nature astronomy

Article

https://doi.org/10.1038/s41550-024-02270-3

A unified framework for global auroral
morphologies of different planets

Received: 19 July 2022

Accepted: 9 April 2024 J.G.Lyon®®

Published online: 20 May 2024

B.Zhang', Z. Yao ®"*
D. Grodent®’, B. Bonfond®?, J. Chen®", K. A. Sorathia®, V. G. Merkin ® 2 &

, 0.J. Brambles?, P. A. Delamere?, W. Lotko ® %%,

% Check for updates

Planetary magnetic fields control energetic particles in their space

environments and guide particles to polar atmospheres, where they produce
stunning auroral forms. As revealed by spacecraft measurements of the Earth,
Saturn and]upiter, the pathways of energetic particles to these planetary
polar atmospheres are diverse, suggesting that there are different coupling
processes between theirionospheres and magnetospheres. These planets

all have dipole-dominated magnetic fields, rotate in the same direction and
areblown by the solar wind, but what controls the global-scale patterns

of energy dissipation remains unknown. Based on three-dimensional
magnetohydrodynamics calculations, we reveal that the competition
between planet-driven plasma rotation and solar-wind-driven flow convection
determines the structure of global auroral morphologies. This unified
theoretical framework canreproduce polar aurorafromthe Earth-type to
theJupiter-type based on transition states that are strikingly consistent with
the highly variable aurora patterns of Saturn. This generalized description

of fundamental magnetospheric physics, proposed here and validated by
decades-long observations, is applicable to exoplanetary systems.

Planetary magnetic fields are generated by an electrically conducting
fluid layer in their deep interiors through the dynamo process'. Within
our Solar System, global magnetic fields are found around terrestrial
planets, gas giants and anicy moon. Outside the Solar System, strong
magnetic fields are also found around cool stars”*and exoplanets such
as rogue Jupiters®. Although they vary in tilt angle and intensity, all
observed planetary magnetic fields have been shown to be primarily
dipolar; however, all have unique anomalies that create distortions
in the main field, which could be substantial near the planet surface.
These planetary magnetic fields not only provide awindow to infer the
internal structure and dynamics of planets*® but also act as a space
laboratory for remote sensing the evolution of near-planet neutral
and plasma environments’ ™,

Human spacecraft have visited all the planetsin our Solar System
and explored most of the planetary systems with dedicated space
missions, except for Uranus and Neptune. The Earth, our homeland,
has an atmosphere and a global magnetic field, resulting in a typi-
cal type of energy circulation and dissipation, as illustrated by the
powerful auroral emission in polar regions'*". Like the Earth, Saturn
and Jupiter also have powerful polar auroral emissions'®", and thus,
comparisons among these three planets are believed to be helpful for
obtaining a universal picture of how particles and energy circulate in
such planetary systemes. It is well known that the terrestrial auroral
emissions are generated by energetic particles precipitating along
magnetic field lines'", thus forming an auroral oval circling the mag-
netic pole (Fig. 1a). Although the magnetic fields of Saturn are also
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Fig.1| Variable Sun-planet magnetosphere interactions. a, Polar projections
ofthe typical terrestrial auroral morphology from IMAGE FUV/WIC data.
b,c, Saturn’s dynamic auroral morphology observed by the ultraviolet imaging

spectrograph (UVIS) on the Cassini-Huygens spacecraft (b) and by the Hubble
Space Telescope (c)*. d, Jupiter’s auroral morphology observed by the ultraviolet
spectrograph (UVS) on the Juno orbiter”.

dipole-dominated, their auroral emissions exhibit large variations
with complicated morphologies*2?, which resemble both Earth-like
and Jupiter-like structures (Fig. 1b,c). The corresponding aurorae of
Jupiter exhibit a completely different morphology and evolution®*
(Fig.1d), including a highly dynamic—although generally bright—polar
cap aurora and dark ‘polar collar’ regions. However, why are the mor-
phologies of planetary aurorae so diverse even though the structures
oftheir magneticfields are similar? Ananswer to this question may not
only explainthe diverse planetary energy dissipations but also further
our understanding of fundamental plasma processes at different spa-
tialand temporal scales.

Results

Parameters controlling global auroral morphologies

From the fundamentals of plasma physics in magnetized environments,
four potential ingredients are responsible for making the different
auroralstructures of the three planets: the upstream solar wind/inter-
planetary magnetic field (SW/IMF), the rotation speed of the planet,
the strength of the planetary magnetic field and the mass-loading rate
tothe planetary system® 2%, Asshown in Table 1, these parameters are
highly variableamong the Earth, Saturn and Jupiter. The internal source
is usually negligible in Earth’s magnetosphere, but the ionospheric
outflow rate during active times can be 1 kg s™ (ref. 29), which is sub-
stantial for the magnetospheric structure considering that the volume
ofthe Earth’s magnetosphere is more than three orders of magnitude
smaller than Saturn’s or Jupiter’s magnetospheres. As the motion of
charged particlesis controlled by electromagnetic fields, the first three
parameters play pivotal roles as these are the main electromagnetic
forcings of a planetary space environment®. Thus, to the first order, a
working hypothesis is that the spatial distribution of polar energy dis-
sipation of aplanetary space systemis determined by the competition
between solar wind and rotating electric fields. If the electric field of
the solar wind dominates the system dynamics, then the planetary sys-
temis defined as terrestrial-like from anauroral perspective® (Fig. 1a).
In contrast, a system dominated by a rotating electric field is mostly
Jovian-like® (Fig.1d). Transient situations between these two extreme

conditions are possibly Kronian-like® (Fig. 1b,c). Note that the rotating
electricfieldis due toacombination of the planetary rotation speed and
the magnetic field strength, that is, the second and third ingredients.
As explained in Discussion, we could obtain a similar auroral evolu-
tion, thatis, from terrestrial-like to Jovian-like, by increasing either
the second or third term, which proves that the combination of both
terms is the key factor.

Global-scale numerical simulations of the planetary magneto-
sphere systems were used in this study (Methods) to test the hypoth-
esis on the controlling factor of planetary auroral morphology, given
that global coverage of observations is limited for direct compari-
sons. These three-dimensional simulations are based on the theory
of magnetohydrodynamics (MHD) and treat the space plasmas as
magnetized fluids**"*°. With the specification of proper upstream
andlow-altitude boundary conditions, the terrestrial magnetosphere
was simulated, and the auroral morphologies were derived using
electron precipitation models, validated by data-model compari-
sons*. To the first order in the understanding of the universal scaling
law, we used an axisymmetric dipole magnetic field and ignored the
effects of dipole tilt and the ionospheric conductance gradient in
the magnetosphere-ionosphere coupling system (M-I system). The
effects of mass loading were investigated by comparing two sets of
simulations (thatis, with and without mass loading). As the baseline
case, we considered constant upstream conditions for the Earth’s
magnetosphere (that is, mainly antiparallel to the planetary fields
and with a typical velocity of ~400 km s™, see the details in Table 1;
ref.31) witha corotatingelectric field corresponding to a full rotation
every 24 h.For the super-rotating Earth cases, we increased the speed
of Earth’s rotation by a factor of 20, 50 or 100. These simulations
show that the auroral morphology may evolve from one planetary
type to another.

We chose the increase in the rotation speed used in the simula-
tions based on thereal situations of the Earth, SaturnandJupiter using
asimple dimensionless parameter R, calculated as the ratio of the
merging potential of the solar wind (®,,.,,) to the corotation potential
(®or0) (Methods):
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Table 1| The SW/IMF and planetary parameters used in calculating the R, values for the numerical experiment with

increasing rotation speed

Parameter Earth Super-rotating Earth Saturn Jupiter
Ngy, (cm™) 5.0 5.0 01 0.2
Usy (kms™) 400 400 400 400
[Byel (NT) 2.0 2.0 05 1.0
B (degree) 180 180 90 90
Bpiane: (9aUSS) 0.31 0.31 0.21 417
Radius (Reiner) 10 1.0 9.9 1.2
T(h) 24.0 (baseline) 1.2 (x20) 0.48 (x50) 0.24 (x100) 1.0 9.9
Lye n n 1" n 19 46

D econ (KV) 89 89 89 89 250 718
Do (kV) 8.2 164 410 822 644 8232
R (Drecon/DPeorc) 10.8 0.54 0.22 on 0.38 0.09

The corresponding R,, values for Saturn and Jupiter were also calculated using the nominal SW/IMF parameters observed. Ng,, solar wind number density.

1/3
Rqs = qsmerg = 24/3C0f2/3 BSW (@> 5 (1)

1/3 2/3
¢c0r0 /10 k1/3 QPlaneth]anetRPlanet Psw

where pg,, and U, are the mass density and velocity of the solar wind
and By, is the strength of the IMF. Q;ane0, Bpiane: aNd Rpane are the angular
velocity, equatorial magnetic field strength and radius of the planet,
respectively. i, is the permeability of free space. C,, fand k are empiri-
cal constants****, These empirical parameters were derived based on
the terrestrial magnetosphere, and they work reasonably well for solar
planets. Adjustments may be required when studying other stellar
wind and magnetosphere interactions. The ratio R, depends on both
the planetary characteristics and the upstream SW/IMF conditions,
but the dependence on anindividual parameter is linear only for vari-
ations in IMF amplitude and planetary rotation period. As equation
(1) does not make use of this assumption, it is a generally more use-
fulindicator of the transition from a terrestrial magnetosphere to a
rotation-dominated magnetosphere. Table 1 shows the value of R,,
calculated for the super-rotating Earth cases compared to the baseline
case, together with reference values calculated using nominal param-
eters for Saturn and Jupiter. In the super-rotating Earth experiments,
the choices of the increased planet rotation cover a wide range of R,,
(0.1-10). Note that the subsolar L shell of the magnetopause (L) calcu-
lated for Jupiter using a one-dimensional pressure balance is lower than
observations** as non-adiabatic plasma sources are not treated here.

The left-hand panels in Fig. 2 show the spatial distributions of
the average z component of the magnetic field (B,) in the equatorial
plane, together with the open-to-closed boundary of the magnetic
field separating the planetary magnetic fields from the IMF. The
right-hand panels show the corresponding open magnetic flux region
ationosphericaltitude. The numbered circles in the right-hand panels
are mapped from the corresponding locations of the magnetic local
time (MLT) in the equatorial magnetosphere, as indicated along the
open-to-closed boundary in the left-hand panels. The MLT regions
between 24 and 02 in the equatorial magnetosphere are coloured in
purple in all panels to indicate the complicated field mapping, espe-
ciallyinthe super-rotating cases. The magnetosphere open-to-closed
boundaryin purple is marked with the same colour in the ionospheric
plots (right-hand panels). The red and blue plus signs in the left-hand
panels are magnetically connected to the same-coloured markers in
theright-hand panels. The colour shownin the right-hand panels indi-
cates the field-aligned currents mapped to the ionospheric reference
altitude (100 km), with blue for upward currents and red for downward
currents. Itis evident that as the planetary rotation speed was increased

%20 and above, the magnetic flux piled up near the dawn-side magne-
topause due to the enhanced azimuthal transport of flux within the
magnetosphere. This build-up is manifest asincreased B,and anelon-
gated closed field lineregion in the dawn-side flank between 24 and 02
MLT. In these numerical experiments, the integrated reconnectionrate
onthe dawn-side magnetopause remained approximately unchanged.
Thus, magnetospheric flux tubes were transported into this region and
cannotinstantaneously openonthe dawn flank. As aresult, these flux
tubes piled up onthe dawn side. As the rotation speed was increased,
the ionospheric mapping of this flux pile-up region moved towards
the dayside near the pole at the ionospheric altitude, as indicated
by the purple contours in the right-hand panels of Fig. 2. In the x50
and x100 cases, the pile-up of the open magnetic flux in the equato-
rial region between 24 and 02 MLT maps to the poleward edge of the
open flux region. The global magnetic field configuration of the x100
super-rotating Earth is like the real Jupiter simulation®, and the mag-
netic connection between the dawn-side magnetosphere and dayside
polar capis supported by coherentin situ observations (for example,
magpnetic field and particles) and remote sensing X-ray aurorae*. This
feature of acorotation-dominated magnetosphere-ionosphere differs
radically from the prediction of a classic terrestrial magnetosphere
with a completely open, disk-like polar cap.

Figure 3 shows the computed percentage of the magnetic flux
above 80° magnetic latitude (MLAT) that is open as a function of the
R,parameter (@,..../ D..ro) defined in equation (1), as well as the corre-
sponding spatial distribution of the Alfvénic oval**%, whichis character-
ized by the downward Alfvénic Poynting flux at low altitude (Methods).
Inthebaseline simulation driven by IMF B, = -2 nT, the polar region was
approximately 98% open above 80° MLAT, with a terrestrial Alfvénic
oval circling the open flux boundary. This result resembles statistical
observations*. Secondary effects not included in the simulations, such
as the energized ring current, mass flux from the polarionosphere
and electrodynamic feedback from the upper atmosphere, will influ-
ence the fine detail of the power distribution. However, there is little
doubt that the dominant factors determining the global structure
are reconnection and corotation. As the planetary rotation speed
was increased, R, decreased and the motion of the lobe flux became
increasingly azimuthal (in the direction of planetary rotation) rather
than antisunward (in the direction of the solar wind), resulting in a
more closed polar cap. As a result, the open magnetic flux above 80°
MLAT decreased from 98% (the baseline) to approximately 24% (x100
case), and the simulated Alfvénic oval exhibited a striking similarity
with the Jovian auroral emission as shownin Fig.1d. The intermediate
cases (x7,x20 and x50) show a clear transition of the Alfvénic oval from
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Fig.2|Magnetosphere-ionosphere connection. Left, spatial distributions of
average B, in the equatorial magnetosphere. The outlines indicate the contour

B, =0, and the pink outlines are the boundaries post-midnight (local time ~-0-2 h).
Right, corresponding mapping of the open flux region in theionosphere, with the
labelled circlesindicating the MLT location in the equatorial magnetosphere.
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The colour indicates the field-aligned currents (FAC) j-B/B mapped to the
ionospheric reference altitude (100 km). The pink outlines in the left-hand panels
represent the flux pile-up region in the magnetosphere, and they correspond to
the pink polar regions iun the right-hand panels. The green regions in the right-
hand panels are open magnetic fields.

terrestrial-like to Jovian-like, with intense Alfvénic power deposition
in the post-midnight sector, on the dawn side and in the noon sector,
some of which also highly resemble the observed auroral emissions for
Saturn (Fig. 1b,c). For comparison, we indicate on the plot typical R,,
values for Saturn and Jupiter based on typically observed solar wind
conditions®**'and rotation periods.

Discussion

These simulations demonstrate the transition from a terrestrial mag-
netosphere to aJupiter-like magnetosphere. The transition between
these extremes is gradual without a clearly defined transition point.
Theintermediate states exhibit mixed characteristics of terrestrial and
Jovian magnetospheres. For aJupiter-like planet,a100% increaseinR,,
from 0.09 to 0.18 would be equivalent to a magnetosphere between
the x50 and X100 cases, aslisted in Table 1. Therefore, even accounting
for second-order effects that are not considered in these simulations,
Jupiter-like planets are probably firmly in the corotation-dominant
regime when driven by non-extreme upstream conditions. These simu-
lations suggest that Saturn-like planets are in the transitionary regime,
exhibiting some terrestrial and some Jovian characteristics with the
dominant regime dependent on solar wind driving, which is seenin
the diverse auroral morphology. As indicated by equation (1), both
the SW/IMF and planetary parameters contribute to R,,, which affects

the morphology of the open flux. For example, a substantial increase
in the magnitude of the IMF or speed of the solar wind may transition
aSaturn-like magnetosphere from a corotation-dominated system to
aterrestrial one. However, such a transition for aJupiter-like planet is
much harder and may require extreme solar wind conditions near the
Jovian orbit. Note that the nonlinear response of the coupled SW-M-I
systemto the electric field of the solar wind includes effects that have
beenignoredinthe simple form (1) used for the reconnection potential.
Saturation of polar cap convection for large electric fields of the solar
wind, feedback ofionospheric electrodynamics and increased erosion
of the dayside magnetosphere all tend to reduce the effective recon-
nection potential and increase the effective R, (refs. 52,53).

The importance of planetary rotation is quantified using the
dimensionless parameter R, which is defined as the ratio of the merg-
ing potential to the corotation potential at the nominal location of the
subsolar magnetopause. Planetary magnetospheres with R, > 1 follow
the terrestrial case with a dark polar cap. For an R, value of the order
of 0.5, the planetary magnetosphere is regulated by both the merging
of the solar wind and the planetary rotation, such that approximately
70% of the polar cap is open to the IMF. A Saturn-like magnetosphere
(non-storm conditions) is in this parameter regime. That Saturn’s
auroral morphology sometimes resembles terrestrial aurorae indi-
cates that its magnetosphere is largely controlled by the solar wind.
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Fig. 3| Variation of the simulated Alfvénic oval as afunction of R ,.
The percentage of the polar magnetosphere above 80° MLAT thatis openis
highly connected with R, and corresponds to different auroral morphologies.
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Theblue and red lines denote R, for real Jupiter and Saturn using the nominal

observed values of SW/IMF parameters listed in Table 1. The regions enclosed in
the green outlines have open magnetic fields.

When R, is of the order of 0.1, the Dungey cycle is insignificant com-
pared to the rotation of the planet. The resulting polar cap is largely
closed, with only about 20% of the polar magnetic flux open to the IMF.
AlJupiter-like planet is firmly in this corotation-dominated regime, as
supported by Jupiter’s unique polar auroral morphology. We have con-
sidered only the effects of interplanetary driving combined with plan-
etary rotation at various rates. Internal processes, such as mass loading™,
were foundto change only the auroral energy distribution, but have little
influence on the global morphology (Methods). We used the planetary
size to scale down the mass-loading rate from the real Jupiter case to
the super-rotating Earth, which represents a high mass-loading situa-
tion. Note that the mass-loading rate was not found to greatly influence
auroral morphologiesin previous literature®. We would like to point out
thatboththerotationspeed and planetary magnetic strength play simi-
lar roles in driving the evolution of planetary auroral morphology. The
comparisons between auroralmorphologies for asuper-rotating Earth
and aslowly rotating planet with anintense magnetic field (Jupiter and
Saturn) are detailed in Methods. Note that our model results are consist-
entwiththe rotational features of the mainaurorae of Jupiter and Saturn,
although the particle features (that is, acceleration®® and pitch angle
information) are beyond the capability of our model. A brief discussion
related to the rotation of the current system can be found in Methods.
The numerical experiments performed in this study highlight
the competing effects between the merging of the solar wind and
planetary rotation in controlling the magnetic configuration of the
planetary space environment. This first-order effect results in very dif-
ferent planetary space environments, including particle acceleration,
mass circulation, and powerful auroral and radio emissions. Thus, the
diverse auroralmorphologies of the Earth, Saturn andJupiter have been
explained using this uniform framework. As more and more exoplanets
with strong magnetic fields are discovered, the suggested uniform pic-
ture in this study could be widely applied to other star-planet systems®.

Methods

Global magnetosphere simulation code

We used the Grid Agnostic MHD for Extended Research Applications
(GAMERA) global model* to simulate the interaction of the solar wind

and IMF with the terrestrial space environment, which is the volume
of space where the geomagnetic field dominates the IMF. The model
is based on the equations of single-fluid MHD (refs. 58,59), including:
(1) apointdipole magnetic field embedded at the centre of the planet
torepresent theintrinsic magneticfield, (2) supersonic upwind condi-
tions representing the solar wind and IMF to power the interaction, (3)
low-altitude boundary conditions representing the closure of mag-
netospheric field-aligned currents in a thin-shell ionosphere and (4)
rotation of the planet at the low-altitude boundary imposed through
anelectrostatic potential field.

The computational volume of the simulation was a stretched
sphere of length 350 R; along the x axis of the solar magnetic coor-
dinate system of the Earth and 110 R; in the directions perpendicu-
lar to the x axis. A spherical volume of radius 2 R was cut out from
inside the distorted spherical computational domain. The sphere was
centred on Earth, 30 R downstream from the upwind surface where
the SW/IMF conditions are imposed. Supplementary Fig. 1shows a
three-dimensional view of the computational grid.

The primary computational technique was explicit, finite-volume
MHD. The code used Adams-Bashforth time marching with an upwind,
seventh-order, spatial reconstruction. In addition, nonlinear numeri-
cal switches based on the partial donor method were used to maintain
the total variation diminishing property. A staggered grid was used to
achieve zeronumerical divergence of the magnetic field while fulfilling this
total variation diminishing condition for the system of equations®’. The
finite-volume technique allowed the code to completeits calculationona
non-orthogonal numerical grid with cells adapted to the configuration of
theterrestrialmagnetosphere. Forexample, cellsare smallerintheinner
magnetosphere and across the nominalmagnetopause than parallel toit.
The computational grid used for the runsin this paperhas 256 x 256 x 256
cells. The grid is spherical polar near the low-altitude boundary with an
axis of symmetry along the solar magneticx axisand withindices (i x j x k)
corresponding approximately to the spherical (r x 6 x ¢p) coordinates
(radial x meridional x azimuthal) with horizontal resolution mapped to
theionosphere of approximately 0.5° x 0.5°in MLT and MLAT.

Numerical resistivity enabled magnetic reconnection in the code
whenand where the magnetic gradients reached the grid scale, which
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was approximately 0.1 R near the xline on the dayside magnetopause
for the 256 x 256 x 256 resolution computational grid. The resulting
reconnection electric field was typically of order 0.1v,B,,, in terms of
the Alfvén speed v, and magnetic field B,, in the reconnection inflow
region. This practically universal scaling indicates that the reconnec-
tion rate was not caused by changes in numerical dissipation and that
the numerical resistivity was simulating large-scale aspects of the
reconnection appropriately®. It has also been shown that the global
rate of dayside reconnection in the magnetosphere is controlled by
upstream conditions in the global simulation model rather than the
grid resolution of the simulation®.

To simplify the analysis, we used an axisymmetric dipole mag-
netic field and ignored the effects of dipole tilt, ionospheric conduct-
ance gradient, and internal mass loading or escaping processes in the
planetary system, focusing only on the first-order effect, which is the
merging between the SW/IMF and the geomagnetic field with planetary
rotation. For the simulation results discussed in the following sections,
we preconditioned the magnetosphere by driving with the solar wind
withsouthward IMF at-2 nT for 2 h, northwards (2 nT) for2 hand then
southwards at -2 nT for another 6 h to generate a well-established
steady magnetosphere convection state for the controlled numeri-
cal experiments®>®, After the preconditioning period, the solar wind
number density wasset to 5 cm >, the velocity to 400 km s, the speed of
sound to40 km s™and theIMF at B,=-2 nT, withauniformionosphere
Pedersen conductance 5 S (the Hall conductance is zero).

The desired corotation potential was applied at the ionosphere,
which contributed to the total E x B drift velocity at theinner boundary.
Tosimulate the Earth’s magnetosphere (the baseline case), a corotation
potential of 92 kV at1R,at the equator represented a full rotation every
24 h (ref. 64). By increasing the magnitude of the corotation potential,
we examined four additional cases with rotation speeds increased by
afactorof7,20,50 or100, respectively. These numerical experiments
are the super-rotating Earth cases. Each simulation with increased
corotationwas run for 20 full periods to ensure a quasi-steady state was
reached. At this point, no major change in the magnitude or distribu-
tion of the field-aligned current was observed, and the magnetotail
hadreached a quasi-steady state without persistent changes in the tail
dynamics or the field topology.

Derivation of R,,

Our choices for the increased rotation period were informed using
asimple dimensionless parameter denoted R, and calculated as the
ratio of the merging potential of the solar wind (@) to the corotation
potential (@.,,,). Many studies have been devoted to determining the
merging potential for given interplanetary and geospace conditions
(forexample, ref. 65 and references therein). Any of these forms would
serve our purpose. Any differences that changed the detailed profile of
theamount of open polar flux versus R, are presented later in this paper.
We used a form derived from simple theoretical considerations that
predicts global simulation results accurately except when the IMF direc-
tion (as defined below) is near 0° and the merging potential is small®:

.6
Drecon = 2CoBimp UswLvpRE sin % 2

where C, = 0.8 is an empirical constant, B,y is the magnitude of the
IMF, Uy, is the speed of the solar wind, R; is the radius of the Earth and
O isthe clockangle of the IMF defined as atan(B,/B,). The parameter
Ly is the L value of the subsolar magnetopause location, which was
calculated based on a one-dimensional pressure balance between the
dynamic pressure of the solar wind and the magnetic pressure of the
geomagnetic field*®:

3

2 2 2
koo, = ZB) _ () (B
SWHsw 2uo 2u0 \ I3

where ps,, is the mass density of the solar wind, B, is the strength of the
geomagnetic field at the subsolar magnetopause and u, is the perme-
ability of free space. The parameters k and f are modifications to the
pressure balance due to flow diversion and magnetic compression,
respectively. For a hypersonic solar wind flow with y=5/3, the most
probable values are k= 0.88 and f=1.22 (ref. 42).

The corotation potential obtained by integrating the corotation
electric field in the magnetic equatorial plane from infinity to the
magnetopause is

1
Peoro = mBE QER§~ “4)

Combining equations (2)-(4), the ratio between the merging
potential and the corotation potential is calculated as:

Ry = P recon _ 24/3C0f2/3 Bsw <us_w)l/3. ©)

Deoro yg3k1/3 QEBEBRE Psw

Calculating the planetary Alfvénic oval
The Alfvénic oval is a very recent concept, which has been revealed
inboth observational and modelling studies. The term ‘Alfvénic oval’
evokes an analogy with the auroral oval, which was indeed the inten-
tion when it was first coined*®. To reveal the Alfvénic oval, it is most
convenient to map the Alfvén wave, measured in space, along magnetic
field lines to the ionosphere. The Poynting flux associated with the
magnetospheric Alfvén wave is the most common quantity to have
been used for such mapping. Using the simulated electromagnetic
fields, the Alfvénic Poynting flux is calculated from the perturbation
electric (6E) and magnetic (6B) fields as:

B

B (6)

S = yiasxas-
0

where 1, is the permeability of free space and B is the mean vector
magnetic field, which is calculated from a 180 s running average of
outputresults. Perturbation 6E and 6B were calculated by subtracting
a180 s running average of each field from the spurt value of per step
(6 5). In the ionosphere, the resulting Poynting flux values were then
projected to a reference ionospheric altitude of 100 km by mapping
S,/B = constantalong dipolar geomagnetic field lines. The downgoing
fluxes of the full database of mapped S, values were then selected. These
are analysed in the following section as a proxy for the wave auroral
precipitation. The algorithm used for calculating S, in the simulation
isshownin Supplementary Fig. 2.

Influences from internal mass loading

Toinvestigate the influence of the internal mass-loading rate in driving
auroral intensity and morphology, we performed six additional sets of
numerical experiments with massloadingand compared the results with
theresults for nomassloading. To determine theamount of massloading
includedinthe numerical experiments, consideringthat the internal mass
loading forJupiteris about1,000 kg s " and for Saturnisabout100 kg s,
we used the average amount -1,000 kg s to represent the maximum
impact fromaninternal source. Note that the mass-loading rateis far from
steady, as it may vary by several times®”°%, As the simulations were based
on the terrestrial magnetosphere, which has a volume that is approxi-
mately (Ri/R;; R;refersto)upiter’sradius, 1R;=69,911km) smaller’, we used
amass-loading rate of -1kg s in the simulations, which is a reasonable
value scaled down to the size of the terrestrial magnetosphere. If the
volume were scaled down using the magnetopause standoff distance,
then the mass-loading rate would be much smaller, which was expected
to be like the result with no mass loading. Therefore, the mass-loading
rate-1kg s ' represented a high mass-loading situation.

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-024-02270-3

Supplementary Fig. 3 shows the 1 h average mass density in the
equatorial plane together with the B, = 0 contour to indicate the pos-
siblelocations of x lines and o lines. The top panels are from the simula-
tions without mass loading, and the lower panels show the simulation
results from the mass-loading experiments. Itisevident that the general
morphology of the equatorial magnetosphere was not greatly influ-
enced by the 1kg s™ mass loading added to the system, even though
the inner magnetospheric density was as high as 300 AMU cm™ near
4 R, suggesting that atleast the dayside solar wind magnetosphere was
less influenced by the torus mass added to the system. The results from
these numerical experiments with a torus mass loading are consistent
with the simulation results presentedinref.55,inwhichaveryintense
outflow mass loading from the ionosphere was introduced in the ter-
restrial magnetosphere. Based on the numerical experimentsinref. 55,
itis evident that for most of the parameter regime, the internal mass
loading redistributed the dayside reconnection rates, whereas the
integrated reconnection potential was largely determined by the solar
wind®. Thus, in this study, our hypothesis for controlling the global
morphology was based on the competition between the reconnection
potential and rotation potential. The internal mass loading may have
had arelatively smallinfluence onR,, as shownin the numerical experi-
ments inSupplementary Fig. 3. However, under extreme situations (for
example, massloading greater than128 AMU cm at the magnetopause
boundary*), the reconnection potential would be reduced by up to 50%
and R, would be expected to decrease, driving the system to become
less terrestrial-like.

Supplementary Fig. 4 shows the 1 h average of the downward
Alfvénic power, from simulations with and without mass loading.
By adjusting the mass-loading rate in a rapidly rotating Earth model,
we found that the mass-loading rate did not affect the global auroral
morphologies. The rotation speed was the dominant factor. The key
influence of the mass-loading rate would change the auroral energy
distribution, but it had little influence on the global morphology. To
conclude, from the comparisons among the 12 simulation sets, we
found that mass loading affects the details of the Alfvénic oval, influ-
ences the intensity of the wave power, the thickness of the oval etc. but
not the large-scale configuration associated with magnetic topology.

Simulated Alfvénic ovals of Jupiter and Saturn

Supplementary Fig. 5 compares the simulated Alfvénic ovals for the
super-Earth case (x100) and the Jovian magnetosphere. The set-up
for the simulation of the Jovian magnetosphere was taken from ref.
45, which was driven by nominal upstream SW/IMF conditions meas-
ured near the orbit of Jupiter. The Jovian oval was calculated using a
band-pass filter of 60-1,800 s, which was calculated by scaling the
terrestrial magnetosphere (6-180 s).

Supplementary Fig. 6 compares the simulated Alfvénic ovals
for the super-Earth case (x20) and the Kronian magnetosphere. The
simulation set-upis the same asinref. 70, which was driven by nominal
upstream SW/IMF conditions measured near the orbit of Saturn. The
Alfvénic oval was calculated using a band-pass filter of 60-1,800 s (the
sameasintheJovianmagnetospheric simulation), which was calculated
by scaling the terrestrial magnetosphere (6-180 s).

Simulated open flux and Alfvénic oval with different magnetic
field strengths

Tofurther confirmthat R, could be controlled by varying the planetary
magnetic field strength B, rather than the planetary rotation frequency
0 alone, we performed an additional set of simulations, all with the
same R, (0.11, the same as the x100 case) but with different magnetic
field strengths.

The left-hand panel of Supplementary Fig. 7 is a case with weaker
dipole field strength (0.5B;) but faster rotation speed (1500;), result-
inginR, = 0.11,asused in the x100 case shownin the middle panel. The
right-hand panel of Supplementary Fig. 7 is another case with amuch

stronger dipole field (2.8B;) but slower rotation speed (50Q;) compared
to the x100 case, which gives the same R, value as the middle panel.
It is evident that in this set of numerical experiments, the simulated
open-to-closed boundary and the average wave power exhibit the
same morphology, withamostly closed polar cap and substantial polar
power. Note that due to the differences in the strength of the dipole
field, the sizes of the simulated magnetosphere were different, result-
inginlatitudinal differencesinthe polar cap boundary and the auroral
oval. However, the global morphology remained approximately the
samewhenR, = 0.11, as discussed. Note that the simulated distributions
of average wave power are also consistent with the Jupiter simulation
shown in Supplementary Fig. 5, which has an even stronger magnetic
field (15B;) but much slower rotation speed (2.5Q;).

This set of simulations confirms our hypothesis that the parameter
R, controls the first-order picture of planetary auroral morphology,
regardless of whether R, is determined by the rotation speed alone or
acombination of planetary and upstream conditions.

Corotating field-aligned current system

As we know, Jupiter and Saturn’s Alfvén layers are both far beyond
the magnetopause’. Therefore, the magnetospheric source regions
driving the main aurorae are corotating with the planet. As a conse-
quence of fast planetary rotation, the Alfvén layer naturally expands
beyond the magnetopause, and therefore, the simulationindeed could
reproduce well the corotating feature of the main aurorae of the giant
planets’®”2. Supplementary Fig. 8 is a keogram derived from the five
sets of simulations, showing the variation of latitude-averaged (70-80
MLAT) intensity of /, on the dawnside (0-12 MLT) as afunction of time.
The rotation speed of the planet is indicated use a dashed black line
in each panel. Itis clear that when the planetary rotation is increased,
starting from x7, the current system starts to rotate as the planet spins.

Data availability

The IMAGE FUV/WIC data, the UDF software for IMAGE data instal-
lation and FUVIEW3 for display were obtained from http://sprg.ssl.
berkeley.edu/image/. The Hubble Space Telescope observations of
Saturn’s aurorae were obtained from https://archive.stsci.edu/hst/
search.php,andthejovianauroralimageisarchivedin NASA’s Planetary
Data System (http://pds-atmospheres.nmsu.edu/data_and_services/
atmospheres_data/JUNO/juno.html).

Code availability

The simulation data and source code are available upon request.
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