partial reflection of the Alfvén waves at the velocity
gradients and the efficiency of the Alfvénic electron acceleration (Hess
et al., 2013a, 2013b). Further quantitative models would be required to
identify the most relevant factors explaining our observations.

The second row of Fig. 10 shows an evolution of the Io footprint. The
footprint was bright and a secondary spot trailing the main spot was
clearly visible at the start of the observations. The interspot distance was
increasing until the end of visit c43. One hour later, on the first image of
the next visit (c44), the secondary spot was not present anymore and the
main spot was much fainter. The decreasing brightness and the
increasing interspot distance from ~145° to 165° SIII longitude are
again consistent with the previously published explanations of Io’s
footprint which predict such variations by the motion of Io inside the
plasma torus, going away from the dense torus center (Gérard et al.,
2006; Bonfond et al., 2009, 2013a; Wannawichian et al., 2010).

During the observations on top of Fig. 10, a tail can be seen following
Ganymede’s footprint (orange arrow) during the main part of the visit.
Observations of Ganymede footprint tail were surveyed by Bonfond
et al. (2017¢) and Hue et al. (2023). Its detection with HST is rare since
its brightness needs to exceed the outer background emissions and
auroral injection signatures found along the Ganymede footprint path.
Like for all the previous observations of Ganymede footprint tails, this
new observation shows the tail in the 103° - 170° SIII longitude range,
where Ganymede moves from the center of the plasma sheet to its
northernmost centrifugal latitude (Bonfond et al., 2017c).

Another observation of Ganymede footprint tail is displayed on the
last row of Fig. 10. The tail is again found in the same longitudinal sector
but contrary to the first example, it was present only during a short time,
namely less than three minutes. The rapidity of the appearance and
disappearance of such a long coherent structure is noteworthy. Indeed,
the footprint tails are thought to stem from multiple Alfvén waves re-
flections downstream of the moon (Bonfond et al., 2017c), which are
phenomena taking several tens of minutes to hours. However, auroral
footprint emissions require not only an initial energy source (the local
moon-magnetosphere interaction in the equatorial plane), but also
favorable conditions for this energy to be reflected or transmitted to
higher latitudes and favorable conditions for the acceleration of the
charged particles that will precipitate into the atmosphere. Hence the
rapid fluctuations of the tail brightness are more likely linked to pro-
cesses close to the planet than to local perturbations close to the moon.
For example, intermittent acceleration structures, called double layers,
located around 0.2 R above Jupiter’s surface, could induce the transient
tail appearance. These structures drift away from the planet and
disappear after about 10 min (Hess et al., 2009) and are thought to cause
short timescale (24 min) brightness variations of all three moon foot-
prints (Grodent et al., 2009; Bonfond et al., 2013a, 2017a).

6. Summary

In this manuscript, we gave an overview of the HST campaign GO-
15638 and we described several structures observed in the aurora and
their dynamical behavior. This campaign shows that the Jovian auroral
activity is still high and complex despite taking place during a period
near the minimum of solar activity. Although the main emission is often
faint, internal magnetospheric processes can brighten it up through, for
instance, dawn storms and beads. The combination of HST and Juno-
UVS simultaneous observations provided evidence that conjugate
dawn storms evolve similarly in both hemispheres. We also highlighted
the dynamics within the main emission dawn arc, consisting in its
splitting into beads or the merging of beads, which likely reveal plasma
instabilities in the plasma sheet. In addition, a long observing sequence
showed that a secondary arc parallel to the main emission in the noon-
to-dusk local time sector can persist during several days.

Within the dynamic polar aurora, we highlighted the characteristics
of three types of emissions. The polar bright spots are localized transient
spots which can reappear with a period of tens of minutes. The quasi-
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periodic flares consist of rapid increase of brightness in the active re-
gion, lasting <30 s and with a periodicity of a few minutes. These two
types of emissions are internally-driven. Finally, the short-lived flares
greatly increase the brightness of the whole polar active region during a
few minutes. These powerful flares occur after a CIR hits the magneto-
sphere. This external disturbance leads also to a brightening of the main
emission dawn arc or a global brightening of the whole aurora.

Equatorward of the main emission, new rare observations of the tail
of the Ganymede’s auroral footprint were reported, one of them showing
a tail visible during a very short time. In addition, characteristics of the
Io’s footprint and their evolution with time prove to be consistent with
the observations and theoretical expectations described in the past.

We also highlighted some features which deserve further investiga-
tion to be understood, like the elongated arcs connecting the main
emission to the polar region, the so-called bridges, in the post-noon
sector. In addition, we reported for the first time a splitting of the
main emission into two narrow arcs at ~140-150° SIII longitude. This
splitting was seen to last for two Jupiter rotations. The current presence
of Juno around Jupiter and the wealth of its in situ data, not used here,
will definitely help the investigation of the processes generating all these
auroral structures.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.icarus.2023.115815.
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