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Abstract

In the magnetospheres of Jupiter and Saturn, the intense interaction of
the satellites Io, Europa, Ganymede and Enceladus with their surrounding
plasma environment leaves a signature in the aurora of the planet. Called
satellite footprints, these auroral features appear either as a single spot (Eu-
ropa and Enceladus) or as multiple spots (Io and Ganymede). Moreover,
they can be followed by extended trailing tails in the case of Io and Europa,
while no tail has been reported for Ganymede and Enceladus, yet. Here we
show that all Jovian footprints can be made of several spots. Furthermore,
the footprints all experience brightness variations on timescale of 2-3 min-
utes. We also demonstrate that the satellite location relative to the plasma
sheet is not the only driver for the footprint brightness, but that the plasma
environment and the magnetic field strength also play a role. These new find-
ings demonstrate that the Europa and Ganymede footprints are very similar
to the Io footprint. As a consequence, the processes expected to take place
at Io, such as the bi-directional electron acceleration by Alfvén waves or the
partial reflection of these waves on plasma density gradients, can most likely
be extended to the other footprints, suggesting that they are indeed universal
processes.
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1. Introduction1

A satellite footprint is an auroral emission related to the electromagnetic2

interaction between a moon and the magnetospheric plasma that surrounds3

the planet. These emissions appear close and downstream (as explained4

below) of both ionospheric ends of the magnetic field lines connecting the5

moon to the planet. The first one to be discovered was the Io footprint6

(IFP), initially detected in the infrared domain at 3.4 µm (Connerney et al.,7

1993), then in the Far-UV (FUV; 120-170 nm) (Prangé et al., 1996; Clarke8

et al., 1996) and in the visible domains (Vasavada et al., 1999). The Europa9

and Ganymede footprints have later been detected simultaneously with the10

Hubble Space Telescope (HST) (Clarke et al., 2002). The discovery of the11

Enceladus footprint on Saturn required close-up observations from the UVIS12

instrument on board Cassini (Pryor et al., 2011).13

The Io footprint is made of at least three distinct spots and an extended14

tail (Gérard et al., 2006; Bonfond et al., 2008). A shorter tail has also been15

seen for the Europa footprint (EFP) (Grodent et al., 2006) and a secondary16

spot has also been identified in the southern hemisphere for the Ganymede17

footprint (GFP) (Bonfond et al., 2013a).18

The foundations of this scenario rest on two categories of arguments:19

one based on geometry, which involves the location and relative motion of20

the footprint’s features (Connerney and Satoh, 2000; Gérard et al., 2006;21

Bonfond et al., 2008, e.g.), and one based on the physical processes at play22

in the satellite-magnetosphere interaction (Goldreich and Lynden-Bell, 1969;23

Neubauer, 1980; Hess et al., 2010, e.g.), which also deals the absolute and24

brightness of these auroral features.25

Being the brightest of all footprints, the Io footprint has been studied26

with the most details. According to the scenario depicted by Bonfond et al.27

(2013b) and Hess et al. (2013), the multiple spots of the IFP arise from a chain28

of processes. The magnetic moment of Jupiter is inclined by about 9◦
29

relative to its rotation axis. As a consequence, the magnetospheric30

plasma is densest along the centrifugal equator. The mass loss of31

Io forms a plasma torus at Io’s L-shell, which transforms into a32

plasma sheet at larger distances. At the radial distance of Io, the33

magnetospheric plasma almost corotates with the planet. Since Io34

rotates more slowly around the planet compared to the magneto-35
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spheric plasma, it forms an obstacle to the plasma flow, which is36

slowed down and diverted around the moon (Saur et al., 2004; Jia37

et al., 2009, and references therein). This interaction generates a dis-38

turbance propagating along the magnetic field lines in the rest frame of the39

moving plasma in the form of Alfvén waves (Neubauer, 1980). Alfvén waves40

propagate at the Alfvén velocity proportional to the magnetic field strength41

and inversely proportional to the square of the mass density. The ratio of42

plasma velocity in the satellite frame to Alfvén velocity is the Alfvén Mach43

number MA = v0
vA

. The loci of the the perturbations, called Alfvén wings, are44

inclined in the downstream direction compared to the undisturbed magnetic45

field lines by the angle ΘA = arctanMA. As they leave Io, the large scale46

Alfvén waves evolve into smaller scale filamented Alfvén waves (Chust et al.,47

2005). They then reach density gradients at the boundaries of the plasma48

torus and these waves get partially reflected back into the torus (Neubauer,49

1980). When the remaining transmitted Alfvén waves reach the high latitude50

region, approximately 1 RJ (Jovian radius) above the surface , they enter a51

region where wave particle interactions accelerates electrons in both direc-52

tions (Jones and Su, 2008; Hess et al., 2010). A fraction of these electrons53

directly precipitates into the closest auroral region and form the Main Alfvén54

Wing spot (MAW spot). The electrons accelerated in the opposite direction55

form an electron beam which follows the magnetic field line from the56

acceleration region above the planet surface in one hemisphere to57

the opposite hemisphere. Part of these electrons are mirrored back, form-58

ing a partially trapped bi-directional population downstream of Io (Williams59

et al., 1996; Jacobsen et al., 2010). Another fraction precipitates in the60

hemisphere opposite from the initial acceleration region, forming a Trans-61

hemispheric Electron Beam spot (TEB spot) (Bonfond et al., 2008). The62

Alfvén waves that have been partially reflected on one torus boundary may63

still get partially transmitted at the opposite boundary and end up forming64

the reflected Alfvén wing spot (RAW spot). The electron beams approxi-65

mately follow the magnetic field lines because of the large kinetic velocities66

of these electrons. On the other hand, the Alfvén wings are inclined with67

respect to the magnetic field because of the slower Alfvén velocity in the68

torus. These effects contributes to the complexity of the footprint patterns.69

Finally, in addition to the Alfvénic acceleration which provides most of the70

energy to the precipitating electrons, transient and upward migrating dou-71

ble layers structures observed from 0.07 to 0.3 RJ above the planet may72

provide some additional energy to these electrons (Hess et al., 2009). The73
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appearance and disappearance of these structures could be the source of the74

variability of the spots’ brightness on timescale of minutes (Bonfond et al.,75

2007, 2013b).76

Because of the tilt of the Jovian magnetic field relative to the orbital plane77

of the satellites, the latitude of the moons relative to the centrifugal equator78

varies approximately sinusoidally with their System III (SIII) longitude. The79

moons thus encounter plasma density variations as they move up and down80

the plasma torus/sheet. These variations impact both the strength of the81

electromagnetic interaction at the moon, and the path of the Alfvén wings.82

Ultimately they control the relative motion of the MAW, TEB and RAW83

spots (see Figure 1 and the animations provided as auxiliary material in84

Bonfond et al., 2013a). Moreover, the absolute spots’ brightness varies with85

the SIII longitude of Io and Ganymede (Bonfond et al., 2013b; Grodent et al.,86

2009). In the case of Io, the relative brightness of the spots varies with SIII as87

well. However, the location of Io relative to the center of the plasma torus is88

not the only parameter controlling the brightness of the spots. For example,89

the brightness of the Io footprint MAW southern spot is much higher around90

110◦SIII than around 290◦SIII , while Io is right in the center of the torus in91

both cases. First, the local interaction is controlled by the plasma density,92

the magnetic field strength, and the ionosphere of Io. All these parameters93

vary with SIII and which partially explains the difference between the two94

longitude ranges (Saur et al., 2013). However, alone, these variations of95

the local interaction are not sufficient to account for the observations and96

couldn’t explain the observed North/South brightness asymmetries (Bonfond97

et al., 2013b). Indeed, other important processes (waves transmission,98

electron acceleration, mirroring, etc.) occur further along the wings99

which are controlled by the magnetic field as well as the plasma densities100

and temperatures, e.g. in the torus and in acceleration region. The latter101

appears to significantly contribute to the variability (Hess et al., 2010; Hess102

et al., 2013). This indicates that it is not only the strength of the interaction103

at the satellite that controls the spots’ brightness but that the longitudinal104

and North-South asymmetries of the magnetic field also play a major role.105

In addition to these already complex variations as a function of the longi-106

tude, the brightness of the Io footprint spots may also display changes from107

one observation to another due to stochastic variability in Jupiter’s magne-108

tosphere. This was illustrated by Bonfond et al. (2012), as the Io footprint109

crossed the path of an emission blob most probably related to an injection110

signature (Mauk et al., 2002; Dumont et al., 2014). On this set of FUV111
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images, the IFP nearly disappears as it crosses the blob before re-emerging112

outside of it. The model of Payan et al. (2014) explains this behaviour113

through a localized increase of the torus density resulting in a stronger trap-114

ping of the Alfvén waves within the torus. Another study by Hess et al.115

(2013) also agrees that an increased torus density would decrease116

the wave transmission across the torus boundary. However these117

authors favour a decrease of the inertial Alfvén waves’ electron118

acceleration process accompanying an enhanced high energy elec-119

tron density at high latitude during injections as the most likely120

explanation for the observed disappearance of the IFP.121

If this scenario involving a chain of processes is correct for Io, then it122

should also apply for Europa and Ganymede. In the present study, we show123

that most phenomena described above concerning the Io footprint are indeed124

also observed for Europa and Ganymede, confirming that the processes at125

play at Io are also valid for the other Jovian satellites and thus are most126

likely universal.127

2. Image processing128

Most of the results presented here arise from two recent Hubble Space129

Telescope (HST) campaigns (GO 12883 and GO 13035) dedicated to the130

observation of the FUV aurorae at Jupiter. Since HST is an orbiting tele-131

scope, the observing blocks attributed to each campaign correspond to an132

orbit. In the present study, we focus on the imaging observations, which133

have been carried on with the time-tag mode and the Strontium Fluoride134

filter (∼130-182.5 nm) of the Space Telescope Imaging Spectrograph (STIS)135

FUV-MAMA (Multi-Anode Microchannel Array) channel. This mode allows136

1) a high spatial resolution with a platescale of 0.024 arcs per pixel and point137

spread function of approximately the same size at full width at half maxi-138

mum (FWHM), 2) a time resolution up to 10 s for images with a fair signal139

to noise ratio and 3) up to 45-minute long continuous sequences (Bonfond140

et al., 2011). In practice, in order to meet their various science ob-141

jectives, most observations campaigns were not designed in such142

a way that HST would continuously stare at one hemisphere for143

such a long time. The sequences considered here are between 6.5 and144

24.3 minute-long. The GO 12883 campaign was dedicated to alternating145

sequences from the southern and northern hemisphere. During campaign146

GO 13035, spectral observations have been inserted between two imaging se-147
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quences of the northern hemisphere (Badman et al., 2016; Tao et al., 2016).148

For parts of our study, we also include similar observations from the HST GO149

7308, GO 8171, GO 8657 and GO 9685 programs to improve our statistics.150

Some of these images were acquired as standard ”ACCUM” images rather151

than time-tag sequences. A sub-set of those were acquired with the CLEAR152

filter (∼115-185 nm), which has a slightly wider bandwidth including the H153

Lyman-α line.154

The dark counts, flat field and geometry corrections are applied to ev-155

ery 10-s long sub-exposures extracted from the timetag sequences using the156

typical ”Calstis” procedure from the Space Telescope Science Institute. Con-157

version coefficients from counts on the detector to the emitted brightness and158

power in the whole H2 Extreme and FUV range account for the synthetic H2159

spectrum as in Gustin et al. (2012). The color ratio of the EFP has not been160

measured yet and the color ratio of the GFP appears to be variable, since161

it has previously been measured to be as low as 1.8 (Gérard et al., 2014)162

and as high as 6.7 (Gustin et al., 2016) on different datasets using the same163

technique. For this reason, we chose here to use a canonical value of 2.5. It164

should however be noted that changing the color ratio would only modify the165

observed brightness and emitted power reported here by 15%, and it would166

not impact our conclusions.167

In light of the findings based on this new dataset, it is sometimes found168

useful to complement the analysis with HST FUV images acquired with the169

ACS (Advanced Camera for Surveys) instrument . The images, acquired170

in ”ACCUM” mode with either the F115LP (115-200 nm) or the F125LP171

(∼125-200 nm) filters, are also processed using the pipeline from the Space172

Telescope Science Institute before converting counts to brightness or power173

units using the appropriate coefficients from Gustin et al. (2012).174

Because the planetary limb is less crisp on STIS images than on ACS175

images, the determination of the planetary center on the images (necessary176

for locating the auroral features on the planet) using an automated limb177

fitting method (Bonfond, 2009) is sometimes found too inaccurate and the178

fit has to be refined manually. The auroral emissions are isolated from the179

planetary background using the method described in (Bonfond et al., 2011).180
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3. The satellite footprint brightness181

3.1. Sudden dimming of the satellite footprint power182

The power emitted by the satellite footprint spots in each hemisphere183

essentially varies with the SIII longitude of the satellite. Furthermore, sharp184

variations of the spots’ brightness have been observed on timescales of min-185

utes or tens of minutes (Bonfond et al., 2007, 2013b; Grodent et al., 2009).186

In the case of the Ganymede footprint, Grodent et al. (2009) suggested that187

brightness fluctuations within 10 to 40 minutes are related to the encounter188

between Ganymede and plasma injections. Furthermore, Bonfond et al.189

(2012) reported a case of disappearance of the Io footprint as it was crossing190

a blob of auroral emission located at an unusually low latitude.191

Figure 2 shows an example of temporary disappearance of the Ganymede192

footprint’s spot that took place on 11 January 2014. This series of 3 images193

comes from 2 consecutive timetag sequences from the same HST orbit. Yel-194

low arrows indicate the Ganymede footprint main spot as it crosses a faint195

and SIII fixed blob of emission in the outer emissions region. In the first im-196

age, which corresponds to the first 100 s of the first sequence (at 19:39UT),197

the total power of the GFP main spot is ∼7.0 GW and its apparent peak198

brightness is 1100 kR. The maximum brightness in the blob region is 360 kR.199

The second image corresponds to the first 100 seconds of the second time-tag200

sequence and is taken at 20:09 (i.e. 30 minutes after the first image). In this201

image, the GFP spot is now located in the middle of the blob, and the peak202

brightness of the merging of the two features is 540 kR only (i.e. much less203

than the sum of both GFP and blob brightness and even much less than204

the initial GFP brightness). The decrease of the GFP spot’s brightness is205

already apparent at the end of the first sequences, starting around 19:48 as206

it enters the blob. When it re-emerges from the other side of the blob the207

peak brightness suddenly increases (around 20:13) and the spot head is then208

followed by a faint tail connected to the blob. The third image corresponds209

to the last 100s of the second time-tag sequence and the integrated power210

over then spot is at least 5.2 GW and the peak brightness is 1470 kR.211

This case of footprint extinction, lasting for ∼ 25 minutes is very similar212

to the one already observed for the IFP and the process at play is most213

likely the same. Additionally, these clear cases of relationship between the214

footprints’ brightness and the local plasma environment may explain the large215

scatter of brightness for the Europa and Ganymede footprints compared to216

the Io footprint (Grodent et al., 2009; Wannawichian et al., 2010). Indeed,217
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the injection signatures are very frequent and located poleward of the Io218

footprint contour up to the main emission (Dumont et al., 2014). It should219

be noted that the case of a blob located as equatorward as the Io footprint220

(i.e. as radially inward as Io in the equatorial plan) as described in Bonfond221

et al. (2012) is unique in the whole HST FUV image database.222

3.2. North-South comparisons of the GFP and EFP emitted power223

Visits from the GO 12883 HST campaign alternated images of the south-224

ern (S) and northern (N) hemispheres five times in a S-N-S sequences and225

then twice in a S-N sequence. Ten minutes separate the end of a timetag se-226

quence and the beginning of the next one, thus allowing a direct comparison227

of the emitted power of the Ganymede footprint between the hemispheres.228

The footprint spots are selected manually on summed images after compen-229

sating for the motion of the footprint from frame to frame. In order to230

account for the background contamination, we manually selected an area231

of the same shape and size just next to the spot and removed the power232

from this area from the one of the spot in consideration. On two cases, it233

was also possible to apply the same method for the EFP spot. The results234

for the EFP main spots are shown on Figure 3. On this figure, it can be235

seen that, for a given orbit, the northern spot was most of the time dimmer236

than the southern one in the longitude range under consideration. Around237

110◦ SIII , the satellite exits the center of the plasma sheet on its way to238

its northern-most centrifugal latitude at a SIII longitude of ∼ 200◦. Such a239

trend is similar to the one reported for the IFP for the same longitude range240

(Bonfond et al., 2013b). Because the southern Alfvén wing crosses a larger241

portion of the plasma sheet and yet the southern spot is more powerful, this242

indicates that the magnetic field asymmetry is the most likely source of the243

brightness asymmetry. In this SIII longitude range, magnetic field models244

predict a stronger field intensity in the North than in the South.245

The exposure time used to draw the plot is 30 s, while the time step246

between two points is 10 s. The short exposures made possible by the use247

of the timetag mode also reveal the large variability of the Europa footprint248

on timescales of minutes. Despite the weakness of the EFP, this ∼50% vari-249

ability is not an artefact of a poor signal to noise ratio, as demonstrated by250

the error bars on Figure 4. This plot shows a zoom on the last points of251

the previous plot, with the abscissa expressed in units of time rather than252

longitudes. The time interval between two consecutive peaks is 130 s. Such253

a short timescale variability had already been highlighted for the Io and254
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the Ganymede footprints (Bonfond et al., 2007; Grodent et al., 2009). It has255

been attributed to either a signature of pulsed reconnection on the Ganymede256

magnetopause (Jia et al., 2008; Grodent et al., 2009) or to a signature of the257

quasi-periodic apparition and migration of double layer structures in the Jo-258

vian ionosphere (Hess et al., 2009; Bonfond et al., 2013b). While the first259

explanation can only be valid for the Ganymede footprint, the second one260

might apply for the three footprints. It is noteworthy that the two processes261

may also take place at the same time.262

Figure 5 is similar to Figure 3, but for the Ganymede footprint. In some263

images of the southern hemisphere, a second (downstream) spot was also264

apparent and its power is shown with an x symbol while the main spot is265

shown with a + symbol. This downstream spot is systematically brighter266

than the upstream one, a situation that has occasionally been seen for the Io267

footprint in the southern hemisphere for the same longitude range (Bonfond,268

2010; Bonfond et al., 2013b). In the northern hemisphere, only one spot269

can be identified and its emitted power is reported with diamond symbols.270

Surprisingly and contrary to the two other footprints, there is no clear trend271

as to which hemisphere has the brightest spots. From one day to another, the272

absolute and relative power of the spots for an identical longitude range can273

be very different. For example, in the 100 to 115◦ range, only one spot can274

be identified in each hemisphere and the northern spot is much brighter than275

the southern one on 14 November 2012, while the southern spot is slightly276

brighter on 25 January 2013.277

The reason of such large discrepancies from one observation to another278

is unclear. First of all, in the southern images, the spots are very close to279

the limb and to the main emission. We tried to mitigate this contamination280

by carefully subtracting background emissions from the vicinity of the spots.281

However, because the background selection is manual and, more im-282

portantly, because short scale fluctuations of the background emis-283

sion cannot be totally excluded, some hard-to-estimate (most prob-284

ably ¡20%) uncertainty still remains and has not been accounted for to285

draw the error bars on Figure 5. Assuming that these values are correct,286

one possible reason for the differences from one day to another would lie287

in the varying plasma condition (plasma density, temperature, composition288

and magnetic field strength) encountered by the satellite. For example, these289

parameters will affect the variability the power of the wave energy generated290

at Ganymede, but these parameters may also affect the filamentation of the291

Alfvén waves as well as the transmission coefficients at the plasma sheet292
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boundary.293

It is noteworthy that large (a factor of 2) and significant short-timescale294

(2-3 minutes) brightness variations of the GFP are also reported in this295

dataset, in accordance to previous results (Grodent et al., 2009) and sim-296

ilarly the variability of the EFP reported here above.297

4. Length of the Europa footprint’s spot298

The size of the footprint spots is expected to be related to the size of the299

interaction region of the satellite. It is however important to be clear about300

what is meant by this ”size”, as the footprint spots have a length along301

the footpath (broadly longitudinal), a width across this footpath (broadly302

latitudinal) and a vertical extent. For example, the IFP MAW spot is ∼850303

km long (corresponding 3-4 Io diameters), <200 km wide (corresponding304

to <2 Io diameters) (Bonfond, 2010). Indeed, the azimuthal extent of the305

Alfvén wing away from the satellite is larger than its radial extent, due to the306

pile-up of the field lines at the front of the obstacle. Moreover, additional307

effects due to the non-linear nature of the interaction can further increase308

the width of the Alfvén wing in the azimuthal direction (Jacobsen et al.,309

2007). The width of the auroral spots is thus expected to provide a more310

reliable estimate of the size of the interaction region at the moon, but it is311

much more difficult to measure on the HST images and not good case has312

been found for the EFP.313

Grodent et al. (2006) reported a maximum value of 1100 km for the314

FWHM for the length of the Europa footprint’s spot, corresponding to ∼15315

times the size of Europa mapped to the Jovian ionosphere along magnetic316

field lines. Such a value is larger, both relatively and in absolute value,317

than the Io footprint main spot (∼850 km, corresponding 3-4 Io diameters318

(Bonfond, 2010)). This result is surprising, since it would indicate that the319

interaction region at Europa would be ∼4 times larger than the interaction320

region at Io, despite the much thicker atmosphere and gas outflow rate of the321

latter. However, this result was obtained from one unique case, measured on322

a smoothed sum of 16 100 s-long exposures acquired with the ACS instrument323

(0.033 arcsec/pixel, 3-pixel wide PSF). Here we re-examine the length of the324

Europa footprint main spot based on 5 timetag sequences and 17 ACCUM325

images acquired with the STIS instrument (0.024 arcsec/pixel, 1-pixel wide326

PSF). In order to only keep images with the footprint as perpendicular as327

possible to the line of sight, we restricted our selection to spots located less328
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than 30◦ away from the CML (central meridian line). Moreover, the long329

time-tag sequences were split into several consecutive 100s sub-exposures.330

As a consequence, the total number of images in consideration is331

40: 22 for the North and 18 for the South.332

The method used to measure the length of the EFP is similar333

to the one used by Bonfond (2010) for the Io footprint MAW spot.334

It consists in building a stripe containing the EFP as shown on the335

top of Figure 6. The X-direction corresponds to the mapping of336

the reference contour of the EFP on the image, with each pixel of337

the stripe corresponding to 25 km on the planet. The Y-direction338

corresponds to altitudes ranging from 525 km to 1275 km with339

steps of 75 km. The brightness is then accumulated over 675 km340

centred on the brightness peak along the vertical direction in order341

to obtain a brightness profile. On the example shown on the top342

of Figure 6, this corresponds to the space between the yellow lines.343

The background emission next to the EFP is removed (show as a344

thick line) and the profile is further smoothed over 150 km in order345

to measure the FWHM, as illustrated in the plot at the bottom of346

Figure 6.347

In the northern (southern) hemisphere, the mean FWHM of the EFP spot348

main spot is ∼555 km (620 km), the median value is ∼575 km (650 km) and349

the standard deviation is ∼235 km (215 km). Whatever the hemisphere, such350

values correspond to ∼6 times the projected diameter of Europa along the351

magnetic field lines. This ratio is only slightly larger then the one observed352

for Io, using a similar method. Similarly to the Io case, we can only conclude353

that the size of the interaction region is <6 times the size of Europa itself.354

5. Footprint spots multiplicity355

5.1. Ganymede footprint spots multiplicity356

The evolution of the distance between the MAW spot and a secondary357

spot as a function of the moon’s SIII longitude varies with both the nature358

of the latter (i.e. either a TEB or a RAW spot) and the hemisphere in359

consideration. For a TEB spot, the distance is null when the moon is at the360

center of the plasma torus/sheet and maximum on the edge, whatever the361

hemisphere (but it will appear either upstream or downstream of the MAW362

spot). For a RAW spot in the northern hemisphere, the distance is maximum363

when it moon is at its northern-most centrifugal longitude (i.e. around 200◦
364
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SIII) and minimum when it moon is at its southern-most centrifugal longitude365

(i.e. around 20◦ SIII), and vice-versa for the southern RAW spot (see the366

bottom panel of Figure 8). Bonfond et al. (2013a) reported the identifications367

of pairs of spots belonging to the Ganymede footprint. They also showed that368

the relative motion between these spots is consistent with the motion between369

a MAW spot and a TEB spot. However, all the reported cases took place370

in the southern hemisphere. Images from 13 January 2014 distinctly show371

the presence of a pair of spots whose motion in polar maps fixed in System372

III relate to the Ganymede footprint (see the top panel of Figure 7). At this373

time, Ganymede was located at 59◦ SIII at the beginning of the sequence374

and at 66◦ SIII at the end of the sequence. For these longitudes, Ganymede375

is located south-ward of the center of the plasma sheet and approaches it.376

The spots were initially ∼6000 km apart and this distance progressively377

diminishes to ∼2200 km 45 minutes later (see the diamond symbols on Figure378

8). Qualitatively, the motion of these spots is fully consistent with the379

interpretation by Bonfond et al. (2013a) of this pair of spots in the380

southern hemisphere, i.e. with an upstream spot being a TEB spot and the381

generally brighter spot being a MAW spot. Should the two spots be a MAW382

spot and a RAW spot, the inter-spot distance would have increased, contrary383

to the observation. Finally, the rapid decrease of the inter-spot distance is384

possibly related to the presence of a magnetic anomaly in this longitude385

range, since the surface magnetic field is expected to be quite weak there386

(Grodent et al., 2008).387

In light of this finding, the whole database of HST images acquired with388

the STIS and ACS instruments has been reinvestigated. No observation389

carried out in the same longitude range displays a pair of spots. However,390

two other clear cases of spot pairs are found on 25 April 2005 and on 27391

March 2006 (also shown in Figure 7). Ganymede was in the SIII longitude392

range between 189◦ and 212◦ in the first case and between 258◦ and 281◦
393

in the second case. At these longitudes, Ganymede is at its northern-most394

centrifugal latitude (around 200◦SIII) and comes back towards the center395

of the plasma sheet. Again, the spots appear to get closer to each other396

as time passes. However, in this longitude range, both scenarios (i.e. the397

secondary spot being either a TEB spot or a RAW spot) would lead to the398

same behaviour.399
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5.2. Europa footprint spots multiplicity400

As discussed in section 3.1, the Europa footprint is generally the weak-401

est of the three known footprints on Jupiter. Even when it is supposed to402

evolve in regions devoid of injection signatures or other auroral emissions, its403

brightness can be so low that it falls below the detection threshold (a few kR,404

depending on the instrument and filter in use, but mostly on the background405

auroral emissions). This weakness is related to the lower amount of Poynting406

flux generated at Europa compared to Io and Ganymede, which is related407

to the source, strength and size of the interaction region (Hess et al., 2011a;408

Saur et al., 2013).409

Despite this difficulty, a careful inspection of all images for which geom-410

etry is compatible with the observation of the Europa footprint results in411

the discovery of a pair of spots belonging to this footprint in the southern412

hemisphere (Figure 9). This HST orbit took place on 15 August 1999 and413

consists of three images acquired at 14:25, 14:30 and 14:41 in the southern414

hemisphere and one at 14:54 in the northern hemisphere. In SIII fixed polar415

projection, one can clearly distinguish a pair of spots moving synchronously416

close to the expected location of the feet of the magnetic field lines passing417

through Europa in the last two images in the South. Such a motion is typ-418

ical of footprints (the Io footprint moves in a similar fashion on the same419

sequence) and clearly differs from all the other auroral features of the outer420

emissions. An elongated spot is also present downstream of the main spot421

in the subsequent image in the North. On the first image of the sequence,422

a secondary spot cannot be clearly identified. The Europa SIII longitude is423

136◦, 139◦, 145◦ and 151◦, respectively. For this longitude range, Europa is424

essentially halfway between the sheet’s center (∼110◦SIII) and its northern-425

most centrifugal latitude (∼200◦SIII). The inter-spot distance is 1350 km426

and 1600 km for the two southern images and 3000 km for the northern one.427

When the location of the spots are mapped back into the equatorial plane428

according to the EFP reference oval (Hess et al., 2011b), the inter-spot429

distance represents a longitudinal interval of 2.5◦, 3◦ (South) and 12◦ (North).430

A larger inter-spot distance in the North compared to the South while Europa431

is northward of the plasma sheet’s center is compatible with these secondary432

spots being RAW spots, rather than TEB spots.433

It should be noted, that in the case of the IFP, where both RAW and TEB434

spots are simultaneously observed, the relative brightness of these spots varies435

with System III (Bonfond et al., 2013b). Moreover, in section 3.2, we have436

seen that not only the absolute brightness, but also the relative brightness of437
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the GFP spots could vary from one observation to another for a given SIII438

longitude. Should the EFP behave in the same way, then it might explain439

the rarity (one unique case so far) of the observation of a secondary spot as440

bright as the main one.441

6. Conclusions442

The complexity and the variability Io footprint morphology can be suc-443

cessfully explained by a combination of Alfvén waves partial reflection and444

the generation of electron beams in one hemisphere precipitating into the445

opposite hemisphere (Bonfond et al., 2008, 2013b; Hess et al., 2010; Hess446

et al., 2013). However if this scenario is correct, then it was not clear why447

the other footprints did not show the same features and variability as the Io448

footprint. In the present study, based on a new and better suited dataset449

of HST STIS timetag sequences, completed by the wealth of high resolution450

images gathered by the STIS and ACS cameras since 1997, we show that the451

Europa and Ganymede footprints actually display, at least occasionally, the452

same morphology and behaviour as the Io footprint. Specifically, we show453

here examples where the Europa footprint and the Ganymede footprint can454

both be made of at least two spots. Moreover, we show that the fluctu-455

ations of the inter-spot distances and the spots’ brightness of the456

EFP and GFP are also formally similar to those observed for the Io457

footprint. It is noteworthy that these observations constitutes an458

argument in favour of the universality of the auroral outcome of the459

satellite-magnetosphere interactions which actually is independent460

from theoretical considerations.461

In the case of the Ganymede footprint, we now have multiple observations462

of pairs of spots in both hemispheres and the inter-spot distances are com-463

patible with the scenario of trans-hemispheric electron beams. However, the464

secondary spots are not systematically observed on the HST images, per-465

haps due to the limited sensitivity of the detectors. It is also shown that466

both the absolute and relative brightness of the spots, as well as the inter-467

spot distance (Bonfond et al., 2013a), strongly varies from one observation468

to another. This suggests that the state of the plasma environment (i.e. the469

plasma density, temperature and composition, together with the magnetic470

field strength) interacting with Ganymede most probably controls these pa-471

rameters. Additionally, a sequence during which the GFP main spot vanishes472

for several minutes as it crosses an injection signature has been identified,473
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further strengthening this conclusion. It is noteworthy that a similar case of474

disappearance of the IFP while crossing an injection signature has already475

been reported (Bonfond et al., 2012).476

In the case of the Europa footprint, the only detection of secondary spots477

relies on observations carried on a unique day. Fortunately, this set of images478

is made of quasi-simultaneous images of both hemispheres and hints of a479

secondary spot are seen both in the South and in the North. A larger inter-480

spot distance in the northern hemisphere than in the southern one while481

Europa is north-ward of the plasma sheet suggests that the downstream spot482

is a Reflected Alfvén Wing spot. This implies that the density gradients483

in the plasma sheet can (at least occasionally) be large enough to trigger484

significant reflections of the Alfvén waves launched at Europa.485

While at Io, both types of secondary spots are seen (with variable relative486

and absolute brightnesses as a function of System III), it remains surprising487

that one type dominates at Europa and another one at Ganymede. It should488

nevertheless be noted that the number of positive detection remains small.489

Additionally and similarly to the IFP case (Bonfond et al., 2013b), the rel-490

ative and absolute brightness of the spots can significantly vary from one491

observation to another. Furthermore, secondary spots are not always seen,492

even for observations carried out in similar geometries. A detailed theo-493

retical analysis of all the processes leading to various spots of the satellite494

footprints would thus be required to explain this apparent discrepancy. On495

the other hand, more detailed observations from Juno’s UV Spectrograph496

(UVS) (Gladstone et al., 2014) might also help identifying spots too faint497

for HST’s instruments. Similarly, close-up views of Saturn’s aurorae may re-498

veal additional spots for the Enceladus footprint. However, because Saturn’s499

magnetic dipole axis and rotation axis are almost co-aligned, Enceladus does500

not move up and down the plasma sheet. Thus the relative motion of the501

spots will not help determining their nature.502

A re-analysis of the size of the Europa footprint main spot, carried out on503

a larger and better suited dataset of STIS images, shows that FWHM of the504

footprint is ∼ 600 km and maps to area ∼ 6 times larger than Europa505

in the azimuthal direction. Again, such a ratio is similar to the ratio found506

for the Io footprint, suggesting that the processes at play are the same and507

that the interaction region is most likely limited to the satellite’s extended508

atmosphere.509

Finally, large brightness variations of the EFP’s main spot have been510

identified on timescales of minutes, similarly to Io’s and Ganymede’s cases.511
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A possible scenario for such a behaviour that would work for all footprints512

could be related to the quasi-periodic formation of upward migrating double513

layer structures in the ionosphere (Hess et al., 2009; Bonfond et al., 2013b).514

It is now clear that the plasma environment (particle energy distribution,515

density, composition, magnetic field strength, etc.) has a measurable influ-516

ence on the footprints’ spots relative and absolute brightness and position.517

Such obvious variabilities carries the hope that observations of the satellite518

footprints could provide a precious diagnostic of the state of the magneto-519

sphere when and where in-situ measurements are not available. However,520

such a task would require quantitative estimates of all the processes at play521

and additional observational and modelling efforts will be necessary. Hence522

ongoing (HST, Cassini, Hisaki, Juno) and future (JUICE, Europa Mission)523

missions will provide unique opportunities to verify and calibrate the influ-524

ence of the plasma environment on the footprints.525
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Figure 1: Scheme of the Alfvén wing reflection pattern and Trans-hemispheric Electron
Beams (TEB, shown in red) when Io is in its northern-most (top), central (middle) or
southern-most position relative to the plasma torus (shown in yellow). The Main Alfvén
Wing (MAW) is shown in blue and the reflected one is shown in blue. On the top panel,
in the North, the distance between the MAW spot and the TEB spot (DTEB) is maximal
as well as the distance between the MAW spot and the RAW spot (DRAW ). Note that in
a linear case, maxDRAW ∼ 2 maxDTEB . In the South, DTEB is also maximal, but the
TEB spot is now upstream of the MAW spot. DRAW reaches its minimum. When Io is in
the center of the torus (middle panel) the situation in the two hemispheres is symmetric,
and the TEB spots are merged with the RAW spots.
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Figure 2: Image (left) and polar projection (right) of the southern aurorae observed by
the HST/STIS instrument with the SrF2 filter on 11 January 2014 starting at 19:39, 20:09
and 20:19. The projection altitude is 400 km. The thin solid line in the polar projec-
tion is the main oval reference contour from February 2007 (i.e. compressed
oval)(Bonfond et al., 2012). In the middle of the HST orbit, the Ganymede footprint
vanishes as it crosses a faint outer emission blob.
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25 January 2013

9 March 2013South

North

Figure 3: Plot of the Europa footprint main spot emitted power. The stars and dia-
monds represent observations in the northern hemisphere and in the southern hemisphere,
respectively. Each color accounts for a specific date. Assuming that the noise can
be modelled as a Poisson process, the uncertainty estimate is computed as
the square root of the total number of counts in the region of interest before
background subtraction. An error bar representative for all cases is shown in
black.
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130 s

Figure 4: Zoom on the last series of points of Figure 3, except that the x-axis is expressed
in units of time rather than longitudes. Significant brightness variations on timescales of
∼2 minutes can be seen. The error bars are computed assuming that the counts
in the region of interest follow a Poisson distribution.
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Northern spot
1st Southern spot
2nd Southern spot

Figure 5: Plot of the Ganymede footprint spots emitted power. The diamonds and crosses
represent observations in the northern hemisphere and in the southern hemisphere, re-
spectively. When two spots are visible in the southern hemisphere, the first one is shown
with a + cross and the second one with a x cross. Each color accounts for a specific date.
The error bar shown in pink is representative for all cases and is computed
assuming that the counts in the region of interest follow a Poisson distribution.
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Figure 6: Plot of the Europa footprint brightness profile based on the image acquired on
26 February 2003 at 00:49:15. The EFP stripe extracted from the image is shown
on top and the plot is only based on the area between the yellow lines. The
error bars are computed assuming that the counts in the region of interest
follow a Poisson distribution. The horizontal dashed line is set at half the
peak brightness and the two dotted vertical lines show the width at half max-
imum. The thicker portion of the profile indicates the area where the residual
background is selected before subtraction.
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Figure 7: (Top panel) Image (left) and polar projection (right) of the northern aurorae
observed by the HST/STIS instrument on 13 January 2014 at 02:05. The middle and the
bottom panels show images and polar projections of ACS images from 25 April 2005 and 27
March 2006, respectively. The thin solid line in the polar projection is the main
oval reference contour from February 2007 (i.e. compressed oval)(Bonfond
et al., 2012). The arrows highlight the pair of spots belonging to the Ganymede footprint.

28



1

0.6

0.4

0.2

0

0.8

°

MAW-TEB

MAW-RAW South

MAW-RAW North 

Figure 8: (Top) Inter-spot distance between the two spots of the Ganymede footprint
in the northern hemisphere. The diamonds represent STIS observations and the + signs
represent ACS observations. The error bars assume a selection uncertainty of 1 pixel for
the first spot and 2 pixels for the second one. (bottom) The solid line qualitatively shows
the expected dependence of the distance for a trans-hemispheric electron beam spot. These
distances are shown in arbitrary units because the nature of the secondary spot (TEB or
RAW) and the exact Alfvén travel time is a priori unknown (and varies from footprint to
footprint). The dashed and dotted lines represent the expected dependence of the distance
for a reflected Alfvén wing spot in the northern and southern hemispheres, respectively.
The decreasing distance in the 50-90◦ strongly suggests that the observed secondary spot
is a TEB spot.
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Figure 9: Images (left) and polar projections (right) of the southern (S) and northern (N)
aurorae observed by the HST/STIS instrument on 15 August 1999 at 14:25 (S), 14:30 (S),
14:41 (S) and 14:54 (N). All images are 100s long exposures with the CLEAR filter, except
the second one, which is a 179s long exposure with the Strontium Fluoride filter. The
thin solid line in the polar projection is the main oval reference contour from
February 2007 (i.e. compressed oval)(Bonfond et al., 2012). The arrows highlight
the spots belonging to the Europa footprint. In the top images, only one spot appears to
be part of the EFP, while two spots can be identified on the 3 subsequent ones.
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