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Abstract 37 

Stunning aurorae are mainly produced when accelerated electrons travel along magnetic 38 
field lines to collide with the atmosphere. The motion of electrons often corresponds to the 39 
evolution of a magnetic field-aligned current (FAC) system. In the terrestrial 40 
magnetosphere, the current system is formed at the nightside sector, and thus produces an 41 
auroral bulge at night. Due to the different energy sources between Saturn and the Earth, it 42 
is expected that their auroral current systems are fundamentally different, although the 43 
specific auroral driver at Saturn is poorly understood. Using simultaneous measurements 44 
of the aurora, particles, magnetic fields, and energetic neutral atoms, we reveal that a chain 45 
of paired currents, each of which includes a downward and an upward current branch, is 46 
formed in Saturn’s magnetosphere that generates separated auroral patches. These findings 47 
inform similar auroral current structures between the Earth and Saturn, while the difference 48 
is that Saturn’s unique mass and energy sources lead to a rotational characteristic.  49 

 50 
Keywords: Planetary magnetospheres (997), Saturn (1426), Aurorae (2192). 51 
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 53 
 54 

1. Introduction 55 

The global magnetic field of a planet can fend off the solar wind particles to form 56 
a magnetosphere. Various dynamic processes in the magnetosphere can accelerate particles 57 
originating from the solar wind or the natural moons (i.e., volcanos and water vapor). The 58 
Earth’s magnetosphere is mainly driven by solar wind activities. Saturn’s magnetosphere 59 
is usually considered as a rotationally driven system, while it could be substantially 60 
modulated by solar wind activities. The rotationally driven processes stretch the 61 
magnetosphere to form a disc-like magnetic configuration, i.e., the magnetodisc. Beyond 62 
the magnetodisc, the solar wind shapes the magnetosphere to form a stretched magnetotail 63 
on the nightside. A number of observations at Earth have shown that many fundamental 64 
plasma processes like magnetic reconnection and dipolarization serve as the critical 65 
mechanisms in producing FAC wedge in the nightside magnetotail and powering the 66 
stunning auroral bulges in the ionosphere (Boström 1964; McPherron, Russell, & Aubry 67 
1973; Liu et al. 2015). Similarly, in the traditional model for Saturn’s and Jupiter’s 68 
magnetospheres, the rotationally-driven magnetic reconnection only occurs in the 69 
nightside. The reconnection site is triggered in the pre-night sector and can extend to the 70 
dawn-side magnetopause (Vasyliunas 1983).  71 

Several mysteries regarding Saturn’s magnetospheric dynamics can occur at all 72 
local times. For example, quasi-periodic energetic electron pulsations are one of the 73 
important phenomena in Saturn’s magnetosphere and are found at all local times  (Mitchell 74 
et al. 2016; Palmaerts et al. 2016b; Bader et al. 2019b). The quasi-periodic pulsations 75 
correlate with auroral pulsations and auroral hiss, and the latter is an indication of FACs 76 
(Mitchell et al. 2016; Bader et al. 2019b). However, the precise explanation of this 77 
pulsation has not been found yet. A recent study used a realistic plasma/field model 78 



 

 

3 

 

showing that the field line resonance’s third and fourth harmonic modes correspond to the 79 
quasi-periodic 1-hour pulsations (Rusaitis et al. 2021). Besides, a rotating auroral spiral 80 
structure was suggested to be related to the recurrence of magnetic dipolarization 81 
(Palmaerts et al. 2020). Further, the existence of auroral patches or auroral beads at Saturn 82 
may imply localized dynamic processes like shear flow ballooning instability (Radioti et 83 
al. 2019). These studies suggest that the magnetospheric dynamics driving aurorae in the 84 
ionosphere are complex and cannot be explained simply with traditional theories, urging 85 
for an improved model for the global Saturnian auroral processes.   86 

Recent studies of Saturn’s magnetosphere revealed that magnetic reconnection can 87 
also take place in the dayside magnetodisc (Guo et al. 2018a), which was unexpected from 88 
the traditional model. Comparing to the traditional nightside reconnection, the length scales 89 
of the dayside magnetodisc reconnection are relatively small (Delamere et al. 2015; Guo 90 
et al. 2018b). A further study demonstrates that the multiple small-scale reconnection 91 
regions are discretely distributed at all local times and are rotating with Saturn’s 92 
magnetosphere (Guo et al. 2019). Besides the reconnection sites, recurrent magnetospheric 93 
dipolarization was also uncovered at Saturn’s dayside magnetosphere (Yao et al. 2018). 94 
The discoveries of dayside magnetodisc reconnection and dipolarization provide crucial 95 
implications for interpreting the dayside auroral emissions on giant planets, which were 96 
often attributed to processes taking place on the magnetopause (Radioti et al. 2013). The 97 
rotating feature of the reconnection sites (Guo et al. 2019) and the recurrent dipolarization 98 
(Yao et al. 2018) also indicate a new cycling model that can advance the understanding of 99 
rotating phenomena in Saturn’s magnetosphere and ionosphere.  100 

In this letter, using observational data from Cassini, phenomena in both Saturn’s 101 
magnetosphere and ionosphere are physically connected. We show that FACs chain the 102 
accelerated particles near the magnetosphere equator and auroral emission. More 103 
importantly, those chains rotate and act on a larger area than expected in traditional 104 
knowledge, i.e., also at dayside. 105 
 106 
 107 

2. Observational Results  108 

2.1. Rotating main auroral patches (RMAPs) and their magnetospheric context 109 

Energetic particles are one of the major products in a magnetospheric region 110 
disturbed by various instabilities where particles are energized, and the magnetic 111 
morphology is distorted. Collisions between the energetic particles and background cold 112 
atoms can produce energetic neutral atoms (ENA) that could directly be imaged by the ion 113 
and neutral camera (INCA) on the Magnetosphere Imaging Instrument (MIMI) onboard 114 
Cassini (Krimigis et al. 2004). Fig. 1a displays an image of the ENA in Saturn’s active 115 
magnetosphere on July 15th, 2008. The resolution of the ENA image recorded by Cassini 116 
was insufficient to reveal the details of the active regions. The field of view (FOV) was 117 
also limited and could not cover ENA information from all local times. Fortunately, during 118 
this time, the Cassini Ultraviolet Imaging Spectrograph (UVIS) instrument (Esposito et al. 119 
2004) provided contemporaneous auroral counterparts for these magnetospheric events. 120 
Fig. 1b-1d display three selected auroral images in the southern ionosphere. (The whole 121 



 

 

4 

 

consecutive sequence of the auroral images is shown in Fig. A1 in the Appendix. The 122 
images are projected on a polar map and viewed from above the north pole. From this point 123 
of view, a west-to-east rotation corresponds to a counterclockwise motion.).  124 

 125 
 126 

 127 

Figure 1. Connected phenomena due to the coupling processes between the 128 
ionosphere and magnetosphere. (a) 24–55 keV hydrogen ENA image recorded by the 129 
INCA instrument onboard Cassini from Saturn’s southern hemisphere. (b-d) Images of the 130 
southern aurora from the Cassini-UVIS instrument and Cassini’s magnetic footprint 131 
(magenta dot). The viewpoint is set above the north pole. So, the rotating direction is 132 
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anticlockwise for aurora but clockwise for ENA. The yellow dashed curve in (b) outlines 133 
patches ‘1’, ‘2’, and ‘3’, which is also simply mapped on the ENA image in (a) by 134 
considering only the corresponding Local Time but not the radial distance. (e) ENA images 135 
(the same time as shown in Fig. 1a) mapping on the equatorial plane while viewed from 136 
above the north pole. The Sun is on the left side of the plot. The two cyan curves represent 137 
the bow shock and magnetopause for presenting their relative positions to Saturn. The 138 
simultaneous aurora image (the same time as shown in Fig. 1b) is shown in the center of 139 
the plot. The yellow dashed curves accompanied with red numbers represent the auroral 140 
patches to show their local times (not mapping positions) relative to the ENA brightening 141 
area. The white curve with an arrow represents the rotation direction of the ENA, auroral 142 
patches, and the magnetosphere. The red dashed curve with an arrow represents the relative 143 
trajectory of Cassini due to the rotation of the magnetosphere. The auroral patches ‘1-3’ 144 
and the ENA brightening area collocated in the local time, while there is no ENA 145 
information for auroral patch ‘4’ due to the limitation of the field of view of the MIMI-146 
INCA instrument. (f) Perturbations of the magnetic field recorded by the MAG instrument 147 
(Dougherty et al. 2004) in mean field-aligned (MFA) coordinates. The mean-field is 148 
determined by the low pass filtered data with a period of 20 min. The MFA coordinates 149 
applied in this paper are defined as follows: the b component (not shown) is parallel to the 150 
mean-field, s⊥2 is perpendicular to the plane determined by the mean-field, and the line 151 
from Saturn to the spacecraft (opposite to corotation direction), and s⊥1 completes the right-152 
handed set. (g) Power spectrum of the electric field from the RPWS instrument (Gurnett et 153 
al. 2004). The red curve is the differential flux of the electrons from the C4 channel of the 154 
MIMI-LEMMS instrument (the same curve as the green one in Fig. 2d but scaled with a 155 
factor of 20 for co-plotting with the electric power spectrogram). 156 

 157 

 158 

 159 

 160 

The successive auroral images in the Appendix show that a chain of auroral patches 161 
distribute in azimuth and rotate with Saturn and are named rotating main auroral patches 162 
(RMAPs) in this study. The RMAPs cover at least half of the main aurora region. The pink 163 
dots in the images mark the magnetic footprint of Cassini obtained by using the University 164 
College London/Achilleos-Guio-Arridge magnetodisc model (Achilleos, Guio, & Arridge 165 
2010). The ionospheric latitude of the magnetic footprint of Cassini moves slowly from 166 
73.7° to 72.9° during the ~6 hours of recording by UVIS. In addition to the mapping model, 167 
we used an Archimedean spiral equation to account for the bend-back effect of the 168 
magnetic field lines, as this substantially improves the local time (LT) mapping of Cassini’s 169 
position along the magnetic field lines into the ionosphere. The bend-back effect results in 170 
a deviation of ΔLT = 24(Bφ/Br)ln(ρCassini/ρEnceladus)/2π ranging from 0.3 to 0.8 hours 171 
between Cassini and its magnetic footprint, where ρCassini and ρEnceladus are the perpendicular 172 
distances of Cassini and Enceladus from the spin axis of Saturn respectively.   173 



 

 

6 

 

Four distinct auroral patches at the dawn side polar region are labeled with numbers 174 
on the images. Previous literature has reported the spiral structure of auroral patch ‘1’ 175 
(Radioti et al. 2015). But the driving mechanism of the global auroral morphology, 176 
corresponding to the major energy dissipation processes in Saturn’s magnetosphere, is 177 
unknown. The averaged angular velocity can be calculated by tracing each auroral patch 178 
from image to image. We obtain a value of ~75% of rigid rotation (1 rotation per ~10.7 179 
hours), similar to the value previously reported (Radioti et al. 2015). The ENA images in 180 
the equatorial plane also show corresponding rotating features, as seen in the full sequential 181 
records of the ENA images in Fig. A2 in the Appendix. (The ENA images are viewed from 182 
the actual location of Cassini, that is, from the southern hemisphere. From this point of 183 
view, a west-to-east rotation appears to move in the clockwise direction.) Although the 184 
detailed ENA structures cannot be clearly identified due to the limited temporal and spatial 185 
resolution of the INCA instrument, both the ENA and the aurora are consistently covering 186 
similar local times (see Fig. 1e and the yellow dashed outlines in Fig. 1a and 1b, bearing 187 
in mind the limitation of the FOVs for both INCA and UVIS instruments). Cassini was 188 
nearly motionless compared to the rotation of the magnetosphere. When seen in the frame 189 
rotating with the magnetosphere, Cassini swept over each of auroral patches (Cassini’s 190 
trajectory relative to the auroral patches is shown in Fig. 1e). 191 

The Cassini magnetometer (MAG) instrument (Dougherty et al. 2004) detected a 192 
series of magnetic variations (Fig. 1f). The two curves in Fig. 1f are the s⊥1 and s⊥2 magnetic 193 
components in a mean field-aligned (MFA) coordinate system (detailed in the figure 194 
caption), in which the s⊥1 and s⊥2 directions are perpendicular to the mean magnetic field 195 
(averaged over 20 minutes) (Yao et al. 2017). The two perpendicular magnetic components 196 
suggest parallel currents flowing along the magnetic field lines, i.e., FACs. Fig. 1g shows 197 
the enhancements of the power spectrum density of the electric field detected by RPWS 198 
instrument (Gurnett et al. 2004). The enhanced waves represent auroral hiss and match the 199 
large magnetic perturbations, revealing a close relationship between the auroral hiss and 200 
FACs, as suggested in a previous study (Gurnett, Shawhan, & Shaw 1983). Besides, the 201 
differential flux of ~100keV electrons (red curve in Fig. 1g, from the C4 channel of the 202 
MIMI-LEMMS) recurrently enhances when recording the auroral hiss. Using simultaneous 203 
ENA measurements, UV auroral images, and auroral hiss signals, we can directly 204 
distinguish between spatial and temporal variations for these interconnected phenomena in 205 
this event, thereby putting forward a new global physical picture to explain all these 206 
observations. Here we provide direct evidence that the energetic electron recurrences 207 
associated with RMAPs observed for this interval are due to rotating spatial structures 208 
rather than temporal variations. 209 

 210 

2.2. Multiple FAC system associated with RMAPs 211 

Cassini flew through regions with evident magnetic field perturbations between 212 
07:00 and 10:00 UT (Fig. 2a), which correspond to the FACs as indicated by the 213 
perpendicular magnetic perturbations in the MFA coordinates. The direction of FACs can 214 
be derived by applying the differential form of Ampere’s law to the observed magnetic 215 
field in Fig. 2a (detailed in the method section). The estimation is meaningful only when 216 
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Cassini is passing through the regions of FAC. During the interval plotted in Figure 2, 217 
Cassini was not in the magnetodisc, following the criteria of magnetodisc defined by 218 
Arridge et al. (2008) and described in the Appendix (See Fig. A3c).  The latitude value of 219 
Cassini was lower than -26°, suggesting that Cassini was also far away from the cusp 220 
region.  The region where Cassini stayed during the studied interval is the mid-latitude 221 
magnetosphere. Before the large magnetic perturbation, Cassini’s MIMI-LEMMS 222 
instrument observed electron fluxes in Fig. 2e that peaked at an energy of ~100 eV before 223 
~07:00 UT. When flying through the magnetic field perturbations, the energy of the 224 
peaking flux shows a sudden increase around 07:00 UT, and the fluxes of energetic 225 
electrons (Fig. 2d) are also notably enhanced. The large perturbations of both Bθ and Bφ 226 
magnetic components in Fig. 2a suggest Cassini flying through a disturbed magnetospheric 227 
region. The Br magnetic component gradually varied from ~ -60 nT to ~ -14 nT, suggesting 228 
that the sudden electron flux enhancement was not caused by a rapid flapping of the current 229 
sheet. All the above pieces of evidence collectively indicate that, when recording the 230 
sudden change of hot electron flux, Cassini entered the FACs at mid-latitudes rather than 231 
other magnetospheric regions. The estimated FAC density 𝑗𝑗//′ (see method) is represented 232 
by the area highlighted in blue/red in Fig. 2b, while blue indicating negative values (going 233 
out of the ionosphere) and red indicating positive values (going into the ionosphere). 234 

The auroral intensity measured by UVIS at Cassini’s magnetic footprint in the 235 
ionosphere is shown in Fig. 2c. The numbers for the intensity peaks indicate their 236 
corresponding auroral patches. The peaks of the auroral intensity generally coincide with 237 
the negative currents (electrons flowing into the ionosphere) (Fig. 2b) and the 238 
enhancements of the energetic electron flux (Fig. 2d). It should be noted that, due to the 239 
instrument geometry and limited FOV, the LEMMS instrument was unable to directly 240 
detect the electrons traveling along the magnetic field lines during this auroral event. 241 
Therefore, some enhancements of energetic electrons (e.g., the populations with velocities 242 
nearly perpendicular to the magnetic field lines) may not correspond to auroral emission. 243 
Nevertheless, the highly energetic (especially 100s keV) electrons indicate strong 244 
acceleration processes in the magnetosphere. The first auroral intensity peak corresponds 245 
to auroral patch ‘4’. Unfortunately, unlike patches ‘1-3’, Cassini’s footprint did not go 246 
through the center of the magnetospheric counterpart of auroral patch ‘4’ (see Fig. A1a-247 
A1c), so no recognizable heating is seen in the hot electron spectrum (Fig. 2e). A flux peak 248 
of the energetic electrons (Fig. 2d) (their large gyro-radii allow them to disperse into a large 249 
area at their source region) coincides with aurora patch ‘4’ but was relatively weak 250 
compared to the signatures detected for patches ‘1-3’. 251 

 252 

 253 

 254 
 255 
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 256 

Figure 2. Relationship between FACs, auroral patches, and energetic electron 257 
enhancements. (a) Bθ (green), Bφ (red), and Br (dashed blue) components of the 258 
magnetic field in the Kronographic Radial-Theta-Phi coordinates (KRTP, a spherical 259 
polar coordinate system). (b) The s⊥1 component of the magnetic field (black curve). The 260 
area highlighted in blue/red show the estimated parallel current density 𝑗𝑗//′: the blue 261 
indicating negative values (out of the ionosphere) and the red indicating positive values 262 
(going into the ionosphere). (c) Variation of the auroral intensity measured by UVIS 263 
instrument at the magnetic footprint of Cassini during the rotation of the aurorae 264 
(integrated over an area of 2°× 0.4 hours (Latitude × LT) that centered at Cassini’s 265 
footprint). The horizontal segments show the integration time to obtain each aurora 266 
image. (d) Energetic electrons flux from the MIMI-LEMMS instrument. (e) Hot electron 267 
spectrum from the CAPS instrument (Young et al. 2004). 268 

 269 

From 06:13 UT to 08:06 UT (see Fig. A1e-A1h in Appendix), the auroral 270 
morphology dynamically evolved: auroral patch ‘2’ extended to momentarily merge with 271 
patch ‘3’ and then separated again. The transient evolution of the active magnetospheric 272 
region related to aurora patch ‘2’ resulted in two enhancements of the energetic electrons 273 
flux labeled ‘2ii’ and ‘2i’. However, Cassini penetrated the FAC flowing into the 274 
ionosphere (positive parallel current in Fig. 2b) when recording electron enhancement ‘2i’ 275 
(Fig. 2d) and matched a low UVIS intensity (Fig. 2c). The electrons with low energies 276 
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around 100 eV enhanced at ‘2i’ in Fig. 2e show antiparallel pitch-angles (see Fig. A3d in 277 
Appendix), i.e., coming from the ionosphere, in agreement with the positive FAC current 278 
density. In summary, the energetic electron enhancements of ‘2ii’ and ‘2i’ are related to 279 
the FAC system of auroral patch ‘2’. As a consequence of the transient expansion of auroral 280 
patch ‘2’, the energetic electron flux during the interval from ‘3’ to ‘2i’ did not show a 281 
significant drop like the one shown in the interval between ‘2i’ to ‘1’. 282 

The positive and negative currents appear alternatively, suggesting a chain of up-283 
down current pairs associated with the RMAPs. This type of electrical current morphology 284 
often exists in the terrestrial auroral region and is characteristic of current wedgelets 285 
(Rostoker 1991; Forsyth et al. 2014; Liu et al. 2015), which are small scale structures 286 
compared to the major auroral intensifications, e.g., substorm auroral bulges. The energetic 287 
electrons do not show a discernible energy-time dispersion feature for each peak, indicating 288 
that the electrons were not transported from a remote region. The energetic electron flux 289 
was only enhanced when encountering the FACs that linked the isolated aurora beads, 290 
implying that the acceleration regions were separated in the magnetosphere.  291 

Additionally, Table 1 gives a list of cases showing RMAPs and their 292 
contemporaneous recurrent energetic electrons and/or aurora hiss, demonstrating that the 293 
interconnections amongst ENA, multiple FAC, and main auroral patches are systematic in 294 
the Saturn system.  295 
 296 

Table 1. List of patchy or beads-like aurora events. 297 

IONOSPHERE MID-LATITUDE MAGNETOSPHERE EQUATOR 

RMAPs events Corresponding Signatures in the duration including 
one period before and after RMAPs 

Rotating ENA 
patch 

2008-197 SH, NDEE yes 

2008-238 SH, NDEE yes 

2016-229 SH yes 

2016-231 SH, NDEE -- 

2016-275 SH yes 

2017-232 SH, NDEE yes 

SH: Separated Hiss as shown in Fig. 1g; NDEE: Non-Dispersion Energetic Electrons; --: no data 

 298 

 299 

2.3. Recurrence of the Multiple FAC system 300 

Fig. 3a and 3b show the comparison of the features in magnetic component Bφ 301 
perturbations and energetic electrons during the UVIS recording intervals (black curves) 302 
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and the interval 11 hours later (red curves). These plots show a recurrence feature of the 303 
structures with a time scale of Saturn’s rotation period, implying that the multiple FAC 304 
system can last longer than one planetary rotation period. The recurrence of the 305 
observational features may also be attributed to the rocking of the magnetosphere and the 306 
auroral oval (Bader et al. 2019a), which let Cassini penetrate the FACs during the intervals 307 
when the auroral oval was offset towards Cassini’s footprint (Arridge et al. 2016). The 308 
difference between black and red curves may be attributed to the motion of Cassini (from 309 
~ 12Rs to ~ 15Rs in distance to Saturn’s center and from ~ -30° to ~ -15° in latitude) and/or 310 
the temporal evolution of the structures. For example, the transient evolution of auroral 311 
patch ‘2’ produces a short-lived energetic electron flux peak before 08 UT (black curve in 312 
Fig. 3b), which disappears 11 hours later (red curve in Fig. 3b). Alongside the similarities 313 
between magnetic fields sampled from two planetary rotations (i.e., separated by about one 314 
planetary rotation), the energetic ions revealed by the ENA (Fig. A2 in Appendix) also 315 
recurred. This provides evidence that the active region may have lasted for more than one 316 
rotation period of Saturn and rotated at least once around Saturn to sweep past the 317 
spacecraft twice. 318 

 319 

 320 

 321 

Figure 3. Recurrence of the magnetic structures and energetic electrons due to 322 
rotation. (a-b) Bφ component of magnetic field and electrons with an energy of 18-40 323 
keV. The red curves are the 11-hours forward-shifted data. The difference between the 324 
shifted-time of 11 hours and the corotation period of 10.7 hours may be caused by the 325 
motion of Cassini from 10.2 hours to 10.5 hours in local time and the weakened bend-back 326 
effect during magnetospheric dynamics (Yao et al. 2018). (c) Sketch of the rotating 327 
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multiple FAC system and the patchy magnetospheric active regions (magenta areas in the 328 
equatorial plane can represent the ENA brightening areas). Cyan dots represent the 329 
magnetodisc. Magenta spots on the north polar region of Saturn (the hemispheroid at the 330 
center of the sketch) represent corresponding patchy aurorae. Blue and red curves represent 331 
FACs flowing into and out of the ionosphere, respectively. Although not shown in the 332 
sketch, symmetrical auroral patches and FACs can also be seen in Saturn’s south pole. 333 

 334 

 335 
 336 

3. Discussion and Summary  337 

In this study, we report a rotating multiple FAC system in Saturn’s magnetosphere. 338 
Although it shares a similar morphology with the terrestrial wedgelet current system 339 
(Forsyth et al. 2014), we notice that Saturn’s multiple FAC systems are substantially 340 
different in both spatial and temporal scales. Fig. 3c illustrates the connection amongst the 341 
multiple FAC system, the ENA brightening areas, and the main auroral patches. Multiple 342 
active regions (magenta areas in the equatorial plane) link multiple auroral patches 343 
(magenta spots on the north polar region of Saturn) through complex FACs networks (Blue 344 
and red curves). The multiple FAC system may cover a larger area than Cassini detected, 345 
considering the limited FOV of both UVIS and INCA instruments. The auroral images and 346 
the recurrence of auroral hiss suggest that multiple FACs and active regions could be 347 
distributed discretely across much of the magnetosphere. Auroral hiss and the 348 
corresponding energetic electrons in Fig. 1g show that Cassini passed through several 349 
FACs before recording the UVIS images. The first aurora image in Fig. 1b also confirms 350 
that there are auroral patches duskward of Cassini’s footprint, which probably have rotated 351 
from the dawn side a few hours ago.  352 

The discovery of the multiple FAC system reported in this study provides a crucial 353 
constraint for theoretical investigations of the formation of Saturn’s main auroral emission, 354 
which is probably also applicable to Jupiter. The recorded recurrence of energetic electrons 355 
is often associated with quasi-periodic electron pulsations. They were previously 356 
interpreted as temporal effects of the magnetospheric dynamics (Mitchell et al. 2009; 357 
Palmaerts et al. 2016a; Palmaerts et al. 2016b; Bader et al. 2019b), or the consequences of 358 
dynamical processes on magnetopause like Kelvin-Helmholtz waves (Masters et al. 2010), 359 
or magnetodisc reconnection occurring at dusk (Bader et al. 2019b). During RMAPs 360 
events, the slowly moving spacecraft would cross the relatively fast-rotating flux tubes 361 
connected to each auroral patch. Therefore, the rotation effect of the multiple active regions 362 
can lead to pulsating features in energetic electron data, e.g., the red curve in Fig. 1g. The 363 
planetary rotation induced ‘electron pulsations’ would complement previous physical 364 
interpretation on the commonly observed quasi-periodical phenomena.  365 

During the rotation, the aurora is brighter on the dawn side than in the noon sector. 366 
The local time asymmetry in the auroral intensification may be explained by the fact that: 367 
(1) the formation of wedgelet currents is also accompanied by other processes that can 368 
contribute to auroral emissions, e.g., Alfvén waves. On the dawnside of the magnetosphere, 369 
the shear flow between the corotating magnetosphere and the tailward magnetosheath flow 370 
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is maximum. Then, the Alfvénic Poynting flux associated with the wedgelets on the dawn 371 
side may be greater than at the other local times. (2) the wedgelets may experience a local 372 
time modulation (which is a common feature in giant planets’ magnetosphere, e.g., 373 
(Carbary et al. 2017; Palmaerts et al. 2017)) during the rotation, causing asymmetric 374 
auroral intensification. 375 

Although the wedgelet current system studied at Earth also contains multiple up-376 
down FAC pairs and generates a chain of beads-like aurorae, it is limited to the nightside 377 
and cannot extend to the dayside. Its lifetime is on the order of a few minutes (Liang et al. 378 
2008; Rae et al. 2009). The large spatial scale and long temporal scale of the multiple FACs 379 
on Saturn suggest that the mechanism for explaining the wedgelet current at Earth cannot 380 
be applied directly to Saturn’s magnetosphere. The recent discoveries of dayside 381 
magnetodisc reconnection (Guo et al. 2018a) and dayside magnetic dipolarization (Yao et 382 
al. 2018) indicate that the dayside magnetic field lines could be more stretched than 383 
previously expected. When the field lines are stretched at all local times, fundamental 384 
plasma instabilities, like cross-field current instability, sausage instability, and 385 
ballooning/centrifugal instability (Lui 2004), may thus develop at any local time. 386 
Therefore, multiple FAC systems could be formed on a global scale. The multiple FAC 387 
system could also be a consequence of multiple long-standing small-scale reconnection 388 
sites distributed discretely in the magnetodisc (Guo et al. 2019). The multiple active regions 389 
existing at all local times can speed up the mass loss rate in Saturn’s magnetosphere. It may 390 
be more critical at Jupiter, where internal processes predominantly drive magnetospheric 391 
dynamics. 392 
 393 
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A. Estimation of the current density for the FAC 414 

Since the angular velocity of the rotating magnetosphere is much larger than the 415 
speed of Cassini relative to Saturn, we may assume that Cassini remained fixed for the 416 
duration of an auroral event. Thus the motion of Cassini’s foot-point relative to the 417 
planetary magnetic field was almost entirely due to the planetary rotation. In the spherical 418 
polar coordinates, as a preliminary estimation, we assume that  𝑟𝑟  and 𝜃𝜃  of Cassini’s 419 
position were constant while only 𝜑𝜑  was changing. We thus get 𝛿𝛿𝜑𝜑 =420 
2𝜋𝜋𝜋𝜋𝛿𝛿𝜋𝜋 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄  , where 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ≅ 10.7 hours is the rigid rotation period of Saturn, and 𝜋𝜋 ≈421 
0.75 is the ratio between the rotation speed of the aurora beads and the rigid rotation speed. 422 
The three components of the differential form of Ampere’s law are: 423 

𝜇𝜇0𝑗𝑗𝑟𝑟 = 𝜕𝜕𝐵𝐵𝜑𝜑
𝑟𝑟𝜕𝜕𝜃𝜃� − 𝜕𝜕𝐵𝐵𝜃𝜃

𝑟𝑟 sin𝜃𝜃 𝜕𝜕𝜑𝜑�  ; 424 

𝜇𝜇0𝑗𝑗𝜃𝜃 = 𝜕𝜕𝐵𝐵𝑟𝑟
𝑟𝑟 sin𝜃𝜃 𝜕𝜕𝜑𝜑� − 𝜕𝜕𝐵𝐵𝜑𝜑

𝜕𝜕𝑟𝑟�  ; 425 

𝜇𝜇0𝑗𝑗𝜑𝜑 = 𝜕𝜕𝐵𝐵𝜃𝜃
𝜕𝜕𝑟𝑟� − 𝜕𝜕𝐵𝐵𝑟𝑟

𝑟𝑟𝜕𝜕𝜃𝜃�  . 426 

In the case studied in this paper, we can calculate the terms with  𝜕𝜕𝜑𝜑 : 𝑗𝑗𝑟𝑟′ =427 
−𝜕𝜕𝐵𝐵𝜃𝜃 (𝜇𝜇0𝑟𝑟 sin𝜃𝜃 𝜕𝜕𝜑𝜑)⁄  and 𝑗𝑗𝜃𝜃′ = 𝜕𝜕𝐵𝐵𝑟𝑟 (𝜇𝜇0𝑟𝑟 sin𝜃𝜃 𝜕𝜕𝜑𝜑)⁄ . The combination of these two 428 
terms is the total variations in the 𝜑𝜑 direction caused by the current flow, i.e., independent 429 
of other directions. We can assume for simplicity that the FAC has a nearly circular 430 
transverse section, and the variation of the current density inside FAC during the concerned 431 
interval is not too big. For a columnar current structure, different directions of the current 432 
flow would cause opposite variation patterns along the 𝜑𝜑 direction. In other words, the 433 
combination of 𝑗𝑗𝑟𝑟′ and 𝑗𝑗𝜃𝜃′ can indicate the direction of the current flow.  434 

Cassini was located in the southern magnetosphere and at the anti-planet-ward 435 
position (Sun-ward in this case) from the center of the FAC, as indicated by Cassini’s 436 
magnetic footprint in the auroral images. At this position, in the FAC, increasing 𝑟𝑟 and 𝜃𝜃 437 
means moving in the direction from the FAC’s center to the edge. According to the integral 438 
form of Ampere’s law, the magnetic field generated by the FAC is stronger at the edge than 439 
that near the center. Hence, the increasing 𝑟𝑟 and 𝜃𝜃 corresponds to an increase of |𝐵𝐵𝜑𝜑|. For 440 
the FAC parallel to the magnetic field, i.e., 𝑗𝑗// > 0, the generated 𝐵𝐵𝜑𝜑,𝐹𝐹𝐹𝐹𝐹𝐹 < 0, and 𝑓𝑓 =441 
𝜕𝜕𝐵𝐵𝜑𝜑 (𝜇𝜇0𝑟𝑟𝜕𝜕𝜃𝜃)⁄  and 𝑔𝑔 = 𝜕𝜕𝐵𝐵𝜑𝜑 (𝜇𝜇0𝜕𝜕𝑟𝑟)⁄  are negative. For the FAC antiparallel to the 442 
magnetic field, i.e., 𝑗𝑗// < 0, the generated 𝐵𝐵𝜑𝜑,𝐹𝐹𝐹𝐹𝐹𝐹 > 0, and both 𝑓𝑓 and 𝑔𝑔 are positive. 443 

The direction of the averaged magnetic field line is 𝒃𝒃𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 =444 
[−0.66, 0.35, 0.09] in the Kronographic Radial-Theta-Phi coordinates coordinate when 445 
Cassini was inside FACs and did not change too much. Under the assumption that the 446 
current was parallel to the mean magnetic field line, 𝑗𝑗𝜑𝜑 is much smaller than the other two 447 
components and can be neglected in the estimation. The parallel current density 𝑗𝑗// = 𝒋𝒋 ∙448 
𝒃𝒃𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 = −0.66𝑗𝑗𝑟𝑟 + 0.35𝑗𝑗𝜃𝜃 = −0.66𝑗𝑗𝑟𝑟′ + 0.35𝑗𝑗𝜃𝜃′ − (0.66𝑓𝑓 + 0.35𝑔𝑔). Combining the 449 
above analysis, the term of −(0.66𝑓𝑓 + 0.35𝑔𝑔) has the same sign as 𝑗𝑗// in this case, i.e., 450 
the lack of 𝑓𝑓 and 𝑔𝑔 does not affect the sign of 𝑗𝑗//. In Fig. 2b, we plot the 𝑗𝑗//′ = 𝑏𝑏𝑟𝑟𝑗𝑗𝑟𝑟′ +451 
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𝑏𝑏𝜃𝜃𝑗𝑗𝜃𝜃′  by the color shaded areas to show the directions of the FACs. Since several 452 
assumptions are applied during the analysis, the current density amplitude is imprecise, 453 
and the error is hard to estimate. Even though, when the magnitude is large, the sign of 𝑗𝑗//′  454 
could be reliable to represent the sign of 𝑗𝑗//, while the sign is what we really concern about 455 
in this study. The antiparallel low energy electrons in Fig. 2e and A3d are consistent with 456 
the positive FAC. Additionally, the sign of 𝑗𝑗//′ is consistent with the bipolar signature of 457 
the s⊥1 magnetic component when crossing FAC transversely: the bipolar feature changing 458 
from positive to negative (from negative to positive) corresponds to positive (negative) 𝑗𝑗//.  459 

The estimation is valid under a quasi-steady state. The transient expansion of aurora 460 
patch ‘2’ from 06:13 UT to 08:06 UT would bring relatively large uncertainty to the 461 
calculation and may also disturb the bipolar signature of the s⊥1magnetic component. 462 
Despite these, the existence of multiple FACs is explicit according to the measured 463 
magnetic perturbations.  464 

The s⊥1 and s⊥2 components in the MFA coordinates only represent part of the FAC-465 
induced magnetic variations. The 20-minute averaged magnetic field is not exactly the 466 
background field but contains part of the FAC-induced magnetic field. The total FAC-467 
induced magnetic variation is on the order of several nTs, as shown in Fig. 2a. Despite this, 468 
the s⊥1 and s⊥2 components are helpful to demonstrate the finite structures of the FAC 469 
system.  470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 
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 479 

 480 

 481 

 482 

 483 

 484 

 485 

B. Full sequential records of the auroral and ENA images 486 

 487 
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 488 

 489 
Fig. A1. Aurora images observed by UVIS instrument onboard Cassini. The aurorae 490 
were on the southern polar ionosphere, while the images were viewed above the north 491 
pole. The magenta dot in each image represents Cassini’s magnetic footprint. A transient 492 
explosion of patch ‘2’ starts at (e) and finishes at (h), which lasts about 1 hour. 493 

 494 
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 495 
Fig. A2. ENA images on July 15th, 2008. Cassini was in the southern hemisphere when 496 
these images were taken. The time sequence shows the ENA rotated back after one 497 
rotation period. 498 

 499 

 500 
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 501 
Fig. A3. (a-c) Criteria for classifying current-sheet-like magnetic field (Arridge et al. 2008). The 502 
two angles in (a) and (b) lie within 60 to 120 degrees, but in (c), the ratio between the magnetic 503 
deviation and the internal field is less than one. The deviation |dB| = |Bobservation - Binternal|, in 504 
where Bobservation is the observed magnetic field, and Binternal is the internal magnetic field obtained 505 
from the Cassini 11 model (Dougherty et al. 2018). (d) The electron pitch angle-energy 506 
distribution generated during the interval is highlighted by the two red dashed vertical lines. The 507 
distributions indicate that the electrons with energies of ~100 eV are antiparallel, i.e., coming 508 
from the ionosphere. Note that we do not know parallel fluxes due to the instrumental 509 
limitation. 510 
 511 
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