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Abstract

The Jupiter Icy Moons Explorer (JUICE) is a European Space Agency mission to explore
Jupiter and its three icy Galilean moons: Europa, Ganymede, and Callisto. Numerous JUICE
investigations concern the magnetised space environments containing low-density popula-
tions of charged particles that surround each of these bodies. In the case of both Jupiter and
Ganymede, the magnetic field generated internally produces a surrounding volume of space
known as a magnetosphere. All these regions are natural laboratories where we can test and
further our understanding of how such systems work, and improved knowledge of the envi-
ronments around the moons of interest is important for probing sub-surface oceans that may
be habitable. Here we review the magnetosphere and plasma science that will be enabled
by JUICE from arrival at Jupiter in July 2031. We focus on the specific topics where the
mission will push forward the boundaries of our understanding through a combination of
the spacecraft trajectory through the system and the measurements that will be made by its
suite of scientific instruments. Advances during the initial orbits around Jupiter will include
construction of a comprehensive picture of the poorly understood region of Jupiter’s mag-
netosphere where rigid plasma rotation with the planet breaks down, and new perspectives
on how Jupiter’s magnetosphere interacts with both Europa and Callisto. The later orbits
around Ganymede will dramatically improve knowledge of this moon’s smaller magneto-
sphere embedded within the larger magnetosphere of Jupiter. We conclude by outlining the
high-level operational strategy that will support this broad science return.
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1 Introduction

Space is filled with very low-density populations of charged particles, known as space
plasmas. Although generally invisible to the naked eye, these environments can contain a
tremendous amount of energy and momentum. Under these tenuous conditions, parcels of
plasma and the magnetic field that permeates them become effectively frozen to each other,
with wide-ranging consequences for the dynamics of such environments. In the Solar Sys-
tem, a plasma known as the solar wind flows away from the Sun in all directions, dragging
the solar magnetic field into space and interacting with all the planets. Some of these planets,
like the Earth, have their own magnetic field generated by a dynamo action in their interior,
creating magnetospheres that are cavities in the solar wind flow. A fraction of the energy
flowing within these dynamic magnetised volumes drives interaction with the planet itself,
and any moons that are orbiting within the planetary magnetosphere. Such moons are of
great scientific interest in their own right.

The Jupiter Icy Moons Explorer (JUICE) is the first large-class mission in the European
Space Agency (ESA) Cosmic Vision 2015-2025 programme (Grasset et al. 2013). Follow-
ing successful launch in April 2023, the spacecraft is now carrying out an interplanetary
cruise to Jupiter, scheduled to arrive at the largest planet in the Solar System in July 2031.
JUICE will then spend more than four years in the planetary system, first in orbit around
Jupiter itself and then in orbit around Jupiter’s largest moon Ganymede. The combination
of spacecraft trajectory and measurements enabled by its payload of scientific instruments
will revolutionise our understanding of the Jupiter system, including the planet’s Galilean
moons Europa, Ganymede, and Callisto.

Jupiter possesses the strongest magnetic field of any planet in the Solar System, carving
out the largest solar system magnetosphere within the solar wind flow. Much of our under-
standing of Jovian magnetospheric physics is based on observations made by spacecraft that
have flown past Jupiter (Pioneer 10, Pioneer 11, Voyager 1, Voyager 2, Ulysses, Cassini-
Huygens, and New Horizons) and the two spacecraft to have already executed orbits around
Jupiter: The past (1989-2003) Galileo mission and the ongoing Juno mission (Dessler 1983;
Clarke et al. 2004; Khurana et al. 2004; Kivelson et al. 2004a; Krupp et al. 2004a; Thomas
et al. 2004; Saur et al. 2004; Bagenal et al. 2017a; Bolton et al. 2017). Inside this system
the magnetosphere is electrodynamically coupled to each of the many Jovian moons. In
particular, complex interactions exist at Europa and Callisto, and Ganymede’s interaction is
unique (Kivelson 2004b) (see the review by Jia et al. 2010a). This is because Ganymede is
the only moon in the Solar System known to produce its own magnetic field, carving out a
mini-magnetosphere within the Jovian magnetosphere, which has a far larger spatial scale.
In the case of all three moons, a tenuous layer of ionized exosphere (an ionosphere) plays
an important role in mediating the interaction.

The Jupiter system therefore contains numerous natural space plasma laboratories in
which we can test our understanding of how these systems work, and occasionally also
the fundamentals of space plasma physics. These tenuous regimes cannot be re-created in
Earth-based laboratories, and so direct exploration with missions like Galileo, Juno, and
now JUICE, are needed for progress. Figure 1 shows a high-level illustration that covers
much of the magnetosphere and plasma science in the Jupiter system that is relevant for
JUICE, which will be described in more detail in later sections. Progress in understanding
the moon-magnetosphere interaction at each of Europa, Ganymede, and Callisto is essential
for assessing the habitability of any sub-surface oceans of liquid water, which is a key driver
of the JUICE mission (Grasset et al. 2013).
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Fig. 1 High-level illustration of magnetosphere and plasma science topics in the Jupiter system that are
relevant for JUICE. Credit: ESA

This paper is part of a special issue following the launch of JUICE. Other publications
in the issue focus on topics such as the overall mission design (Witasse et al. 2025, this col-
lection), spacecraft design (Erd et al., in preparation, this collection), ground segmentation
(Altobelli et al., in preparation, this collection), trajectory design (Boutonnet et al. 2024,
this collection), and each scientific instrument. Our focus is the magnetosphere and plasma
science areas where the mission will allow new advances following arrival at Jupiter. This
topic is the subject of one of the mission’s four science Working Groups (WGs), from which
the majority of the present authorship is drawn. As a general guide, plasma populations that
will be studied by JUICE fall within our primary scope. The aim of this article is not to
present a comprehensive introduction and review of all the key physics on this topic, which
is the subject of a number of excellent past reviews (e.g., see relevant chapters of Bagenal
et al. 2004), instead we use the JUICE mission as a guide to reviewing specific sub-topics,
with a focus on how JUICE will push forward present understanding in each case.

The JUICE mission has six objectives, concerning Ganymede, Europa, Callisto, Jupiter’s
atmosphere, Jupiter’s magnetosphere, and Jupiter’s satellite and ring system (Witasse et al.
2025, this collection). Magnetosphere and plasma science features in all six mission objec-
tives, as shown in Table 1. In this reduced version of the full Science Requirements Matrix
we only present the investigations that are the most relevant for magnetosphere and plasma
science, showing how these have originated from science objectives, which in turn stem
from the six mission objectives. Table 1 also illustrates how overlap between WG papers
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Table 1 Reduced JUICE Science Requirements Matrix based on selecting the investigations that are the
most relevant for magnetosphere and plasma science (Witasse et al. 2025, this collection). Investigations not
marked with asterisks are only covered by the content of this paper, investigations marked with one asterisk
are covered partly here and partly in the paper by the internal structure, subsurface and geophysics of giant
icy moons WG (Van Hoolst 2024, this collection), investigations marked with two asterisks are covered partly
here and partly in the paper by the surfaces and exospheres of satellites, dust and rings WG (Tosi et al. 2024,
this collection), and investigations marked with three asterisks are only covered in the paper by the Jupiter

WG (Fletcher et al. 2023)

Mission objective

Science objective

Investigation

Characterise Ganymede
as a planetary object and
possible habitat

Explore Europa’s
recently active zones

Study Callisto as a
remnant of the early
Jovian system

Characterise the Jovian
atmosphere

Characterise the Jovian
magnetosphere

Characterise the extent of the
ocean and its relation to the
deeper interior.

Characterise the local
environment and its interaction
with the Jovian
magnetosphere.

Study the active processes

Characterise the outer shells,
including the ocean.

Characterise the atmospheric
dynamics and circulation.

Characterise the
magnetosphere as a fast
magnetic rotator.

GA.2: Characterise the space plasma
environment to determine the
magnetic induction response from
the ocean.

GC.1: Globally characterise
Ganymede’s intrinsic and induced
magnetic fields, with implications for
the deep interior.*

GC.2: Characterise the particle
population within Ganymede’s
magnetosphere and its interaction
with Jupiter’s magnetosphere.

GC.3: Investigate the generation of
Ganymede’s aurorae

GC.4: Determine the sources and
sinks of the ionosphere and
exosphere.**

EC.1: Study the interaction between
the local environment and the Europa
torus, and the effects of radiation on
surface chemistry, and sputtering
processes.**

CA.2: Characterise the space plasma
environment to determine the
magnetic induction response from
Callisto’s ocean.**

CB.3: Characterize the ionosphere
and exosphere of Callisto.**

JA 4: Investigate auroral structure
and energy transport mechanisms at
high latitudes.***

JA.5: Understand the
interrelationships between the
ionosphere and thermosphere. ***

MA.1: Understand the structure and
stress balance of Jupiter’s
magnetosphere.

MA .2: Investigate the plasma
processes, sources, sinks,
composition and transport (including
transport of magnetic flux) in the
magnetosphere and characterize their
variability in space and time.
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Table 1 (Continued)

Mission objective Science objective Investigation

MA .3: Characterize the large-scale
coupling processes between the
magnetosphere, ionosphere and
thermosphere, including footprints of
the Jovian moons.

MA .4: Characterize the
magnetospheric response to solar
wind variability and planetary
rotation effects.

Characterise the MB.1: Detail the particle
magnetosphere as a giant acceleration processes.
accelerator.

MB.2: Study the loss processes of
charged energetic particles.

MB.3: Measure the time evolving
electron synchrotron emissions.

Understand the moons as MC.1: Study the pickup and charge
sources and sinks of exchange processes in the Jupiter
magnetospheric plasma. system plasma and neutral tori.

MC.2: Study the interactions
between Jupiter’s magnetosphere and
ITo, Europa, Ganymede, and Callisto.

MC.3: Study the interactions
between Jupiter’s magnetosphere and
small satellites.

Study the Jovian satellite Remote observations of Io SA.2: Study of pick-up &
and ring system charge-exchange processes in
plasma/neutral tori.**

is handled. Most of the investigations listed are only covered in the present article, some
are covered in two different WG papers, and three are only covered in other WG papers. A
point deserving special note concerns overlap with the surfaces and exospheres of satellites,
dust and rings WG (Tosi et al. 2024, this collection). In contrast with the general guide to
our scope, we cover populations of neutral particles on the scale of Jupiter’s magnetosphere
where these are relevant for understanding the Jovian magnetosphere (i.e., we cover moon
neutral tori). We do not cover the neutral environments local to each Galilean moon, which
fall within the remit of this sister WG.

Each investigation drives requirements that have led to the payload of instruments cur-
rently on the spacecraft. Table 2 summarises the measurement capabilities that will al-
low magnetosphere and plasma science once the spacecraft arrives at Jupiter. This over-
all capability is provided by specific scientific experiments: The Magnetometer (J-MAG)
(Dougherty et al., in preparation, this collection), Particle Environment Package (PEP)
(Barabash et al, in preparation, this collection), Radio and Plasma Wave Investigation
(RPWI) (Wahlund et al. 2025), Ultraviolet Imaging Spectrograph (UVS) (Retherford et al.
2025, in preparation, this collection), Gravity & Geophysics of Jupiter and Galilean Moons
(B3GM) (Iess et al. 2025, this collection), Planetary Radio Interferometry and Doppler Ex-
periment (PRIDE) (Gurvits et al. 2023, this collection), and the RADiation hard Electron
Monitor (RADEM) (Hadjas et al., in preparation, this collection). Most of these are in situ
measurements, but remote sensing will also be a valuable tool. We refer the reader to the
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Table 2 Summary of the JUICE instruments and measurement capabilities that are relevant for magneto-

sphere and plasma science

Instrument

Relevant Measurements

Magnetometer (J-MAG)

Particle Environment Package
(PEP)

Radio and Plasma Wave
Investigation (RPWI)

Ultraviolet Imaging
Spectrograph (UVS)
Gravity & Geophysics of
Jupiter and Galilean Moons
(3GM)

Planetary Radio Interferometry
and Doppler Experiment
(PRIDE)

RADiation hard Electron
Monitor (RADEM)

Magnetic field, DC to 64 Hz.

Electrons, 1 eV to 1 MeV.

Ions, 1 eV to 5 MeV.

Thermal neutrals and ions 1-1000 atomic mass units.
Energetic Neutral Atoms (ENAs), 10 eV to 300 keV.
Electric field vector, DC to 1.4 MHz.

Electric field vector (radio), 80 kHz to 45 MHz.
Magnetic field vector, 0.1 Hz to 20 kHz.

Plasma density, 1074 t0 10% cm—3.
Ultraviolet photons, 51 to 204 nm.

Radio occultation, Ka-band, 32.5 to 34 GHz (communication radio line
carrier frequency).

Phase scintillations of electromagnetic waves emitted by the spacecraft
at 8.4 GHz (communication radio line carrier frequency) on the
interplanetary plasma and in the immediate vicinity of Jupiter and its
moons, including radio occultations. Total electron content along the
communication line, spacecraft to ground-based radio telescope.

Electrons, 0.3 MeV to 40 MeV.
Tons, 0.1 MeV to 250 MeV.

cited articles in this journal for further information about each experiment, including tech-
nical detail. In the interests of making this paper accessible to a broad readership, in the
following sections we avoid referring to individual instruments, relying on Table 2 as a ref-
erence for the reader to understand the spacecraft’s relevant capabilities. Section 6 is an
exception, as it concerns spacecraft operations once in the Jupiter system.

This paper is comprised of sections that deal with the different JUICE magnetosphere
and plasma science themes, presented in chronological order based on when we expect
the first science return. Each section begins with an overview of the relevant portion of
the spacecraft trajectory (Boutonnet et al. 2024, this collection). In Sect. 2 we review the
advances in Jovian magnetospheric science that JUICE will enable, including how plasma
is transported and accelerated. In Sects. 3 and 4 we review the expected advances concerning
the local electrodynamic interaction between the Jovian magnetosphere and both Europa and
Callisto, respectively. In Sect. 5 we outline major progress expected in understanding the
magnetosphere of Ganymede, based on many months spent in orbit. In Sect. 6 we provide
an overview of the observational strategy that will maximise the magnetosphere and plasma
science return, from the final approach to Jupiter until the end of the mission. Finally, in
Sect. 7 we conclude, and discuss the path forwards towards Jupiter orbit insertion in 2031.

2 Magnetosphere of Jupiter

Jupiter has by far the largest and most complex magnetosphere in the Solar System, illus-
trated in Fig. 2 (see Dessler (1983) and relevant chapters of Bagenal et al. 2004). A major
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Fig. 2 Schematic illustrating the structure of Jupiter’s magnetosphere. False colour has been applied to dif-
ferent regions of the magnetised plasma environment. Credit: Fran Bagenal & Steve Bartlett

role is played by the innermost Galilean moon, Io, which is the most volcanically active body
in the solar system. Io has an atmosphere of SO, from which about ~1 ton s~! of neutral
material is ejected from lo (Roth et al. 2025). The neutral material is then rapidly dissociated
and ionized by the surrounding plasma, accelerated to corotate with Jupiter’s ~10-hour spin
period, to form a dense plasma torus (Bagenal and Dols 2020). The heavy ions, comprising
various charge states of sulphur and oxygen (Clark et al. 2016, 2020; Bagenal et al. 2017b;
Allen et al. 2019; Kim et al. 2020) are subsequently heated as they are transported radially
out through the magnetosphere (Bagenal and Delamere 2011). The dominant heavy ion con-
stituents of Jupiter’s magnetosphere play a key role in its dynamics due to their density and
pressure contributions (Mauk et al. 2004).

Jupiter’s strong magnetic field together with its fast rotation rate coupled to this particu-
larly active moon controls the structure and dynamics of its magnetosphere, with the solar
wind playing a still-to-be-determined role. The coupling among all these elements changes
in space, time and over a variety of time scales. The JUICE trajectory and its scientific pay-
load will provide a new view of the structure of the Jovian magnetosphere, as well as its
dynamical variations, information which can later propagate into predictive models of the
moon environments. In particular, JUICE will show how the combination of a strong dy-
namo, fast rotation and internal plasma sources shape a magnetosphere and in which ways
these aspects convert the Jovian system into a very efficient particle accelerator.

Referring to the JUICE investigations presented in Table 1, this section concerns all in-
vestigations stemming from the mission objective “Characterise the Jovian magnetosphere”,
as well as the o investigations stemming from the mission objective “Study the Jovian
satellite and ring system”. Note that the scope of this section includes plasma and neutral
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Fig.3 The JUICE spacecraft
trajectory during the Jupiter
orbital tour, prior to Ganymede
orbit insertion. See the text for a
definition of the units and
coordinate system used. (a)
Trajectory projected onto the xy
plane. Approximate positions of
Jupiter’s bow shock and
magnetopause cross-sections are
shown, which are highly sensitive
to solar wind dynamic pressure
(Joy et al. 2002). The
approximate prevailing
orientations of the interplanetary
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tori associated with moons, but more local moon-magnetosphere interactions are covered in
Sect. 3.2 (Europa), Sect. 4.2 (Callisto), and Sects. 5.1 to 5.3 inclusive (Ganymede).

The trajectory of the JUICE spacecraft from approach to Jupiter until Ganymede orbit
insertion is shown in Fig. 3 (Boutonnet et al. 2024, this collection). The coordinate system
used has its origin at Jupiter’s barycentre and uses spatial units of Jupiter radii (R;; 1 Ry =
71,492 km). The z-axis is aligned with Jupiter’s centred magnetic dipole axis (Connerney
et al. 2022), the x-axis defines an xz plane that contains the vector pointing to the Sun from
the origin, and the y-axis completes the right-handed cartesian set. This system has been
chosen because it captures magnetospheric regions close to the planet (within ~40 R;) by
virtue of how the z-axis is defined, while also indicating the approximate direction to the
Sun (positive x-axis) and the approximate direction of Jupiter’s orbital motion (negative
y-axis). The ~10° tilt between Jupiter’s magnetic dipole and rotation axes means that the
spacecraft trajectory appears to wobble over a period of ~10 hours when viewed in this
system. Note that the utility of this system is less outside ~40 Rj, because physics beyond
just the magnetic dipole equator rigidly tied to the planet start to control the structure of the
system to a greater extent.
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An important concept for defining magnetospheric regions is the M-shell, which we rely
on frequently in this article. These are surfaces defined by magnetic field lines crossing the
equator at the same distance, with an identifying number that can be turned into this distance
by multiplying by 1 R;. We use a combination of Juno-era models of Jupiter’s internal mag-
netic field model (Connerney et al. 2022) and magnetodisk current sheet (Connerney et al.
2020), implemented via code released and reported in order to serve the magnetospheres of
the outer planets community (Wilson et al. 2023). The current sheet model accounts for the
radial distension of Jupiter’s magnetic field observed outside Io’s orbit, illustrated in Fig. 2.
Note that this inclusion of the effect of Jupiter’s magnetodisk current sheet makes Jovian
M-shells different from the traditional L-shell introduced in the context of the Earth and
often applied to other planets.

How JUICE will advance knowledge in this area: The spacecraft orbit within the plasma
sheet and in the mid-to-high-latitude magnetosphere, together with excellent local time cov-
erage, will bridge gaps in coverage following the Galileo and Juno missions. The extended
duration of both low and high-latitude phases will offer deeper insights into the dynamical
variability ranges of the magnetosphere, since several regions will be visited on multiple in-
stances, enabled by JUICE’s extensive measurement capabilities. Orbit-to-orbit revisit times
range from 10 days to about a month, whereas time differences between inbound-outbound
crossings of similar magnetospheric ranges will allow us to probe down to a few days.
JUICE will offer novel opportunities for continuous monitoring of the magnetosphere, with
sufficient resolution to resolve a range of timescales. More detail is given in the following
sub-sections.

2.1 Mapping Magnetospheric Structure and Monitoring Dynamics
2.1.1 Solar Wind Interaction and the Outer Magnetosphere

JUICE will approach Jupiter from the post-dawn local time sector (see Fig. 3a), in a tra-
jectory roughly aligned with the Parker spiral that describes the dominant magnetic field
orientations in the solar wind. This may occasionally mean that JUICE becomes magneti-
cally connected to Jupiter’s magnetosphere. This geometry is ideal for monitoring charged
particle populations that escape from Jupiter along the interplanetary magnetic field (IMF),
such as relativistic electrons (Teegarden et al. 1974; Simpson et al. 1993; Heber et al. 2007;
Hospodarsky et al. 2017) or ~10 to ~100-keV ions (Marhavilas et al. 2001; Krimigis et al.
2002). During similar entry to the Jupiter system (McComas et al. 2017; Wilson et al. 2018),
the Juno spacecraft encountered a hot flow anomaly upstream of Jupiter’s bow shock (Valek
et al. 2017), and so JUICE may also observe evidence of this transient phenomenon.

The spectra of these populations, particularly of the relativistic electrons, appear to be
regulated both by the solar wind (IMF orientation, solar wind velocity) at solar rotation time
scales (weeks) and planetary rotation (Morioka and Tsuchiya 1996; Tsuchiya et al. 1999).
Krupp et al. (2002, 2004b) report even shorter periods (e.g. 40 minutes) in the modulation
of escaping electrons, periods that have also been identified throughout the Jovian outer
magnetosphere and the aurora (Simpson et al. 1992; Gladstone et al. 2002; Dunn et al. 2017,
Manners and Masters 2020). These observations hint that there is a strong coupling of the
outer magnetosphere with the solar wind, that is still poorly understood. The same applies
for the source region and release processes of the escaping particle populations. JUICE will
be capable of monitoring these populations for long periods, in parallel with in situ sampling
of the solar wind and remote sensing observations of the magnetosphere in the ultraviolet
(UV), infrared (IR) and in Energetic Neutral Atoms (ENAs) (e.g., Mauk et al. 2002; Steffl
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et al. 2006), offering a global perspective of the magnetospheric state and adding another
dimension for interpreting the particle escape episodes.

JUICE will also have the unique opportunity to measure the extended nebulae of Jupiter:
A disk-shaped neutral cloud extending more than 400 R; from the planet, only identified
through remote sensing so far (Mendillo et al. 1990). This cloud is believed to contain
sodium atoms, sourced and neutralised in the Io torus, spreading outwards with energies
of about 400 eV (De Becker et al. 2023). JUICE will be able to search for in situ evidence
of this disk of neutrals, and any correlation with Io volcanism could also be investigated
during approach via remote sensing.

Furthermore, approach to Jupiter and the period surrounding the first orbital apoapsis
point following Jupiter orbit insertion will offer opportunities for simultaneous in situ solar
wind monitoring and remote monitoring of the magnetosphere. Past studies indicate that
a dawn-dusk asymmetry in extreme UV emissions from the plasma torus associated with
the moon Io (see Sect. 2.3) is indicative of a dawn-to-dusk electric field in Jupiter’s mag-
netosphere (Barbosa and Kivelson 1983). Propagated solar wind conditions hint that this
electric field is regulated by the solar wind dynamic pressure (Murakami et al. 2016) which
in turn affects other elements of the magnetosphere, such as the electron radiation belts (Han
et al. 2018). JUICE observations during approach will not suffer from the large uncertainty
associated with solar wind propagations, allowing us to look for local time asymmetry, as
predicted by several theoretical models (Goertz and Ip 1984).

Long-term monitoring campaigns may reveal the links between the inner and the outer
Jovian magnetosphere: Kimura et al. (2018), Tsuchiya et al. (2018), Yoshioka et al. (2018),
and Tao et al. (2021), using Earth-based observations of electron heating episodes and au-
roral UV emission bursts, found that variations in the internal plasma supply through Io’s
volcanism modifies the large-scale plasma circulation throughout the magnetosphere. Re-
mote sensing carried out by JUICE that includes ENA imaging (see Sect. 2.4), the latter
offering a novel insight into suprathermal ion populations, could provide key information
on how such episodes evolve across different magnetospheric regions and particle popula-
tions.

The residence of JUICE in the outer magnetosphere will be short compared to the mis-
sion duration. Arrival is expected to be around solar minimum, with solar wind dynamic
pressures most likely around 0.1 nPa (Joy et al. 2002), which means that there is high con-
fidence that only during approach and the apojove of the first JUICE orbit will there be an
opportunity to study the magnetospheric boundaries (bow shock and magnetopause), which
will lie beyond ~140 R; from the planet at the relevant local times (see Fig. 3a) (Joy et al.
2002). We expect the spacecraft to cross the bow shock and magnetopause boundaries ~1-2
weeks before the first closest approach to Jupiter (Jupiter orbit insertion), and we have high
confidence that ~2-4 weeks after this event the spacecraft will cross boundaries again and
make at least one excursion into the solar wind during the Jupiter tour. The exact timing
of boundary crossings cannot be predicted accurately because of the highly unpredictable
and variable solar wind dynamic pressure conditions (e.g. Joy et al. 2002). Magnetopause
crossings will allow us to search for evidence of key energy transport processes (Ebert et al.
2017; Masters 2017; Montgomery et al. 2022), and any pre-dawn crossings would allow us
to study a region just inside the magnetosphere where Vasylitinas (1983) proposed that a
plasma cycle, similar to the Earth’s Dungey cycle, forms an X-line of plasmoid disconnec-
tions (Krupp et al. 1998, 2001a,b; Vogt et al. 2014, 2020); however, some analyses of Jupiter
magnetospheric data indicate that such an X-line may not develop frequently (e.g., Bagenal
et al. 2017b). The low inclination of the JUICE orbits that would cross the magnetopause,
compared to the fast north-south crossings of Juno, plus the better time resolution of in situ
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measurements compared to Galileo and the possibility of remotely monitoring the global
magnetospheric response may further contribute to our understanding of plasma circulation
at Jupiter (Kronberg et al. 2007; Louarn et al. 2014; Kimura et al. 2018).

2.1.2 Plasma Sheet and Mid-Latitude Magnetosphere

After the initial orbits, JUICE will remain inside 65 R; until the end of the mission. Fig-
ure 4 shows the spacecraft residence time as a function of M-shell, covering the orbits of
Europa, Ganymede, and Callisto. Outside the orbits of the Galilean moons (>30 R;j), the
dipolar magnetic field is distorted by both the outward moving plasma and a sheet of cur-
rent in the equator of about 100 million amperes (Khurana and Schwarzl 2005) (see Fig. 2
and Sect. 2.2), forming radially distended field lines near the equatorial plane (Achilleos
et al. 2015), similar to the cross-tail current at the Earth, but with approximate axial sym-
metry. The equatorial magnetosphere ultimately assumes a flattened pancake-like structure,
known as the magnetodisk (see Fig. 2). Such stretching of the field lines facilitates magnetic
reconnection and plays an important role in the magnetospheric dynamics as magnetic en-
ergy is converted to particle energy through impulsive events that stream both tailward and
planetward.

JUICE will be able to observe the aftermath of magnetotail reconnection events through
the detection of planetward flows, signatures of transient particle acceleration, or distinctive
magnetic signatures (Vogt et al. 2014; Yao et al. 2019; Yuan et al. 2021). This may explain
Jovian dawn auroral storms, of which transient variability was continuously monitored with
the Hisaki satellite (Kimura et al. 2015, 2017). Bonfond et al. (2021) compared the transient
dawn auroral storms to terrestrial substorms, supporting the idea that mass and energy do not
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circulate smoothly, but accumulate until the magnetosphere collapses, generating substorm-
like auroral responses. Recent Juno observations indicate the plasma sheet is dense, with
weak associated wave intensity, but that the dawn-dusk asymmetric plasma sheet boundary
layer is more tenuous and has larger wave activity, observations that could map boundary
layer origin to transient reconnection (Zhang et al. 2020). This is an area where further
JUICE observations will be valuable.

Many types of plasma instabilities may occur in the magnetodisk, such as ballooning
instability or cross-field current instability (Bonfond et al. 2021; Guo et al. 2021). These
instabilities can lead to a disruption of the azimuthal currents in the middle magnetosphere
and dipolarisation of the magnetic field lines that would be progressively swept away from
the nightside by planetary rotation. The Cassini spacecraft observed small-scale reconnec-
tion occurring throughout the magnetodisk of Saturn (Guo et al. 2018), a process that may
regulate the shedding of mass and energy from the planet’s magnetosphere, in addition to
nightside reconnection. The potential to search for signatures of instabilities and small-scale
reconnection at Jupiter also exists for JUICE, thanks to its extensive survey of the Jovian
magnetodisk.

The middle magnetosphere that is the subject of this section includes the region where
rigid corotation of plasma with Jupiter breaks down. This corotation breakdown region is
the subject of Sect. 2.2, which includes discussion of the role of corotation enforcement
currents in driving Jupiter’s auroral emissions.

2.1.3 Inner Magnetosphere and Radiation Belts

We define the outer boundary of the inner magnetosphere at an equatorial distance of ~30
R;, in the vicinity of the orbit of the outer Galilean moon, Callisto. Coincidentally, it is
outside that distance where the magnetodisk plane hinges (Khurana 1997), whereas inside
the planetward rise of >1 MeV (relativistic) radiation belt electron fluxes becomes steeper
(Kollmann et al. 2018), and the trapping of energetic protons and heavier ions is more stable
(Birmingham 1982; Selesnick et al. 2001). JUICE measurements of plasma moments, ener-
getic particle spectra, ion composition, angular distributions, electromagnetic wave spectra
and their spatial dependencies will be key for understanding a variety of features in the inner
magnetodisk.

Estimates of the radial profile of magnetic flux tube content may define whether the
magnetosphere is conducive to processes like centrifugal interchange. The latter could drive
planetward injections and energisation of particles to radiation belt energies, as observed
at Saturn (Mitchell et al. 2015). While most injections are observed in the range 10<L<20
(Mauk et al. 1999; Dumont et al. 2014), it is unclear if centrifugal interchange is their driver,
given the shallow flux tube content negative gradient with M-shell reported by Bagenal et al.
(2016). These authors used re-processed Galileo plasma data to demonstrate that the ion
temperature increases at M-shells beyond Europa’s orbit, contrary to the expected adiabatic
cooling. The presence of a heating source is thus implied, linked to a combination of turbu-
lence, diffusive transport, and advective flows (Ng et al. 2018, 2022).

Radial transport is especially important for charged particle acceleration in the radiation
belts, while conserving the first two adiabatic invariants of motion. Analysis of Galileo en-
ergetic particle measurements and Juno data suggest this process may be responsible for
accelerating electrons into the range of several to tens of MeV, at least out to the orbit of
Ganymede (Kollmann et al. 2018; Ma et al. 2021), and may drive dynamics (Hao et al.
2020), but these measurements lack the energy resolution to conclude with certainty. With
a combination of measurements JUICE will measure electrons all the way from a few keV
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to ~40 MeV, as well as protons up to ~250 MeV. This is the first-time proton measure-
ments above 10 MeV will be made over long periods of time in the Jovian system (Hajdas
2025, this collection). This extension of the energy range above the <1 MeV range provided
by past spacecraft (e.g. Shen et al. 2022) is particularly important in the inner magneto-
sphere for quantitatively understanding surface weathering and exosphere generation at the
Galilean moons (e.g. Teolis et al. 2017) (see Sects. 3 to 5).

JUICE will be able to search for signatures of the various acceleration processes by
characterising the spectral shape at MeV energies and observe dynamics, particularly during
times of sudden “storm” enhancements (Yuan et al. 2021). The multiple crossings of the
Galilean moon M-shells will also offer the opportunity to detect microsignatures (regions
of absorbed energetic electrons), the profile of which can be used to quantitatively assess
radial transport (e.g. Roussos et al. 2016). Moreover, JUICE will search for external sources
of energetic particles that have been identified in other planets such as Cosmic Ray Albedo
Neutron Decay (Roussos et al. 2022).

Competing with adiabatic heating is electron energisation by strong electromagnetic
whistler mode waves, which can accelerate electrons to relativistic energies of several MeV
on timescales of tens of days, comparable to the time needed for electron transport across the
region 6<L.<12 (Horne et al. 2005; Shprits et al. 2012; Woodfield et al. 2014). These intense
waves, especially whistler mode chorus emissions, have been observed by the Galileo and
Juno spacecraft along the anticipated regions that JUICE will sample in the Jovian magneto-
sphere (Menietti et al. 2008, 2016, 2021a, 2021b, Li et al. 2020), in a close relationship with
anisotropic electron distributions at energies of tens of keV (Katoh et al. 2011). However,
these measurements do not provide us with crucial parameters of these wave particle inter-
actions; polarisation and propagation properties of electromagnetic waves are still unknown.
JUICE will be able to close this knowledge gap by providing three-dimensional (3D) mea-
surements of fluctuating magnetic and electric fields at frequencies up to 20 kHz, and precise
characterisation of the background magnetic field and energetic electrons. Anisotropic dis-
tributions generated by moon-magnetosphere interactions may also lead to enhanced chorus
wave activity that may also drive extreme acceleration of electrons near Ganymede or Eu-
ropa (Shprits et al. 2012), hints of which may have been observed at the latter moon by
Juno (Allegrini et al. 2020). Direct measurements by Juno at Europa (Kurth et al. 2023)
and Ganymede (Kurth et al. 2022) clearly show presence of whistler-mode chorus, captured
by one electric and one magnetic antenna. JUICE’s 3D measurements during the extended
period spent near Ganymede will be particularly interesting in this respect.

Besides acceleration, particle loss is also an important process that regulates radiation
belt populations. Theory and modelling studies suggest that interactions with electromag-
netic ion cyclotron (EMIC) waves play significant roles in the loss processes of energetic
ions (Mauk 2014, 2022), radiation belt protons (Nénon et al. 2018), and possibly radiation
belt electrons as observed in the terrestrial magnetosphere. Galileo measurements reveal en-
hancements of EMIC waves around icy satellites (Volwerk et al. 2001, 2013). High-latitude
observations by Juno suggest one of the major loss processes for energetic ions near and
outward of Ganymede’s orbit is scattering into Jupiter’s loss cone (Mauk et al. 2022). While
Juno’s high-latitude orbit is ideal to resolve the loss cone and directly measure the result of
the scattering, it does not cover the equatorial plane well, which is where the scattering may
predominantly occur. JUICE can contribute to the investigation of the distribution of EMIC
waves in the equatorial plane of the Jovian magnetosphere and their roles they play in de-
termining the observed intensity as well as the dynamics of energetic ions (Yao et al. 2021).
JUICE will also be capable of directly measuring energy exchange between energetic ions
and waves (Katoh et al. 2018).
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2.2 The Corotation Breakdown Region

Having now reviewed the global magnetosphere of Jupiter relevant for JUICE, this section
is dedicated to discussion of the corotation breakdown region. This region deserves special
attention here because of a combination of its importance for understanding how the system
works and the expectation that JUICE measurements in the region will lead to a step-change
in our understanding.

2.2.1 Concept and Consequences

A combination of strong magnetic, mechanical and thermal stresses is responsible for the
large size of Jupiter’s magnetosphere. The hot plasma that dominates the plasma pressure
has a temperature exceeding 20 keV outside of Io’s torus. The ratio of plasma pressure
to magnetic pressure (the plasma ) exceeds unity beyond a radial distance of 30 Ry (Kane
etal. 1995; Mauk et al. 2004) inflating the magnetosphere. The cooler plasma that dominates
the plasma number density experiences strong outward centrifugal force that further inflates
the magnetosphere. The magnetospheric plasma consists of various charge states of S and O
ions, protons and electrons and is originated principally from Io’s torus with minor contribu-
tions from a neutral torus at Europa, the solar wind, and the planetary ionosphere (Bagenal
and Sullivan 1981; Belcher et al. 1980; Hill 1983; Martin et al. 2020). It is estimated that
Io’s plasma torus slowly diffuses and convects radially outward (Hill 1976; Southwood and
Kivelson 1987, 1989), while the magnetic flux is returned to the inner magnetosphere in
narrow channels that are devoid of cold plasma (e.g., Kivelson et al. 1997).

The plasma is known to be close to corotation with Jupiter up to a radial distance of
20 Ry, but falls substantially below corotation further out (Kane et al. 1995; Krupp et al.
2001a). A strong dawn/dusk asymmetry in the flow velocity is also observed with plasma
closer to corotation in the dawn sector but lagging substantially below it in the dusk sector
(Krupp et al. 2001b). As the plasma moves outward, it expands to fill a larger volume and is
therefore expected to get cooler if the expansion process is adiabatic. However, the thermal
plasma is seen to increase in temperature from 30 eV in [o’s torus to ~ 1 keV in the outer
magnetosphere suggesting the need for a source of local heating (Bagenal and Delamere
2011).

As magnetospheric plasma moves radially outward in Jupiter’s magnetosphere while
conserving its angular momentum, its angular velocity falls with radial distance. The re-
sulting viscous drag between the ions and neutrals on the same flux tube in the upper at-
mosphere of Jupiter exerts a torque on the ionospheric plasma that is transmitted to the
magnetosphere via field-aligned (Birkeland) currents (Hill 1979; Vasylitinas 1983). In the
equatorial plane, the electric current becomes radial in direction and applies a Lorentz force
(JxB) in the azimuthal direction (see Fig. 5) to keep plasma in corotation. This long-distance
interaction between the ionospheric and magnetospheric plasmas results in a net transfer of
angular momentum from Jupiter’s atmosphere into the Jovian magnetosphere, with limits
on the transfer of angular momentum from the upper atmosphere of Jupiter explaining the
sub-corotation beyond ~20 Ry (Hill 1979; Huang and Hill 1989). It is important to note that
while the large-scale picture of currents shown in Fig. 5 is present, and leads to the angu-
lar momentum transport discussed here, the current system is considerably more structured
when viewed on smaller scales, particularly close to the planet (e.g. Mauk et al. 2020a,b).

As the angular momentum of a parcel of corotational plasma increases proportional to the
square of its radial distance from Jupiter, corotation must break down where the ionosphere,
through the viscous torque applied by the ionosphere on the outflowing plasma, is not able to
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Fig.5 The configuration of the RETURN BIRKELAND CURRENTS
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impart sufficient angular momentum to the magnetosphere (Hill 1979). Hill (1979) showed
that the ion-neutral collisions in the ionosphere exert a rotational torque on the plasma which
increases with the L-shell value of the field lines, defined in the classic sense using only the
dipole field of the planet (i.e., differing from M-shells), and is proportional to the height-
integrated Pedersen conductance of the ionosphere. The limitation in momentum transfer
may be local to the ionospheric layer because of its finite conductivity.

However, an even stronger restraint on the angular momentum transfer from the iono-
sphere is provided by the rotational slippage of the neutral atmosphere itself because of the
inability of the lower atmosphere to supply the angular momentum to the upper atmosphere
(Huang and Hill 1989). The rate of increase of angular momentum in the magnetosphere
is proportional to the rate of outward mass transport (Hill 1979). Equating the two results
yields a differential equation that introduces a corotation break-down distance L which is
proportional to the ionospheric conductivity and inversely proportional to the mass outflow
rate. For values typical of the Jovian magnetosphere (height integrated conductance = 0.1 S
and a mass outflow rate of 10?® amu s~!), Ly = 64 R;. This calculated value of the corotation
break-down is considerably higher than the observed value of 20-30 R;. An additional con-
straint on the outward flow of angular momentum is required to explain the plasma velocity
observations.

In the rest frame of the magnetospheric plasma, the electric field must vanish. It is nor-
mally assumed that the neutral atmosphere at ionospheric altitudes corotates rigidly with
Jupiter. This may, however, not be valid because the neutrals in the ionosphere may not
have sufficient angular momentum and start lagging the angular velocity of Jupiter. Because
a vertical gradient in the azimuthal velocity of neutrals is resisted by the viscosity of the
atmosphere, the upward (antiplanetward) transfer of angular momentum in the neutral at-
mosphere is controlled by the effective eddy viscosity of the upper atmosphere.

Huang and Hill (1989) show that atmospheric density and eddy viscosity alone deter-
mine the fractions of the magnetospheric corotation lag that is attributable to the slippage
of the neutral atmosphere relative to Jupiter. The balance between the transfer of angular
momentum to ions from the neutral-ion collision force and the upward transfer of angu-
lar momentum to the neutrals in the ionosphere from the lower atmosphere determines the
angular velocity of the magnetospheric ions. They showed that the slippage of the neu-
trals can reduce the effective Pedersen conductivity of the ionosphere by a factor of 10 to
100, compared to the situation without slippage. This reduction in the effective conductivity
of the ionosphere decreases the effective corotation breakdown distance by an additional
factor of 2-3 which is consistent with the observations of plasma velocity in the magneto-
sphere. Indeed, Cowley and Bunce (2001) and Nichols and Cowley (2003) demonstrate that
the effective height integrated conductivity required in their models (~ 0.1 S) of magneto-
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sphere/ionosphere coupling is substantially lower than the expected value of 1-10 S from
observations.

The strength of the corotation enforcement current system is extremely large (60—100
MA) and requires the availability of sufficient population of electrons to carry the field-
aligned current at high latitudes. Two processes are known to limit the supply of electrons
at high latitudes. First, in the upward current region where electrons are moving downward
(planetward), they must overcome the magnetic mirror forces to precipitate in the extremely
strong dipolar field of Jupiter to close the current loop. Next, in the Jovian magnetosphere,
the heavy ions are confined close to the equatorial plane of the magnetosphere by the cen-
trifugal force of the rapidly rotating plasma. An ambipolar electric field develops between
ions and electrons and further restricts the high-latitude populations of electrons (Ray et al.
2009, 2010). Observations in the Earth’s and Jupiter’s magnetosphere have shown that in
this situation, strong field-aligned potentials can develop above the ionosphere that acceler-
ate the stably trapped thermal plasma into the loss cone and help close the current circuit
(Mcllwain 1960; Evans 1968; Knight 1973; Lysak 1990; Cowley and Bunce 2001; Mauk
et al. 2002; Nichols and Cowley 2004).

Both remote measurements of the energies of auroral precipitating electrons from far
UV spectra (Gérard et al. 2003, 2014) and local measurements of electrons in the Jovian
ionosphere (Mauk et al. 2017; Clark et al. 2017, 2018) show that the precipitating elec-
trons have characteristic energies of 100-300 keV. Ray et al. (2009, 2010) Vlasov model
reproduces many of the observed features and have shown that the maximum field-aligned
current density in the ionosphere is lower than that derived by the Knight (1973) analysis
when the additional current choke in the high latitude region from the ambipolar electric
field is included. An alternative model postulated by Saur et al. (2003, 2018) invokes mag-
netohydrodynamic (MHD) turbulence acceleration of electrons in the magnetosphere. Clark
et al. (2018) compared the observational characteristic energies with predictions from these
two models but concluded that they could not distinguish the primary drivers.

Recently, Bonfond et al. (2020) have provided several arguments against the ability of
the corotation enforcement theory to explain the main aurora at Jupiter. In particular, they
mention that the anticorrelation expected between particle velocities and the bend-back of
the field is not observed in data. They also show that the bend-back of the field lines is the
strongest in the dawn sector whereas the auroral emissions peak in the dusk sector. On the
other hand, Nichols and Cowley (2022) systematically evaluated radial currents in the dawn
sector from Juno orbits 3-7 and show that they are directly correlated to the strength of the
aurora (maximum mean auroral intensity).

Measurements of energetic electrons over the main aurora obtained by the Juno space-
craft revealed that these electrons are often bi-directional and broadband in nature (e.g.,
Mauk et al. 2017, 2018). Salveter et al. (2022) performed a statistical study of auroral elec-
tron distribution functions and found that more than 90% of these are indeed broadband
and bidirectional, while mono-energetic uni-directional electrons occur less than 10% of the
time. A steady-state current system in combination with an acceleration through a steady
state voltage drop (Knight 1973), however, does not seem to be consistent with the predom-
inantly observed distribution function of Jupiter’s auroral ovals as the Knight-relationship
predicts uni-directional monoenergetic beams. The broad-band bi-directional nature of the
auroral electron beams rather suggests that stochastic acceleration possibly related to fluctu-
ating fields and AC electric currents plays a dominant role (e.g., Saur et al. 2018; Damiano
et al. 2019; Lysak and Song 2020).
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2.2.2 Expected Advances Enabled by JUICE

One objective targeted by JUICE will be the determination of the mass outflow rate in
Jupiter’s magnetosphere. The plasma production rate in Io’s torus must equal the plasma
loss through mass outflow. It assumes that other sources of loss in Jupiter’s magnetosphere
are of secondary importance but in the other hand losses into the atmosphere of Jupiter and
into the Jovian neutral atom nebula through charge exchange of ions with neutrals have not
been carefully quantified (Hill 1983). The plasma production rate can be determined through
modelling of the UV emissions in [o’s torus (Shemansky 1980; Delamere and Bagenal 2003)
using emission spectroscopy and physical chemistry models of the torus. UV observations
provide a great opportunity to monitor lo’s torus remotely in several wavelengths and de-
termine the plasma production rates. Moreover, the lo torus can also be observed via ENA
imaging (Futaana et al. 2015) (see Sect. 2.4). Measurements of the bulk densities and veloc-
ities of the co-rotating magnetospheric plasma and embedded magnetic field can together
provide a coherent picture of the structure of the plasma flows in the equatorial magneto-
sphere.

Characterisation of the magnetised plasma environment where corotation breaks down
will impact the debate regarding what drives Jupiter’s main auroral emission in the UV.
JUICE will obtain plasma moments and make magnetic field and plasma wave measure-
ments across a wide range of distances, local times, and latitudes within the magnetodisk
and corotation breakdown region, of which only a fraction has been covered by past or on-
going missions. Concurrent auroral imaging will indicate how the magnetodisk is coupled
to Jupiter’s atmosphere (Fletcher et al. 2023), allowing an assessment of the relative im-
portance of field-aligned potentials compared to stochastic acceleration via wave-particle
interactions.

The conductivity of Jupiter’s ionosphere is determined by the strength of Jupiter’s mag-
netic field and various collision frequencies between the charged particles and neutrals. Even
though, the rate of ionospheric production from UV ionisation can be evaluated quite pre-
cisely, the production of ions and electrons from electron impacts has not been yet fully
quantified in Jupiter’s ionosphere. Most models suggest that energetic particle precipitation
dominates over UV ionisation in both heating the atmosphere and creating and maintaining
the population of electrons in the auroral region (Strobel 1983). Radio occultation mea-
surements, combined to the long dwell time of JUICE in Jupiter’s vicinity, its several high
latitude orbits, will yield many measurements of electron density profiles of Jupiter’s iono-
sphere.

Moreover, JUICE will spend a large fraction of its time measuring local field and plasma
properties in the region (10-30 Ry), the outer part of which is connected to the auroral oval.
By comparing local populations with remote sensing observations of Jupiter’s auroral zones,
we expect significant progress in understanding how the conductivity of the Jovian iono-
sphere is modified by plasma precipitation. In situ fields and particles measurements will be
essential to further understanding of the magnetospheric energy input to the ionosphere.

One of the key unanswered questions for corotation breakdown is the rate of slippage
of neutrals in the ionosphere. The upward transfer of angular momentum is facilitated by
eddy diffusion processes in Jupiter’s ionosphere. It has been speculated that the eddy dif-
fusion coefficient in the auroral zone is at least a factor of 10 higher than that observed in
the equatorial regions of Jupiter’s atmosphere (Huang and Hill 1989). Tantalizing, though
very limited observation of He 584A airglow made by the Cassini UV spectrometer is in-
deed consistent with elevated eddy diffusion by a factor of 4-20 (Parkinson et al. 2006).
By studying the emissions, thanks to ultraviolet remote sensing capabilities to observe He
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airglow, under various levels of polar cap activities and plasma conditions in the magneto-
sphere, JUICE will finally help us understand how the angular momentum is transported
upwards into the ionosphere of Jupiter and then transmitted into the magnetosphere.

2.3 Neutral and Plasma Tori of Moons

As introduced at the beginning of this section, Jupiter’s most active moon, lo, is a significant
source of neutral particles, forming a neutral torus and an associated plasma torus formed
through ionisation inside Jupiter’s magnetosphere (see the reviews by Thomas et al. 2004
and Bagenal and Dols 2020) (Bagenal et al. 1997). Plasma is created at a rate of ~100 to
~300 kg s~!. Europa is also known to be a source of neutral particles, forming its own
tori at larger distances from the planet. This section specifically deals with these dynamic
structures, and how JUICE will advance our understanding in these areas. A key factor in
the formation of the neutral and plasma clouds due to Io and Europa is the ~10° offset be-
tween Jupiter’s rotation and magnetic dipole axes (e.g. Connerney et al. 2022). An important
concept is the centrifugal equator, introduced by Hill et al. (1974), which is defined by the
points along magnetic flux tubes that are farthest from Jupiter’s spin axis, applying from 5
to 30 Ry (Phipps and Bagenal 2021). The centrifugal equator is titled by ~6.4° with respect
to the rotational equator (~2/3 of the magnetic dipole tilt) evolving to the dipole tilt as the
current sheet strengthens beyond ~12 R;.

2.3.1 lo Neutral Torus and Plasma Torus

Intense volcanic activity produces a cloud of SO, along Io’s orbital path. Clouds of atomic
sulphur, sulphur molecules, sulphur dioxide, oxygen, chlorine, sodium, potassium and
sodium chloride dust rotate around Jupiter along the planet’s equatorial plane at a tangential
velocity of ~17.33 km s~!. AtIo’s orbital distance the speed of rigid corotation with Jupiter
is ~74.23 km s~!, and so a flow of charged particles tied to Jupiter’s magnetic field is in-
cident on the wide neutral cloud of material around lo. Through collisions with electrons,
neutrals are ionised, giving rise to plasma (Phipps and Withers 2017).

A combination of in sifu and remote observations by past missions to Jupiter has told
us much about the Io plasma torus, allowing mapping of its spatial extent, distance from
Jupiter, and how far it extends above and below the centrifugal equator. Radio occultation
measurements have quantified the total electron content of the torus, allowing reconstruction
of the 3-D electron density distribution (Warwick et al. 1979a, 1979b; Bird et al. 1992).
Energy is emitted from the plasma torus in the form of UV photons (Sandel et al. 1979;
Hall et al. 1995), the energy source of these emissions is important to determine, as well as
how fast the energy is emitted. The power sources are of two categories: The neutral cloud
theory where power is provided by the pick-up of ionised oxygen or sulphur (Broadfoot
et al. 1979; Barbosa 1994), and power due to the inward transport of hotter plasma from the
plasma sheet (Smith et al. 1988; Herbert and Sandel 2000). These sources have long cooling
times, however from observed emissions it was concluded that the cooling time should be
short, possibly as short as two hours (Dessler and Sandel 1992, 1993).

Physical chemistry models of the Io plasma torus have been extended from a cubic cen-
timetre in the centre of the torus (Delamere and Bagenal 2003; Shemansky 1988) to radial
profiles (Barbosa 1994; Delamere et al. 2005; Nerney et al. 2017; Nerney and Bagenal 2020;
Yoshioka et al. 2014, 2017) and azimuthal variations (Steffl et al. 2008; Tsuchiya et al. 2019)
as well as temporal variations apparently driven by volcanic outbursts on Io (Delamere et al.
2004; Kimura et al. 2018; Tsuchiya et al. 2018; Yoshioka et al. 2018). Volwerk (1997)
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showed that indeed a 2-hour cooling time agrees with the observations, through a lack of
correlation between the brightness of the two ansae of the plasma torus.

Bagenal and Sullivan (1981) analysed measurements made by Voyager I and put forward
a model of the Io plasma torus, divided into three different zones based on temperature
and major ion species: the cold torus, the ribbon and the warm torus. The innermost zone,
centred at 5.2 R; from Jupiter’s barycentre, is the cold torus. Electron density decreases with
increasing distance away from the centrifugal equatorial plane, with an e-folding length of
0.1 Ry (the scale height of the cold torus). Peak cold torus density is at ~5.23 R;, with
the high-density region extending from 4.9 to 5.5 Ry, with a characteristic density of ~1000
electrons cm 3. The composition of the cold torus is mainly S* ions, with a lower abundance
of O". The mid-zone is the ribbon, a narrow region that extends from 5.5 to 5.7 Ry, with a
scale height of 0.6 R; and higher densities of ~3000 electrons cm~>. This area of the plasma
torus is dominated by O™ ions, with a smaller abundance of S*. Finally, the outermost zone
is the warm torus, extending from 5.7 to 8.0 R; and with a scale height of ~1 R;. This is the
thickest region with the largest variety of ion species despite an electron density of ~2000
electrons cm™ which is lower than in the ribbon. The warm torus mainly consists of S+
and OT ions, with traces of O**, St, and S3+.

In the model described above, the plasma torus structure is a function of the distance
from Jupiter and the distance away from the centrifugal equator. In reality, the plasma torus
varies with the longitude of the System III reference frame (which corotates with Jupiter),
due to time-dependent asymmetries in the magnetic field and temporal variations in the
production of material by Io’s volcanoes (see below). Temporal and longitudinal variations
of the Io plasma torus have been identified in both Cassini data (Steffl 2004a,b; Steffl et al.
2006, 2008) and by the more recent Hisaki mission (Murakami et al. 2016; Yoshikawa et al.
2017; Tsuchiya et al. 2018; Yoshioka et al. 2018; Koga et al. 2019; Tsuchiya et al. 2019). In
addition, UV observations by the two Voyager spacecraft and ground-based measurements
suggest that the ribbon feature shows strong, asymmetric longitudinal variability (Volwerk
2018).

The almost polar orbits of the Juno spacecraft and perijoves at ~1.05 R; have most re-
cently provided a new perspective on the To plasma torus through radio occultations. At each
perijove there is a path delay in the radio signal that is proportional to the total electron con-
tent along the signal path, and the unique orbital geometry allows constraint of the vertical
extension of the torus within a single longitudinal sector on each perijove. Phipps and With-
ers (2017) developed a simplified Io plasma torus model in which each region (cold and the
warm torus plus the ribbon) is modelled by a double-Gaussian function, allowing fitting of
the radio occultation data from the earliest occultations by Juno (Phipps et al. 2018, 2019,
2020, 2021). A further refinement of the Phipps and Withers (2017) model has now been
reported by Moirano et al. (2021). These authors were able to improve the axisymmetric
model by including both the longitudinal and the temporal periodicities and successfully
fitting to 15 of the first 25 Io plasma torus radio occultations by Juno. Also in the Juno era,
modelling work has been reported by Nerney and Bagenal (2020) that combines UV obser-
vations and a physical chemistry framework to shed light on the hot electron component of
the plasma torus. Figure 6 shows a result of this modelling, indicating the expected, detailed
torus structure.

2.3.2 Europa Neutral and Plasma Torus

Because plasma processes in Jupiter’s magnetosphere will also cause erosion of Europa’s
surface and escape of atoms and molecules (Plainaki et al. 2018) a neutral cloud and an
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Fig.6 The modelled electron Ne (cm'3)
number density distribution in a
cross-section of the Io plasma
torus. z. is vertical distance away
from the centrifugal equator
(positive z. is north of this
surface) and p. is perpendicular
distance from Jupiter’s
barycentre along the centrifugal
equator. Taken from Nerney
(2023)
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associated plasma torus can be expected in the vicinity of Europa’s orbit (9.4 Rj), much
like the structures at Io’s orbit around 5.9 R;. ENAS originating from the neutral torus were
observed by Cassini (Mauk et al. 2003; Smith et al. 2019). The measured ENA intensi-
ties allowed the authors to constrain the torus geometry and estimate the neutral densities,
although the more detailed geometry and chemical composition of the torus remain to be
constrained. Also, the Sulphur-to-Oxygen composition ratio decreases beyond Io’s orbit,
consistent with a Eurogenic plasma source (as Europa’s atmosphere is primarily composed
of Oxygen). Both Europa’s exosphere (see Tosi et al. 2024, this collection) and this neutral
torus are the products of surface or sub-surface release processes from the icy surface of this
moon (Vorburger and Wurz 2018; Plainaki et al. 2018). These processes include sublima-
tion, desorption, micrometeoroid impact vaporisation and sputtering caused by plasma and
energetic particles from the Jovian magnetosphere (Galli et al. 2022).

Europa’s neutral gas torus has an estimated density of 20-40 cm— (Lagg et al. 2003); for
comparison, the neutral clouds of SO, and O at Io’s orbit are on the order 50-100 cm ™~ each
(Bagenal and Dols 2020). The chemical composition of Europa’s neutral torus is expected
to be mostly H, with minor H, O,, and O contributions (Smyth and Marconi 2006; Smith
et al. 2019). Modelled distributions of H, and H are shown in Fig. 7. Comparisons between
the Cassini ENA images (Mauk et al. 2003) and modelling of ENA emission processes
estimate the total neutral torus content at around (0.640.25) x 10%* molecules/atoms (Mauk
et al. 2004). This torus is estimated to be supplied by a source with a strength of 2 x 10%
molecules s~!, which, assuming a primarily water-group composition, is in the range of 10-
100 kg s~! (Schreier et al. 1993). This makes Europa’s contribution comparable to that of
Enceladus at Saturn. Recently, Szalay et al. (2024a) estimated that 4.5 & 2.4 x 10% Hy/s
(requiring, due to radiolysis, 13 £ 7 kg/s of H,O ice to be dissociated) are available to
potentially be lost to the torus.

Estimates of the vertical thickness of the neutral gas torus have been made using charged
particle data from Galileo to measure the energetic proton depletion, constraining the neutral
cloud scale-height to be 1-2 Ry, likely closer to 1 Ry (Kollmann et al. 2016), similar to the
estimated scale-height of the Io torus. Simulations of Europa’s neutral torus by Smith et al.
(2019) demonstrate that the azimuthal distribution of gas is far different to that of Iogenic
matter, with oxygen and sulphur remaining relatively local to Europa in local time (Bagenal
and Dols 2020). Hubble Space Telescope (HST) UV observations put additional constraints
on the distribution of neutral oxygen and hydrogen component sources (Roth et al. 2023).

The Io and Europa plasma tori are often described as well-defined structures, but in fact
they overlap to some extent (Bagenal and Dols 2020). The outer edge of the warm Io plasma
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Fig. 7 Europa-generated H; (left panels) and H (right panels) model particle distributions. Panels display
densities (cm ™) as in the xy plane (the negative y-axis points toward the Sun and perpendicular to Jupiter’s
rotational axis - the z-axis, with the x-axis completing the right-handed orthogonal set) in Jovian radii (R ).
Adapted from Smith et al. 2019 with permission from the Astrophysical Journal

torus extends past Europa’s orbit and merges with the equatorial plasma sheet in the magne-
tosphere. Consequently, any Europa plasma torus can be considered embedded within the o
torus. Attempts to model the Europa plasma torus by using Voyager data suggest that only
about 12% of the plasma in the vicinity of Europa originated from the moon itself, and the
rest is radially transported outward from Io’s orbit (Schreier et al. 1993). A rich composition
of species in the Europa plasma torus has been inferred using ion cyclotron wave observa-
tions made near Europa’s wake. These species include SOF, KT, CI*, CI, OF and Na*
(Volwerk et al. 2001). Hy, O*, O**, O originating from Europa were directly measured
in the plasma sheet by Juno/JADE (Szalay et al. 2022, 2024b). The properties of the Europa
plasma torus are summarised in Table 5 of Bagenal and Dols (2020). The electron density is
estimated at around 160 electrons cm™3, which is about 5-10% of the density at Io’s orbit and
within the warm Io torus. Recently, Kurth et al. (2023) also measured the electron density
during Juno’s Europa flyby to be ~100 cm ™3 upstream for that single epoch. The modelling
work by Schreier et al. (1993) suggests that the large radial diffusion coefficient generated
by outward-migrating logenic plasma inhibits the growth-rate of the Europa plasma torus.
There is evidence of only a few percent increase in plasma density at Europa’s orbit (De-
lamere et al. 2005), and the main contribution is the increase in ion temperature provided by
fresh pickup ions at around 650 eV for O™.

2.3.3 Expected Advances Enabled by JUICE

JUICE will further our understanding of both the Io and Europa neutral tori, particularly
through remote measurements. The spacecraft has the capability to take images in ENAs,
generating 2-D images of both these neutral tori. Because ENAs are the product of charge
exchanges between local ions and neutral atoms, ENA images will constrain the neutral
density of H, (and possibly other neutral species) in the neutral tori, given our knowledge
of ion densities and ion energies. More information is given in Sect. 2.4 below, where ENA
imaging with JUICE is discussed in detail. Note that this technique will also allow us to
search for neutral tori associated with Ganymede and Callisto that are yet to be identified
(Mauk et al. 2003).

For the Europa neutral and plasma tori, in sifu measurements will also be valuable.
JUICE will measure the chemical composition of this moon’s neutral torus during the few
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occasions when the spacecraft comes within 9.4+1.5 Ry of Jupiter, within the estimated
width of the Europa neutral torus (Smyth and Marconi 2006; Smith et al. 2019). Combining
these in situ measurements with the ENA images taken at larger distances will constrain the
geometry of the Europa neutral torus far beyond what has previously been possible. These
occasions when JUICE is inside the Europa neutral torus are also valuable opportunities to
simultaneously sample Europa’s associated plasma torus. In situ plasma measurements will
determine ion distributions both near and far from Europa within this torus, revealing the
driving force behind the ion sputter process. Bringing together the new information about
both neutral and ion densities will shed light on the surface composition of Europa, and the
relative importance of the various release processes of particles from Europa’s surface. As
for the remote sensing discussed above, in situ measurements will also be used to search for
neutral and plasma tori around Ganymede and Callisto. JUICE trajectories that cross plasma
wake and interaction regions at Callisto will allow the determination of the atmospheric loss
rates in the form of pick-up ions (Galli et al. 2022). Similarly, during the Ganymede orbital
phase it will be possible to estimate the loss of the exospheric neutral density through in situ
particle measurements.

Radio occultations will be an especially powerful tool for both the Io and Europa plasma
tori. When JUICE is in occultation with the Io and Europa plasma tori, as seen from the
Earth, the radio carrier frequencies suffer a phase shift due to the radio wave propagation
in the torus plasma. This is seen in the receiver as a slight frequency shift. This frequency
shift is proportional to the temporal change of the total electron content with respect to the
measurement time. The total electron content is the integrated electron density, along the
line-of-sight of the radio ray path from the spacecraft to Earth. Using two coherent downlink
frequencies, the recorded frequencies can be differenced and integrated to derive the total
electron content as a direct observable. These observations will allow the development of an
electron density model from the torus at the time of the sounding, extending the validity and
consistency of the current models (e.g. Bird et al. 1992; Phipps and Withers 2017; Moirano
et al. 2021).

Although the Io plasma torus mixed model presented in (Moirano et al. 2021) shows
residuals in the least-square fit of the path delays which are about 40% better than previous
models, there is still much to be investigated in terms of longitudinal and temporal variability
of the Io plasma torus. Most of Juno’s radio occultations were (and will be) carried out
during the polar orbits at Jupiter, thus the torus sections probed by Juno all have very similar
characteristics. Furthermore, the characteristic periodicity of 430 days in the plasma torus
reported in Moirano et al. (2021) is somewhat close to the periodicity of Io’s Loki Patera
volcano as recently published in De Kleer et al. 2019. There is no clear correlation between
the volcanism on o and the response of the plasma torus to the mass transport from the
volcanoes into the neutral torus. These questions may be better addressed by theoretical
work on the local interaction of Io with its plasma torus, and new observations by JUICE
that will monitor the level of volcanic activity.

2.4 Magnetospheric Science Enabled by Energetic Neutral Atom Imaging

Energetic neutral atoms (ENAs) are produced from energetic ions charge exchanging with
a neutral gas or a plasma, and thus allow us to remotely investigate magnetospheric plasma
structures and dynamics, and the interaction within plasma and neutral environments (e.g.,
atmospheres, exospheres, neutral and plasma tori, and surfaces) (Roelof et al. 1985; Grunt-
man 1997; Wurz et al. 2000; Futaana et al. 2011; Brandt 2021). When ions are neutralised
their original charge state is lost and they propagate along straight trajectories decoupled
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from magnetic and electric fields. Conventionally, the energy range of ENAs refers to en-
ergies above the gravitational escape energy, so that their trajectories can be considered
straight. Therefore, by detecting the direction of ENAs, remote images of the interaction
between energetic ions, plasma and neutral gas can be reconstructed. This enables imaging
of ion populations responsible for ENA creation (i.e., the plasmas where the neutralisation
occurs). Special consideration of gravitationally affected trajectories has to be taken in the
circumstances where the ENAs have energies that are close to the gravitational escape, such
as those produced in the Io Plasma Torus. ENAs are also produced when energetic ions
directly impact a surface, such as the regolith surface of the Moon or the icy surface of
Ganymede (Wieser et al. 2009, 2020; Futaana et al. 2012; Pontoni et al. 2022; Szabo et al.
2024). However, this topic falls outside the scope of the present paper. We refer the reader
to Tosi et al. (2024, this collection) elsewhere in this special issue for a detailed discussion
of this topic.

The only dedicated instrument capable of ENA imaging operated near Jupiter’s magne-
tosphere so far is the Ion and Neutral Camera (INCA) on the Cassini spacecraft. During
Cassini’s Jupiter encounter, high energy ENAs (>30 keV) were imaged by INCA (Krimigis
et al. 2002; Mauk et al. 2003, 2004). Publications presenting analyses of these measure-
ments concluded that the ENAs originated from part of the combined Io-Europa tori. Upon
arrival at Saturn, INCA on Cassini successfully visualised the dynamic plasma environment
of Saturn’s magnetosphere, capturing impulsive injections, the solar wind influence, and
moon-magnetosphere interactions. Combining ENA imaging with in situ observations of
fields and charged particle led to significant progress in Saturnian magnetospheric science.

In the Jupiter environment, several other instruments have “serendipitously” measured
high-energy ENAs. Kirsch et al. (1981) reported the first signal of ENAs from Jupiter due to
charge exchange of the magnetospheric ions and neutral tori (Cheng 1980). These measure-
ments were made by examining “background” counts in the Low Energy Charged Particle
instrument on Voyager 1. More recently, the Juno spacecraft’s Jupiter Energetic particle De-
tector Instrument was used to investigate ENAs >50 keV (Mauk et al. 2020b), distinguishing
for the first time the ENA emissions coming from lo, Europa, and Jupiter uniquely. On the
other hand, no lower-energy (10 s eV to keV) ENA measurements have ever been made at
the outer planets.

JUICE will be the first Jupiter mission with dedicated ENA imaging capability, part of
the PEP instrument (Barabash et al., in preparation, this collection), with the relevant sen-
sors based on the successful cameras flown on Chandrayaan (Barabash et al. 2009), Cassini
(Krimigis et al. 2004) and IMAGE (Mitchell et al. 2000). Global imaging of the magneto-
sphere in ENAs will be possible, with resolution of ENAs from the Europa neutral and Io
plasma tori being particularly valuable for Jupiter magnetospheric science (see Sect. 2.3.1).
An example of predicted intensities of Oxygen ENAs based on simulations are shown in
Fig. 8. As was the case with Cassini at Saturn, we once again expect powerful combinations
of ENA imaging and in situ measurements made by several JUICE instruments.

Many plasma populations interact to accelerate and heat plasma in Jupiter’s magne-
tosphere, with populations and processes including the corotating plasma driven by fast
planetary rotation, magnetic reconnection occurring within the associated radially distended
magnetic field structure (Krupp et al. 2004b), inward diffusion resulting from interchange
instabilities, and wave-particle interactions. ENA imaging, in general, provides the global
morphology of these plasma populations and processes operating in the Jovian environ-
ment. In particular, ENA imaging with JUICE will help us to understand the relationships
between small and large-scale plasma injections (Achilleos et al. 2015). JUICE will deter-
mine the spatial distribution and temporal variability of these injections. Further comparison
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Fig. 8 (a) Simulations of the predicted intensities of Oxygen ENAs originating from charge exchange be-
tween the Oxygen plasma and neutrals in the torus peaking around 460 eV due to the corotational velocity of
the plasma. Adapted from (Futaana et al. 2015). (b) Simulations of 40 keV hydrogen ENAs predominantly
from charge exchange between magnetospheric energetic protons and the Hy molecules in the Europa neutral
torus (Breer et al. 2019)

with Cassini in the Saturn system highlights what we expect with JUICE, where periodic
injection events in Saturn’s magnetosphere have been observed in ENA image sequences
(Mitchell et al. 2005, 2009; Paranicas et al. 2005; Brandt et al. 2008, 2010) with high cor-
relation with both Saturn Kilometric Radiation and Narrowband Emissions (Wing et al.
2020). At Jupiter, Galileo has observed quasiperiodic injection events with a ~3-day period
(Krupp et al. 1998; Kronberg et al. 2007) suggesting a direct causal link to the periodicities
observed in Jupiter’s decametric radio emissions (Louarn et al. 2015). A further area where
ENA imaging will play a key role is the response of Jupiter’s magnetosphere to changes in
the solar wind, particularly the impact of sudden changes in dynamic pressure associated
with coronal mass ejections (Kita et al. 2019). Global magnetospheric ion variations caused
by such instances will be reflected in ENA imaging data returned by JUICE.

ENA imaging will not only be relevant for Io plasma torus but also the equivalent
structure associated with Europa, where the two are closely related (see Sect. 2.3). During
Cassini’s Jupiter flyby, imaging of high energy (>30 keV) ENAs suggested that 5S0-80 keV
ENAs were originating from the Europa’s orbit (Krimigis et al. 2002; Mauk et al. 2003).
More recently, Mauk et al. (2020b) have reported azimuthally asymmetric, time-variable
fluxes of ENAs from the vicinity of both Europa and Io orbit. The two plasma tori, corotating
with the Jovian magnetosphere, charge exchange with the neutral tori to produce ENAs that
fly approximately on azimuthal trajectories with respect to the planet when created. ENA
production is one of the primary loss mechanisms of these magnetospheric ions. JUICE will
directly quantify the rate of outward transport of Io and Europa tori plasma through ENA
imaging. The temporal variations of ENAs sourced from these tori that JUICE will observe
will be determined by a combination of the fast rotation of Jupiter’s magnetosphere, the
orbits of the moons, and the spacecraft motion (Futaana et al. 2015). In addition, it will be
necessary to account for the drift time of the ENAs (~74 km s7!, the corotation speed for o
plasma torus ions), which is affected by the strong Jovian gravity and the Coriolis force. This
is a complex operational issue for the operation that will need to be resolved to determine
the required pointing (Futaana et al. 2015).
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2.5 Magnetospheric Science Enabled by Measuring Low-Frequency Radio Emissions

Similar to Sect. 2.4 on ENA imaging, the expected science gain from JUICE measur-
ing low-frequency radio emissions around Jupiter motivates this dedicated section. The
ground-based detection of intense, non-thermal, radio emissions from Jupiter at decamet-
ric (10-40 MHz) wavelengths in the 1950s, early interpreted as driven in the auroral regions
by electron cyclotron motion close to the electron gyrofrequency, provided both the first
evidence of the magnetic field of Jupiter and the first estimate of the surface magnetic field
of ~1.4 mT (Burke and Franklin 1955). The subsequent observation of the Jovian radio
spectrum at lower frequencies by space probes such as Voyager, Cassini, Ulysses (flybys)
or Galileo (in orbit) yielded a detailed characterisation of the macroscopic properties of the
decametric, hectometric and broad-band kilometric components (Zarka 1998; Kimura et al.
2008a,b). These are highly circularly polarised, strongly beamed, transient emissions similar
to the Auroral Kilometric Radiation (AKR) at Earth, and display a remarkable periodic be-
haviour that has been used to define the rotational period of both Jupiter and Saturn. AKRs
are known to be produced in rarefied and highly magnetised plasma by out-of-equilibrium
Electron Distribution Function (EDF) of a few keV through the Cyclotron Maser Instability
(Wu and Lee 1979; Treumann 2006), and to be highly correlated with terrestrial substorms
(Liou et al. 2000). The emission source mechanism could be validated in sifu thanks to the
traversal of auroral radio sources by the Juno polar orbiter in the 2010s, which provided
evidence of the prominence of loss cone EDF of a few keV as a source of free energy (e.g.,
Louarn et al. 2017; Louis et al. 2020; Collett et al. 2023).

The Jovian radio emissions display some remarkable properties and open up a window to
understanding large-scale magnetospheric processes at Jupiter with important implications
for also astrophysical observations of exoplanets and brown dwarves. The most powerful
decametric emissions were early shown to be driven by the Io moon (Bigg 1964), but Europa
and Ganymede have also been shown to drive fainter emissions (Louis et al. 2017; Zarka
et al. 2018) and can in turn be used to probe the Jupiter/moon electrodynamic interactions.
The various radio emissions not induced by moons (Marques et al. 2017) relate to planetary
auroral and magnetospheric activity (e.g. Zarka and Kurth 2005), partly controlled by the
solar wind (e.g., Gurnett et al. 2002; Hess et al. 2014). Their sources are located along high
latitude magnetic field lines at the equatorward edge of the main auroral oval (e.g. Ladreiter
et al. 1994; Imai et al. 2019; Louis et al. 2019). The radio beaming pattern is a hollow cone,
which opening depends on the local plasma conditions and the cyclotron maser instability.
The emission cone is aligned with the local magnetic field, with a large 70 to 80° aperture
angle and a few degrees wide (e.g., Imai et al. 2008; Lamy et al. 2022) and likely flattened
toward the equator (Galopeau and Boudjada 2016). A radio source is thus visible only to
observers geometrically located within the thin conical sheet of the beaming pattern. The
Jovian radio emissions have been successfully modelled using the ExXPRES (Exoplanetary
and Planetary Radio Emission Simulator) code (e.g., Hess et al. 2008; Cecconi et al. 2021;
Louis et al. 2021). Within the envelope of the radio emission, fine structures can be observed
as individual bursts driven at timescales of milliseconds. They are interpreted as individual
electron beams traveling along magnetic field lines (e.g., Hess et al. 2007). The polarization
state of the radio waves, which can be elliptical, depending on the hemisphere of origin and
the radio emission mode (e.g., Goertz 1974; Lecacheux et al. 1991; Reiner et al. 1993).

Periodic emissions have clearly been observed at Jupiter by Galileo/PWS in hectomet-
ric and narrowband emissions (Louarn et al. 2007) that are strikingly similar to what has
been observed at Saturn in Kilometric and narrowband emissions (Gurnett et al. 2002).
With the surprising discovery of the changing period of SKR from Cassini (Gurnett et al.
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2005) it soon became clear that both SKR and narrowband emissions are associated, and
likely ultimately driven by large-scale energetic ion injections similar to terrestrial substorms
(Mitchell et al. 2009; Achilleos et al. 2015; Wing et al. 2020). Given the similarity with Jo-
vian emissions, these results imply that analogous processes at Jupiter may be responsible
for the periodic emissions at Jupiter. Furthermore, the results open up the intriguing possi-
bility of magnetospheric dynamics at brown dwarves, where auroral and radio periodicities
have been observed (Hallinan et al. 2015).

JUICE will be the first orbiter of Jupiter able to fully characterise the Jovian kilometric
to decametric radio emissions with goniopolarimetric capabilities (e.g. Cecconi and Zarka
2005; Kimura et al. 2012), based on the Cassini/RPWS (Gurnett et al. 2004) heritage but
with innovative onboard processing capabilities allowing to better separate radio sources
from each hemisphere when they are simultaneously active (Wahlund et al. 2025). JUICE
will measure the radio wave’s flux density, full polarisation state and direction of arrival,
improving the Juno/Waves wave intensity measurements by a spinning dipole (Kurth et al.
2017). The goniopolarimetric capabilities will also be used to track Ganymede’s radio emis-
sions (Kurth et al. 1997), to characterize the ionospheric properties of the Galilean moons,
using occultation of the Jovian radio sources (Cecconi et al. 2021). Furthermore, these am-
bient radio emissions can form the basis of passive radar measurements at these moons (Van
Hoolst 2024, this collection).

2.6 The Magnetosphere Upstream of Europa, Ganymede, and Callisto

As introduced in Sect. 1, Jupiter’s Galilean moons Europa, Ganymede and Callisto are major
targets of the JUICE mission. These moons are located in the inner and middle magneto-
sphere of Jupiter, reviewed in Sect. 2.1, at mean radial distances of 9.4, 15.0, and 26.3 RJ
from the planetary centre, respectively. This Section is dedicated to the specific state of
Jupiter’s magnetosphere upstream of each of these moons, namely, the particle and field en-
vironments along their orbital paths. These time-dependent conditions represent boundary
conditions for the system immediately around each moon where there is a direct interaction
between each moon and the surrounding magnetosphere. Note that Sects. 3.2, 4.2, and 5 all
deal with these more local, moon-magnetosphere interactions, where the upstream condi-
tions reviewed here frame each problem.

Because of their locations relative to Jupiter’s magnetospheric regions, the main source
of upstream plasma at each moon is the innermost moon lo. As we have seen, this means
the main cold ion species upstream of all of Europa, Ganymede, and Callisto are Ot, S*+
and O*" (Bagenal et al. 1994, 2016). Recently, Kim et al. (2020) presented a method to
derive the ion properties in Jupiter’s plasma sheet by using Jovian Auroral Distributions
Experiment Ion sensor (JADE-I) data and applying a ray tracing simulation combined with
carbon foil effects. They found that OF and S** contribute 62-69% of the iogenic ions
and 50-66% of the Jovian magnetospheric ion number density. The authors proposed also
that the mean relative abundance for O and S™ is 0.37 and that the total oxygen ions to
total sulfur ions (O™/S™) ratios range between 0.2 and 0.6, which is lower than the values
derived from models (e.g Delamere et al. 2005).

H* has also been detected but remains a minor population for particles with energies
below ~50 keV (Mauk et al. 2004; Bodisch et al. 2017). As well as from lo, H™ can come
from Europa, Ganymede, and Callisto. A recent study by Huscher et al. (2021), focusing
on the investigation of Jupiter’s plasma disk from 10 to 50 R;, based on Juno JADE and
magnetometer data between March 2017 and April 2020, showed that protons comprise
about 10% of the ion density in the center of the disk. In general, the plasma density shows a
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considerable small-scale structure (Huscher et al. 2021) that is consistent with the cold blobs
features that were seen in the Voyager plasma data (Dougherty et al. 2017). The electron
distribution functions measured by Voyager show evidence of a thermal bulk population and
a suprathermal tail at higher energies. However, the properties of these populations are not
well constrained. For example, the obtained hot electron temperature varies from around
300 eV (Bagenal et al. 2016) to 1 keV (Scudder et al. 1981; Sittler and Strobel 1987).

A summary of fields and particle properties upstream of Europa, Ganymede, and Callisto
are given in Table 3. Wherever appropriate a range of parameter values is given, in addition
to the typical value. This time-dependence of all three upstream environments is especially
important when considering each moon-magnetosphere, which will be similarly dynamic as
a result. The primary origin of the time-dependence is the oscillation of Jupiter’s centrifugal
equator back and forth over each moon, resulting in oscillation of the plasma sheet with
respect to each moon over a planetary rotation (see Sect. 2.1.2) (Phipps and Bagenal 2021).
At all three relevant moons, the cold plasma density has been shown to vary with a factor of
~2,~5, and ~10, respectively, over a period of ~5 h (Kivelson 2004b; Huscher et al. 2021).
In addition, the plasma in Jupiter’s inner and middle magnetosphere is almost corotating
with Jupiter, at azimuthal speeds of ~98, ~150, and ~200 km s~! at the orbital distances
of Europa, Ganymede, and Callisto. Comparing these values to the moon’s orbital speeds
of 14, 11, and 8 km s~!, respectively, shows that the plasma is overtaking the moons. The
upstream plasma is therefore incident on the trailing hemisphere of each moon, and wake
phenomena are located ahead of each moon in its orbital motion.

When a magnetized plasma flows past an obstacle, perturbations are excited and propa-
gated through the plasma as waves, therefore it is important to determine the plasma flow
speed relative to the speed of plasma waves excited by this local interaction. Indeed, if the
upstream flow speed is greater than all wave speeds, then a shock wave will stand just up-
stream of the obstacle (c.f., the solar wind interacting with Jupiter’s magnetosphere, see
Sect. 2.1.1). As shown in Table 3, this is not the case for Jupiter’s magnetosphere interacting
with any of the three moons of interest. In all cases the upstream Alfvén speed is larger than
the flow speed, and the same is true of the fast magnetosonic speed (Kivelson 2004b). Such
interactions are therefore sub-Alfvénic, implying no need for a shock to form around the
obstacle. This has implications for the local moon-magnetosphere interaction that includes
the formation of Alfvén wings (see Sects. 3.2, 4.2, and 5).

While the sub-Alfvénic interaction may be typical at all three moons, transient super-fast-
magnetosonic conditions may occur, given the extreme variability of the environment. This
remains to be confirmed. This atypical scenario that would lead to shock formation is more
likely to occur at Callisto (Saur et al. 2013) where the Alfvén speed is somewhat lower than
the relative velocity between the moon and the magnetospheric plasma flow, but it could
even happen at Europa, where a series of puzzling, shock-like signatures in the magnetic
field with unknown origin have been previously detected (Jia et al. 2018).

The upstream environments of Europa, Ganymede, and Callisto also include energetic
charged particles with energies ranging from a few keV/nucleon and well into the relativistic
energy range (see Sect. 2.1.3). For these energies we currently lack detailed descriptions of
each moon environment that would complement our understanding of lower energy particle
conditions. However, radiation environment models or investigations of past flyby observa-
tions can be used to extract relevant parameters (e.g., Paranicas et al. 1999; Cooper 2001;
Mauk et al. 2004; Sicard et al. 2004; Garrett et al. 2016; Paranicas et al. 2021), as discussed
by Galli et al. (2022).

Common features of the energetic particle environment upstream of each moon are injec-
tion events that typically last several minutes and concern particles in the tens of keV to low
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Table 3 Overview of magnetised plasma conditions upstream of Europa, Ganymede, and Callisto (Uncited
row values can be derived from other rows)

Parameter (unit)

Europa (9.4 Ry)

Ganymede (15Ry)

Callisto (26.3 R )

Cold electron density, ne

(em™3)

Cold electron temperature, Te

(eV)

Hot electron density, ne 1

(em™3)

Hot electron temperature, Te p

(V)

Cold ion density, nj (cm™3)

Cold ion temperature, T; (eV)

Heavy Ion, A/Z

Dominant ion species

Magnetic field strength, B (nT)
Ion thermal pressure, P; ¢,

(nPa)

Energetic ion pressure, Pj_eper

(nPa)

< 1 MeV ion charge states,

Q (Q.R[QD

(Cold & Hot) Electron
pressure, Pe (nPa)

Magnetic pressure, Pg (nPa)

Plasma B

Azimuthal plasma speed, v

(km/s)
Orbital speed, vs (km/s)

Alfvén speed, v (km/s)

Sound speed, Cg (km/s)

Ram pressure, Pram (nPa)

6 158 (63-290)
6
20 (10-30)

67.9(3-16) or

1.7 0.5 0.1-3)
6300 (200-1200) or
117 1¢3 (600-1200)
6 158 (63-290) or

13 30-200
6 88 (48-340) or

1139 (20-500) or
13 30-600
518.5/1.5or
618

6 ~30% O+,~13% S++,

~7% O++
6 450 (423-480)
62.4(22-3.9)

512

120.6-2)
760 (30-60)

7 ~0.1ne or
1L.70.5 0.1-3)
5300 or

117 13 (600-1200)

20.8(0.5-12)(HT), 4
(1.7-6) (heavy)

2100 (50-110) (H), 60

(20-100) (heavy)

23157 (15.6-15.8) or
814
8 ot,stt

495 (70-120)
0.05 (0.001-0.12)

536

10 Oxygen (Q=1, 1 Q 4); Sulfur (Q=2,1Q 5)

532

80 (71-92)
0.039 (0.03-0.04)
698 (76-123)

514

6220 (153-372)
592 (76-330)
524 (38)

0.02 (0.006 - 0.02)

3.6 (1.9-5.7)
1(0.5-1.5)
255150 (130 - 170)

511

260 (156-504)
240 (194-372)
1.2 (0.4-2.3)

1.20.2(0.1-1.0)

29 100

1L.7.0.5 (0.1-3)
1171000 (600-1200)

60.10 (0.01-0.5)

1.2.9 200 (100-500)

915
12 O+

59 35 (4-42)
0.003 (0.0002 - 0.04))

5037

0.02 (0.02 - 0.03)

0.5 (0.006-0.7)
1.3(0.02-1.9)
5200

58

624 (32 - 2370)
511 (228 - 1640)
0.05 (0.005-0.25)

lBagenal and Delamere (2011) 2Dougherty et al. (2017), Bodisch et al. (2017) 3Kim et al. (2020) 4Con-
nerney et al. (2018, 2020) S5Kivelson (2004b) 6Bagenal et al. (2015) 7Sittler and Strobel (1987) 8Jia and
Kivelson (2021) 9Neubauer (1998) 10 Geiss et al. (1992), Clark et al. (2016, 2020), Allen et al. (2019),
HScudder et al. (1981), 12Liuzzo et al. (2015), 13 Satoh et al. (2024)

MeV range (Clark et al. 2016). During these events the suprathermal ion and electron fluxes
increase significantly. How the cold plasma and magnetic fields behave during the events is
not well established, but based on observations of similar events in Saturn’s magnetosphere
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(e.g. André et al. 2005), we may expect to see significant changes in plasma density, tem-
perature and the magnetic field. Note that at Jupiter we expect a much lower injection rate
at Callisto, compared to Europa and Ganymede (Mauk et al. 1999; Dumont et al. 2014). Ex-
treme (but rare) radiation belt transients, with the most prominent one recorded in Galileo’s
C22 at the orbit of Ganymede (Roussos et al. 2018; Hao et al. 2020), have also been ob-
served. Regarding the energetic ion composition, protons, sulphur and oxygen are the most
abundant species at all three moons (Mauk et al. 2004), with the relative abundance differing
with the moon in question, energy and possibly also magnetic latitude. Towards the high-
est energies (3>1 MeV/nucleon), energetic carbon ions of solar origin are also a significant
component of the heavy ion spectrum, particularly at Callisto (Cohen et al. 2001).

JUICE will explore the Jovian magnetosphere upstream of Europa, Ganymede, and Cal-
listo, particularly comprehensively in the case of the latter two moons (see Figs. 2 and 3). As
indicated by the above review of present understanding, past exploration leaves many im-
portant gaps to be filled, and the JUICE mission is well-positioned to close many of these. A
more complete picture of each upstream magnetised plasma environment is needed, which
must include constraint on the significant levels of variability if we are to understand the
more local interaction between Jupiter’s magnetosphere and each moon of interest. This is
central to determining sputter rates from moon surfaces (see the discussion in Plainaki et al.
2020) and establishing local plasma mass budgets that will have implications for the global
magnetosphere, for example. In particular, cold electron properties are poorly defined, espe-
cially below 100 eV. JUICE will shed light on the cold upstream plasma populations, both
electrons and ions down to as low as ~1 eV, as well as up to relativistic energies. An indica-
tion of the problems resulting from incomplete current knowledge include the large ranges
in estimated exospheric densities of each moon (Plainaki et al. 2018) (Tosi et al. 2024, this
collection).

Of all three moons, Callisto’s upstream conditions are particularly unclear, and so this is
an area where particularly significant progress is expected thanks to JUICE. Callisto orbits
in a location where the magnetosphere begins to transition to a thin magnetodisk-dominated
configuration. This configuration means that Callisto’s excursions in magnetic latitude as
Jupiter rotates expose the moon to very diverse plasma environments. When Callisto’s mag-
netic latitude maximises, field lines crossing the moon have their current-sheet centre foot-
point as far as 40-60 R; (see Fig. 3), and the current sheet thickness may be sensitive to
solar wind dynamic pressure, particularly at dawn (Xu et al. 2023). This range depends
on the magnetic field model used and the properties of the current sheet which may also
change significantly (Vogt et al. 2019). Note that even magnetospheric plasma velocities are
more uncertain, ranging from near-rigid corotation with Jupiter based on thermal plasma
measurements (Bagenal et al. 2016) to much lower velocities from energetic particle data
(Waldrop et al. 2015). Juno observations have recently improved the quality of plasma ob-
servations at Callisto’s orbit (Kim et al. 2020; Huscher et al. 2021). However, the present
description of Callisto’s environment from a limited number of encounters may be far from
being representative, leading to the need for more comprehensive observation by JUICE.

3 Magnetised Plasma Environment Around Europa
This section concerns the local interaction between Europa and the surrounding magneto-
sphere of Jupiter. Important context is provided in Sect. 2.6, which reviews the state of the

magnetosphere at Europa’s orbit. While in orbit around Jupiter, JUICE will make two close
flybys of Europa, where “close” can be loosely defined as closest approach distance within
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Fig. 9 Trajectories of all spacecraft flybys of Europa to date, and the predicted trajectories during the two
planned flybys by JUICE. (a) Trajectories projected onto the xy plane. (b) Trajectories projected onto the xz
plane. Both panels use the EphiO coordinate system, Europa is shown as a grey circle, and trajectories are
only shown in the £+ 4 R range for all three spatial coordinates. Past Galileo spacecraft flybys are shown in
blue, and the more recent Juno spacecraft flyby is shown in green. Future JUICE flybys are shown in red

a few Europa radii of the moon’s barycentre. In this section we use spatial units of both Eu-
ropa radii (Rg; 1 Rg = 1561 km) and km, and we often use the Europa Phi Orbital (EphiO)
coordinate system. The origin of this system is co-located with Europa’s barycentre, the
x-axis in the direction of the incident flow of Jovian magnetospheric plasma that is quali-
tatively co-rotating with the planet, the y-axis points towards Jupiter’s barycentre, and the
z-axis completes the right-handed Cartesian set.

Figure 9 shows close encounters with Europa made by the Galileo and Juno spacecraft in
the past, and also the two future encounters that will be made by JUICE. Closest approach
during the two JUICE flybys will be on the anti-Jupiter side of Europa, one just below
(southern hemisphere) and one just above (northern hemisphere) Europa’s orbital plane. For
more detailed information on the flyby trajectories and their design, we refer the reader to
Boutonnet et al. (in preparation, this collection).

Referring to the JUICE investigations presented in Table 1, this section concerns the in-
vestigation stemming from the mission objective “Explore Europa’s recently active zones”,
as well as the investigation MC.2 stemming from the mission objective “Characterise the Jo-
vian magnetosphere”. Note that while Europa’s exosphere is partly covered here, this topic
primarily falls within the scope of Tosi et al. (2024, this collection).

How JUICE will advance knowledge in this area: As shown in Fig. 9, due to the small
number of Europa flybys to date, JUICE’s two flybys will significantly improve sampling of
the near-Europa space environment. Specifically, we will measure the environment relatively
close to Europa on the anti-Jupiter side, at both high and low latitudes, as well as during
passes through the extended upstream and downstream regions. JUICE’s fields-and-particles
measurement capabilities are considerably greater than those of the past Galileo spacecraft,
which made most of the flybys to date. Measurements around times of closest approach to
Europa will sample the moon ionosphere at new combinations of angles to the upstream flow
and sunward directions. The following sections present more detail on JUICE’s contribution
in this area.
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3.1 Europa’s lonosphere

This section concerns Europa’s ionosphere, the ionised constituent of Europa’s atmosphere.
This layer around the moon interacts with the surrounding magnetosphere, and so under-
standing its properties is central to understanding the interaction itself. Electron impact ion-
isation and photoionisation of Europa’s neutral atmospheric gases lead to the formation of
an ionosphere. The characteristics of such an ionosphere (e.g. densities, distribution and
composition) depend primarily on the plasma flow in its vicinity and the underlying neutral
atmosphere. For a review of Europa’s neutral atmosphere, we refer the reader to Tosi et al
(2024, this collection).

Of the two ionization processes, impact ionization of 02+ due to magnetospheric electrons
is found to be dominant with a rate of ~107° s~! (Saur et al. 1998; Schilling et al. 2008; Rubin
et al. 2015). Data-driven updates have been derived from Juno’s recent flyby, where intense
electron beams were discovered (Allegrini et al. 2024) that can drive the impact ionization
rate up to ~107> s~! for O in some locations (Szalay et al. 2024a). Additionally, Carberry
Mogan et al. (2023) provided comprehensive model estimates for reaction rates at all the icy
satellites. The electrons from the surrounding magnetospheric plasma are diverted by the
electrodynamic interaction of the moon (see Sect. 3.2). A fraction, on the order of a few tens
of percent of the upstream electrons, are convected into the atmosphere. In the atmosphere,
the electrons are cooled through inelastic electron-neutral collisions, losing energy from up-
stream to downstream. The characteristics of these electron convection and cooling patterns
determines the distribution and efficiency of impact ionisation. Electron-neutral collisions
also lead to the generation of far-UV neutral oxygen emissions, which have been regularly
imaged by the HST (McGrath et al. 2009; Roth et al. 2016). The observed emission patterns
undergo periodic variations connected to the periodically changing plasma conditions and
the emission topology and variations might be reflected in the ionosphere in a similar way.

The 02+ photoionisation rate is estimated to be a few 10~% s~' (Saur et al. 1998) and thus
at least an order of magnitude lower. However, photoionisation might be an important source
on the sunlit side, in the case of weak electron impact ionisation such as in the near-surface
wake regions where electrons might have cooled significantly due to the interaction with the
surface, or when the ambient magnetospheric plasma density is particularly low.

Controlled by the plasma velocity field, ionospheric particles are convected downstream
and eventually accelerated to co-rotation speeds. This creates a narrow plasma wake as ob-
served during the Galileo flyby E4 behind the moon. Recombination plays a minor role for
the ionospheric loss, except in the region of the highest ionosphere densities (Saur et al.
1998; Rubin et al. 2015).

As O, is likely the dominant species in the global atmosphere, O would be expected
to be the dominant ion (Rubin et al. 2015; Dols et al. 2016). It’s noteworthy that O; was
directly measured in-situ by Juno, but was not found to be the dominant ion as many of the
other charge states of O and S were also present at significant quantities (Szalay et al. 2024a).
While the sputter-induced O, atmosphere is expected to be global (with some potential
variations in density), asymmetries and inhomogeneities in the neutral environment might
originate from plumes (Roth et al. 2014a; Blocker et al. 2016; Jia et al. 2018; Vorburger and
Wurz 2021) or a sublimated dayside H,O atmosphere (Roth 2021; de Kleer et al. 2023).
A localised plume-ionosphere was suggested to be present during the Galileo flyby E12
leading to a sharp peak in electron density as derived from wave measurements near the
closest approach (Jia et al. 2018). Such contributions would also change the ionosphere
composition with H,O" possibly being the dominant ion near the subsolar point and in
plume regions.
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Fig. 10 Electron densities derived from Galileo radio occultation and near-occultation observations indicate
a variable ionosphere at Europa (from McGrath et al. 2009)

Ionospheric electron signatures were observed during seven radio occultation measure-
ments by the Galileo spacecraft (6 clear detection, 1 weak detection, see Fig. 10) and one
from Juno (Parisi et al. 2023). Some measurements suggested peak electron densities above
~10* cm™, while no ionosphere was detectable during 3 individual measurements (Kliore
et al. 1997; McGrath et al. 2009). The results suggest a temporally and spatially variable
ionosphere as expected from simulations. Galileo plasma instruments have not confirmed
the electron densities derived from radio occultations (Paterson et al. 1999). A more de-
tailed discussion of the ionosphere measurements can be found in McGrath et al. (2009).
Recently, electron densities were directly measured in Europa’s vicinity from Juno’s Waves
instrument onboard Juno (Kurth et al. 2023; see also Sect. 2.3.2).

The presence of an ionosphere at Europa is therefore well established, and previous re-
sults indicate that it might undergo changes related to Europa’s orbital period (84 hours) as
well as the synodic period of the magnetospheric environment (11 hours). In addition, the
ionosphere might be highly asymmetric and inhomogeneous, as it is affected by the electron
flow pattern and the possibly inhomogeneous atmosphere (Oza et al. 2019; Addison et al.
2024). Three types of atmospheric observations suggest the existence of plumes at Europa’s
surface. Two of them used the HST: UV emission from the dissociation products of water
(Roth et al. 2014a) and absorption by plume material imaged when Europa transited Jupiter
(Sparks et al. 2017). The third type of observations was electromagnetic perturbations in-
duced by the plume density. Indeed, Galileo flybys E12 and E26, whose closest approach
was within 400 km, show fine structures in the magnetic field perturbations. Comparisons
with an MHD model (Blocker et al. 2016; Jia et al. 2018) and a Hybrid model (Arnold et al.
2019) show that the presence of a plume is required to explain the fine structures. In ad-
dition to field disruption, these active processes can form an additional source of neutrals
and locally increase plasma density, which can locally increase the aurora brightness (Roth
et al. 2014b) and cause ENA emissions (Huybrighs et al. 2020, 2021; Jia et al. 2021). If
present, local plumes might lead to significant transient changes in the ionospheric density
and composition (McGrath and Sparks 2017).

Europa ionosphere questions to be addressed by JUICE include:
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e How is the three-dimensional distribution of ionospheric densities and composition
changing with solar, magnetospheric, and orbital conditions?

e How does the ionosphere vary due to active processes on Europa’s surface, such as sput-
tering or potential plumes?

e How is the ionosphere convected downstream?

e What is the fraction of dust in the ionosphere?

e How does the ionosphere influence the moon-magnetosphere interaction and thereby
other measurements to determine Europa’s ocean or plumes?

Measurements of plasma distributions, magnetic field, plasma waves, radio waves, and
radio occultations will all be important tools that JUICE will use to further our understand-
ing. Furthermore, dust impact monitoring will be possible (Wahlund et al. 2025). In situ mea-
surements will be focused on the two Europa flybys and particularly in the period around the
closest approach. Both flybys have closest approach altitudes of ~400 km above the surface
(see Fig. 9), and so in situ measurements by JUICE will probe the uppermost ionosphere
regions. Searching for evidence of plume activity will be a key consideration when the re-
turned data are analysed. JUICE will measure charged particles spanning several orders of
magnitude, from eV to MeV, which is expected to significantly push forward the state of
the art. Data sets will be combined to identify ionospheric boundaries and place constraints
on how electrically conductive the environment is, including insight into electrical currents
flowing in the plasma. Magnetic field measurements will be particularly useful in studying
the expected electric current closure. Global simulation will provide essential context for
understanding the structure and dynamics of Europa’s ionosphere.

JUICE will make radio occultation measurements of Europa’s ionosphere, which are
currently lacking. These will be made during both spacecraft ingress and egress. The trans-
verse velocity of JUICE with respect to Europa during the radio occultations will be about
10 km s~!. With this high velocity we can get a sensitivity for the electron density of ~350
(1-o) cm™3, with an altitude resolution of ~10 km (Withers 2020). A better spatial reso-
lution can be obtained at the cost of worsening the electron density resolution (Iess et al.
2025, this collection). These measurements will provide line-of-sight integrated profiles of
electron column densities as a function of altitude, providing a wider picture of the iono-
sphere. Inversion of these profiles to retrieve number densities of electrons around the moon
relies on assumptions for their spatial distribution. Another remote sensing context will be
provided by ultraviolet observations of electron-excited auroral emissions from the global
atmosphere. Emission line ratio diagnostics for atomic oxygen and other emissions are re-
lated to both electron density and temperature. Therefore, constraining the energy distri-
butions in combination with other in situ measurements along the spacecraft trajectory will
enable mapping of ionospheric bulk density enhancements globally at the time of each flyby.
Note that neutral particle measurements surrounding each flyby will also provide important
context (Tosi et al. 2024, this collection).

3.2 Moon-Magnetosphere Interaction at Europa

As introduced in Sect. 2, Europa is located in Jupiter’s inner magnetosphere. Here, the moon
interacts with magnetospheric plasma and fields, acting as both a source and sink of (neutral
and charged) particles while also being connected to Jupiter’s auroral region through mag-
netic field lines that are in contact with the moon. Furthermore, a dipole magnetic field is
induced within Europa by the time-varying component of Jupiter’s magnetic field resulting
from the 10° tilt of the Jovian dipole with respect to the planet’s rotational axis (see Van
Hoolst 2024, this collection).
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Europa is a body embedded in a sub-magnetosonic and sub-Alfvénic plasma flow, there-
fore no bow shock is present in front of the moon (see Sect. 2.6). The flow overtakes Europa
with a speed of ~100 km s~! from the trailing side. The co-rotating plasma flow is de-
flected around Europa, through electromagnetic interaction with Europa’s ionosphere and
collisions with the tenuous atmosphere. The regions near Europa where the plasma flow is
perturbed, are associated with perturbations in the electromagnetic field. In front of Europa
where the plasma flow is slowed down, magnetic pile-up occurs. The relative speed between
the slowed-down plasma in front of Europa and the undisturbed corotating plasma results
in a ‘bend back’ of the magnetic field. The two cylindrical regions of bend-back, extending
north and south of Europa are referred to as Alfvén wings (Neubauer 1980; Goertz 1980;
Kivelson et al. 2009). The characteristics of the interaction outlined in this paragraph and
illustrated in Fig. 11 are strongly variable because they depend on variable magnetospheric
conditions as well as variations in the particle and field environment local to Europa (Saur
et al. 1998; Kabin et al. 1999; Schilling et al. 2007; Rubin et al. 2015; Blocker et al. 2016;
Dols et al. 2016; Jia et al. 2018; Arnold et al. 2019; Harris et al. 2021, 2022; Cervantes and
Saur 2022; Addison et al. 2024).

Perturbations in the fields are mediated by waves; specifically, Alfvén waves carry the
perturbations generated near Europa away along the Alfvén wings. The field configuration
near Europa is further complicated by Europa’s induced dipole, assumed to be related to the
conductive subsurface ocean (Khurana et al. 1998; Neubauer 1999; Schilling et al. 2007;
Van Hoolst 2024, in preparation, this collection), which shifts and shrinks the Alfvén wings,
for example (Neubauer 1999; Volwerk et al. 2007). Currents flow in regions of perturbed
fields, such as currents associated with the Alfvén wings or with the “J cross B” forces that
contribute to the magnetic pile-up (Kivelson et al. 2009).

Perturbed fields near Europa, due to factors such as magnetic pile up, atmospheric in-
homogeneities and the induced dipole, affect the motion and precipitation of thermal and
energetic plasma near Europa (Paranicas et al. 2000; Breer et al. 2019; Huybrighs et al.
2023). Downstream of Europa the wake region is found. In this region deflected fields, elec-
tromagnetic waves and energetic particle depletions have been detected (Volwerk et al. 2001;
Kivelson et al. 2009; Allegrini et al. 2024).

Europa acts as a source of charged and neutral particles, and has an ionosphere, as in-
troduced in the preceding section. Beyond the ionosphere, pick-up ions around Europa have
been detected by Galileo using past wave and ion particle measurements (Paterson et al.
1999; Volwerk et al. 2001). Besides positive ions, negative CI- ions have also been inferred,
possibly originating from the subsurface salty ocean (Desai et al. 2017). More recently Juno
confirmed the presence of H2+ and O2+ pickup ions in Europa’s wake (Szalay et al. 2024a).
Furthermore, Intriligator and Miller (1982), Russell et al. (1998), and Eviatar and Paranicas
(2005) suggest that Europa is trailed by a plume of plasma. Plasma impinging on Europa’s
surface is expected to sputter neutrals from the surface (Johnson 2004; Cassidy et al. 2013;
Plainaki et al. 2013, 2018; Breer et al. 2019; Addison et al. 2022), sustaining a neutral torus
(see Sect. 2.3.2).

Europa also acts as a sink of particles. Plasma and energetic particles precipitate on
Europa’s surface, where the precipitation depends on the field configuration and variation
near Europa (Saur et al. 1998; Paranicas et al. 2000, 2001, 2007; Addison et al. 2021; Davis
et al. 2021; Harris et al. 2021, 2022; Nordheim et al. 2022). Furthermore, energetic ions
are depleted by atmospheric charge exchange with Europa’s atmosphere, plumes and torus
(Lagg et al. 2003; Kollmann et al. 2016; Nénon and André 2019; Huybrighs et al. 2020,
2021; Jia et al. 2021). Also, due to finite Larmor radii, the newly created pick-up ions on the
sub-Jovian side can be lost to the moon’s surface, which is especially visible during the E15
flyby of Europa by the Galileo spacecraft (Kivelson et al. 2009).
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Europa’s potential water plumes are expected to form an additional source of neutrals
and plasma, perturb the fields (Blocker et al. 2016; Jia et al. 2018; Arnold et al. 2019), pro-
duce a UV emission surplus (Roth et al. 2014a), cause energetic particle dropouts and ENA
emissions (Huybrighs et al. 2020, 2021; Jia et al. 2021) and cause upper hybrid resonance
(UHR) emissions (Jia et al. 2018). Putative plume sources are scattered across the surface
of Europa, but are mostly located on the southern hemisphere (Roth et al. 2014a; Sparks
et al. 2016, 2017; Jia et al. 2018; Arnold et al. 2019; Paganini et al. 2020). Finally, Europa
is coupled to the wider magnetosphere. For example, by contributing water-group pickup
ions to the magnetosphere and modifying the plasma sheet composition (Szalay et al. 2022,
2024b). Furthermore, perturbed field lines near Europa (the Alfvén wings) are connected to
Jupiter’s auroral zone where an auroral footprint of Europa is observed (Clarke et al. 1998,
2002; Grodent et al. 2006; Allegrini et al. 2020).

While our understanding of the magnetospheric interaction of Europa has expanded over
the past three decades, many unknowns remain, stemming from limitations of the Earth-
based remote sensing observations and of the limited temporal and spatial resolution, as
well as mass separation, of in-situ data returned by the Galileo mission. In particular, in-situ
measurements of Europa’s tenuous atmosphere and the low energy (<10 eV) component of
the ionosphere using particle detector instruments will be provided by JUICE for the first
time. Thereby key parameters in our understanding of the moon-magnetosphere interaction
such as the mass, spatial and temporal distribution of the particles are left uncertain. With
its expansive suite of magnetospheric instruments, consisting of particle detectors for elec-
trons, positive and negative ions, neutrals and ENAs, magnetometer, wave instruments and
UV detector, JUICE will be able to constrain the magnetospheric interaction at Europa in
unprecedented detail. Of these, direct measurement capability of neutrals and ENAs have
not featured in past missions.

JUICE will address questions such as:

e How does the magnetospheric interaction affect the particles, fields, waves and currents
at Europa?

e What is the contribution of Europa as a source and sink to the particle population in
Jupiter’s magnetosphere?

e How does magnetospheric interaction vary over time?

e What is the effect of active processes, such as sputtering or the potential water plumes on
the magnetospheric interaction?

e What can the magnetospheric interaction tell us about our knowledge of the subsurface
ocean?

JUICE is scheduled to make two flybys of Europa, one nearer the southern hemisphere,
one nearer the northern hemisphere (see Fig. 9). The flybys will pass from upstream to
downstream and thereby also provide a unique opportunity to characterize Europa’s wake.
Figure 11 also provides a visual overview of the measurements that JUICE will make in
order to address the above questions.

Fields and particle measurements made during the flybys will determine the composition
of the neutral and ionized environment around Europa, including potential plumes (Huy-
brighs et al. 2017; Winterhalder and Huybrighs 2022; Dayton-Oxland et al. 2023). It will
also be possible to monitor micrometre dust impacts on the spacecraft. We will be able to
locate magnetic field and plasma boundaries and reveal the temperature and bulk velocity
of different plasma populations with a high enough time resolution to investigate temporal
changes in the magnetospheric interaction. JUICE will detect particles precipitating onto the
surface, as well as those sputtered and reflected. An important contribution will be the an-
ticipated monitoring of the dispersive Alfvén waves and related wave activity in the Alfvén

@ Springer



24 Page 36 0f 81 A. Masters et al.

Background Magnetic Field
.

* Alfvén Wing
mospherslantllonotehers
* PEP, RPWI, UVS .

Wake
? « MAG, PEP, RPWI

Generation of Induced Magnetic Field
.

Corotating Plasma
.

ction with Co iohal Flow

G, PEP, RPW

Alhe".w'"g Gredit: Stephenie Brophy Lee, Hans Huybrighs

Fig. 11 Schematic illustrating Europa’s interaction with the surrounding Jovian magnetosphere, and the areas
where specified JUICE measurements will enable progress. Credit: Stephanie Brophy Lee, Hans Huybrighs

wings or interaction boundaries between Europa’s cold ionospheric plasma and the hotter
streaming magnetosphere plasma.

Furthermore, remote sensing of ultraviolet emissions will provide global maps of atomic
oxygen emissions, which are to a large fraction excited by electrons from Jupiter’s magne-
tosphere and by newly created ionospheric electrons. The emission distribution is primarily
determined by the distribution of the electrons around the moon, revealing the electron flow
patterns and indirectly the topology of the guiding magnetic field and its perturbations. Mon-
itoring of UV emissions from the global O, atmosphere will provide a diagnostic for where
magnetospheric electrons interact with the neutrals and surface At the same time, such ob-
servations will provide important constraints for the O, atmosphere models proposed so
far (e.g., Cervantes and Saur 2022; Plainaki et al. 2013, 2018) Observations of the aurora
could potentially also be used to characterise the subsurface ocean analogous to studies at
Ganymede (Saur et al. 2015; Van Hoolst 2024, this collection).

4 Magnetised Plasma Environment Around Callisto

This section concerns the local interaction between Callisto and the surrounding magneto-
sphere of Jupiter. Important context is provided in Sect. 2.6, which reviews the state of the
magnetosphere at Callisto’s orbit. While in orbit around Jupiter, JUICE will make 21 close
flybys of Callisto, where “close” can be loosely defined as closest approach distance within
a few Callisto radii of the moon’s barycentre. In this section we use spatial units of both Cal-
listo radii (Rc; 1 Re = 2410 km) and km, and we often use the Callisto Phi Orbital (CphiO)
coordinate system. The origin of this system is co-located with Callisto’s barycentre, the
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Fig. 12 Trajectories of all spacecraft flybys of Callisto to date, and the predicted trajectories during the future
flybys by JUICE. (a) Trajectories projected onto the xy plane. (b) Trajectories projected onto the xz plane.
Both panels use the CphiO coordinate system, Callisto is shown as a grey circle, and trajectories are only
shown in the & 4 R g range for all three spatial coordinates. Past Galileo spacecraft flybys are shown in blue.
Future JUICE flybys are shown in red

x-axis in the direction of the incident flow of Jovian magnetospheric plasma that is qualita-
tively co-rotating with the planet (i.e., pointing in the direction of Callisto’s orbital motion),
the y-axis points towards Jupiter’s barycentre, and the z-axis completed the right-handed
Cartesian set.

Figure 12 shows close encounters with Callisto made by the Galileo spacecraft in the
past, and also the future encounters that will be made by JUICE. Closest approach posi-
tions across all the JUICE flybys will cover all major locations: upstream, downstream, the
Jupiter side, and the anti-Jupiter side, and measurements during these flybys will provide
coverage over a region that extends well above and well below Callisto’s orbital plane. For
more detailed information on the flyby trajectories and their design, we refer the reader to
Boutonnet et al. (2024, this collection).

Referring to the JUICE investigations presented in Table 1, this section concerns the in-
vestigation stemming from the mission objective “Study Callisto as a remnant of the early
Jovian system”, as well as the investigation MC.2 stemming from the mission objective
“Characterise the Jovian magnetosphere”. Note that while Callisto’s exosphere is partly cov-
ered here, this topic primarily falls within the scope of Tosi et al. (2024, this collection).

How JUICE will advance knowledge in this area: As shown in Fig. 11, JUICE will dra-
matically increase the number of close Callisto flybys with respect to the baseline provided
by the past Galileo mission. The JUICE flybys will lead to comprehensive coverage of
near-Callisto space in latitude, upstream-to-downstream angle, solar zenith angle, and alti-
tude. In addition, the number and timing of flybys mean we will observe the environment
at a range of Jupiter longitudes, and we will therefore sample the system under different
upstream plasma states. JUICE’s fields-and-particles measurement capabilities are consid-
erably greater than those of the past Galileo spacecraft. The following sections present more
detail on JUICE’s contribution in this area.
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4.1 Callisto’s lonosphere

This section concerns Callisto’s ionosphere, the ionised constituent of Callisto’s atmosphere.
This layer around the moon interacts with the surrounding magnetosphere, and so under-
standing its properties is central to understanding the interaction itself. For a review of Cal-
listo’s neutral atmosphere, we refer the reader to Tosi et al. (2024, this collection). Similar
to Europa, an ionosphere with peak densities of ~10* cm™ was derived at Callisto from
Galileo radio occultation measurements (Kliore et al. 2002), before a substantial O, at-
mosphere was detected (Cunningham et al. 2015). Detectable electron densities could be
obtained during six of the eight Galileo opportunities, see Fig. 13. The derived densities in-
dicate both spatial and temporal variability in the ionosphere. A substantial ionosphere was
observed only when the trailing side of Callisto was sunlit, where trailing is with respect
to the direction of the moon’s orbital motion, i.e., where the co-rotating plasma hit the sur-
face. Galileo did not observe substantial ionosphere signals when the leading side was sunlit
during the C9 flyby.

Both generation processes considered for Europa — electron impact ionisation and pho-
toionisation — can in principle contribute to ionosphere formation at Callisto (Kliore et al.
2002) but the details of the interaction suggest different roles. Callisto’s neutral atmosphere
is also exposed to a fast flow of magnetospheric plasma. The strength of the ambient Jovian
magnetic field is, however, about two orders of magnitude lower at Callisto compared to
Europa (Kivelson 2004b) leading to much higher ionospheric electric conductivity (Stro-
bel et al. 2002). The strongly short-circuited motion electric field at these high conductivity
leads to effective shielding such that <1% of the magnetospheric plasma reaches Callisto’s
near-surface atmosphere. Impact by magnetospheric electrons is therefore expected to be
negligible compared to photoionisation. Liuzzo et al. (2019) modelled the dynamics of en-
ergetic magnetospheric electrons exposed to the highly perturbed and asymmetric plasma
environment of Callisto and found that the moon’s Jupiter-facing and Jupiter-averted hemi-
spheres are partially shielded from energetic electron precipitation. Consequently, the ioni-
sation of Callisto’s atmosphere is expected to be inhomogeneous

As the composition and density of the neutral atmosphere are only loosely constrained,
the composition of the ionosphere is basically unknown. The initially detected CO, in the
atmosphere is too dilute and likely plays a minor role for the ionosphere (Kliore et al. 2002).
If the atmosphere is dominated by O, globally, O; will be the major ion (Liuzzo et al.
2015). A possible H,O atmosphere on the dayside (Vorburger et al. 2015; Hartkorn et al.
2017; Carnielli et al. 2020a,b) might produce a local H;O™ dominated ionosphere.

Similar to the main ionisation process, the process for generating the faint atmospheric
far-UV oxygen emission observed by the HST (Cunningham et al. 2015) is suggested to be
photo-electron excitation rather than excitation by magnetospheric electrons (Hartkorn et al.
2017). However, recently optical oxygen aurora was detected when Callisto was eclipsed by
Jupiter, which cannot be excited by photoelectrons, but likely by magnetospheric electrons
(de Kleer et al. 2023). A scenario that can explain the variable ionospheric profiles found
by Galileo and the auroral emission intensities might be a day-night asymmetry (Hartkorn
et al. 2017) and possibly transient changes in eclipse in the atmosphere.

Galileo wave measurements revealed enhanced electron densities (about two orders of
magnitude larger than the magnetospheric background density) in Callisto’s wake at alti-
tudes of >1000 km (Gurnett et al. 1997, 2000). These elevated electron densities might be
connected to an ionosphere interacting with the impinging magnetospheric plasma, but the
measured high densities require a denser O, atmosphere (Liuzzo et al. 2015, 2016) than de-
rived from oxygen observations and radio occultations (Cunningham et al. 2015; Hartkorn
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Fig. 13 Electron densities derived from Galileo radio occultation observations at Callisto (from Kliore et al.
2002)

et al. 2017). Alternatively, to a dense O, atmosphere, ionization of an extended H, atmo-
sphere might produce these high-altitude enhanced plasma densities locally (Carberry Mo-
gan et al. 2021, 2023; Carberry Mogan 2022).

Anisotropy of Callisto’s ionospheric conductivities similar to Cowling-conductivities
(Hartkorn and Saur 2017) could generate an enhancement effect on ionospheric loop cur-
rents that are driven by the time-variable Jovian magnetic field at the location of this moon.
Electromagnetic induction in the ionosphere might therefore contribute to the observed in-
duced dipole signature from Callisto (Strobel et al. 2002; Hartkorn and Saur 2017), which
was first used as diagnostic for an electrically conductive subsurface water ocean (Khurana
et al. 1998; Zimmer 2000; Van Hoolst 2024, this collection). Whether ionospheric induction
can fully explain the signals from the Galileo flybys is not yet clear, and depends on the
configuration of the atmosphere and ionosphere.

As for Europa, the presence of an ionosphere at Callisto is established, but detailed char-
acteristics like composition, global distribution and time-variability are poorly understood.
If Callisto’s atmosphere is relatively stable and the ionosphere primarily generated by pho-
toionisation, then any variability should be modulated by the orbital period and less by the
periodically changing magnetospheric environment.

Callisto ionosphere questions to be addressed by JUICE include:

e How are 3D maps of ionospheric densities and composition changing with solar, magne-
tospheric, and orbital conditions? How pronounced is the apparent day-night asymmetry?

e How much is the ionosphere affected by the interaction with the plasma environment?

e Are the ionospheric densities high enough for a measurable or a dominant secondary
magnetic field to be induced in the ionosphere?
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JUICE will push forward the boundaries of our understanding in this area thanks to its
21 flybys of Callisto, with closest approach altitudes spanning ~200 km to several 1000’s
of km. As shown in Fig. 12, JUICE will more than double the number of flybys of Callisto
ever made. Half of the JUICE flybys have closest approach altitudes of ~200 km from
the surface, allowing in situ probing of the upper ionosphere. As indicated by the Galileo
results, a widely extended region of enhanced plasma densities might exist, which can be
well investigated by JUICE during the ~10 more distant flybys.

As for Europa (see Sect. 3.1), a combination of in situ and remote investigations will be
carried out by JUICE. As before, fields and particles measurements will be combined with
global modelling results. This will further our understanding of the distribution of iono-
spheric conductivity and how it changes with time, for example. This will feed directly into
our knowledge of electric currents flowing in the plasma, which is a particularly important
topic in the context of Callisto for reasons described above. Remote sensing will also be
carried out, once again focused on radio occultations and observed ultraviolet emissions.
For the former, the expected range of transverse spacecraft velocity with respect to Callisto
during both close and distant radio occultation opportunities of 0.5-4 km s~! leads to an
electron density sensitivity in the range 400-1000 cm ™ (1-0'), with an altitude resolution
ranging between 0.5 and 4 km (Withers 2020; Iess et al. 2025, this collection). For the latter,
UV data will allow us to map the photoelectron-excited oxygen airglow emissions on the
dayside of Callisto during all flybys. This airglow is a direct tracer for where photoionisa-
tion is happening in Callisto’s atmosphere. In addition, constraints on the far-UV emissions
on the nightside will enable estimates of the impact of magnetospheric electrons on the UV
emissions, and thereby also on the generation of the ionosphere. Note that neutral particle
measurements surrounding each flyby will also provide important context (Tosi et al. 2024,
this collection).

4.2 Moon-Magnetosphere Interaction at Callisto

Callisto is immersed in Jupiter’s magnetosphere at a distance of 26.9 R; where the mag-
netospheric plasma is rotating with a speed of approximately 200 km s~!. This is much
faster than the orbital speed of Callisto (8 km s™!, orbital period of 16.7 days) and Callisto’s
trailing hemisphere therefore becomes the ram-side of the resulting moon-magnetosphere
interaction. Similar to other moon-magnetosphere interactions systems (and different from
solar wind-planet interactions) the angle between the ram-side and dayside will vary with
the orbital phase of Callisto around Jupiter. Furthermore, Jupiter’s dipole axis is tilted with
respect to the rotation axis by about 9.6° and as the magnetospheric plasma is denser to-
ward Jupiter’s magnetic equator Callisto will encounter an upstream plasma flow that is also
depends on the orbital phase (Kivelson 2004b).

Callisto has a tenuous atmosphere where oxygen dominates (Cunningham et al. 2015)
and carbon dioxide is also abundant (Carlson 1999). Photo-ionisation and magnetospheric
particle impact ionisation lead to an ionosphere being formed (see Sect. 4.1). However, the
ionosphere appears to be present only when the dayside coincides with the upstream side
(Kliore et al. 2002). Since there is no internal magnetic field present at Callisto (Khurana
et al. 1997), no intrinsic magnetosphere is formed (Gurnett et al. 1997). The atmosphere and
ionosphere, together with the equivalent global dipole field induced by the periodic change
of the magnetic field of Jupiter (due to the tilt of the dipole), becomes an effective obstacle
to the incoming magnetospheric flow (Liuzzo et al. 2015). The appearance and reappearance
of the ionosphere changes the characteristics of the interaction which also varies with the
orbital phase around Jupiter. Callisto normally encounters a sub-sonic and sub-alfvenic flow
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Fig. 14 Callisto’s plasma environment (magnetic field, ionospheric (O2+) and magnetospheric (O +) plasma
density, flow velocity as well as the electric field strength) simulated for the case of when Callisto is located
in the magnetospheric lobe of Jupiter. From Liuzzo et al. (2015)

of magnetospheric plasma (see Sect. 2.6) (Neubauer 1998) which implies that there will
be no bow shock forming upstream of Callisto and the magnetospheric plasma slows down
gradually upstream of the moon.

The interaction with the upstream plasma results in two coupled phenomena: plasma
processes in the near Callisto environment such as ionospheric currents, and also Alfvén
wings (Neubauer 1998, 1999), and the induction of currents in the subsurface ocean of Cal-
listo (Van Hoolst 2024, this collection), leading to changes of the external magnetic field
conditions (Khurana et al. 1998; Kivelson et al. 1999; Zimmer 2000). The Alfvén wings
and the bending of the magnetic field leads to the formation of electric current loops, which
go through Callisto’s ionosphere and close through its conducting interior on one end, and
through Jupiter’s ionosphere on the other end. Note that Strobel et al. (2002) argued that UV
emission measurements could be interpreted in such a way that Callisto’s ionospheric con-
ductance would be sufficient to account for the conductance otherwise required by Kivelson
et al. (1999) and Zimmer (2000) to assume that induction in a subsurface ocean was present.
Hartkorn and Saur (2017) furthermore argued that induction in Callisto’s ionosphere as part
of Callisto’s plasma interaction could be so significant that it might explain the measured
magnetic field data by Galileo, and so without the need to infer a subsurface ocean.

Simulations of the plasma environment and the interaction with the ambient plasma of
Jupiter’s magnetosphere have been carried out by Lindkvist et al. (2015) and Liuzzo et al.
(2015) for the case of an ionosphere not present and present, respectively. Example results
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are shown in Fig. 14. The gyroradius of newborn ions around Callisto is on the order of
the moon’s size and therefore an MHD approach does not apply and kinetic or hybrid mod-
els need to be used. One conclusion from those studies is that when Callisto is located in
Jupiter’s current sheet, magnetic perturbations due the plasma interaction may obscure the
signatures of an induced magnetic field. Also, the simulations by Liuzzo et al. (2015) sug-
gested that an ionosphere must be present on the downstream side to explain the high density
observed with Galileo, and deflected Jovian plasma alone is not enough. An assessment was
made by Liuzzo et al. (2018) to see how likely it is that JUICE will be able to observe signa-
tures of the induction. They concluded that during some of the flybys it will be possible, but
only when the plasma interaction is sufficiently weak, which in turn depends on the ambient
plasma that Callisto is located in at the time of the flyby.

JUICE will contribute to the understanding of Callisto’s interaction with the Jovian mag-
netosphere by characterising the space plasma environment and determining the magnetic
induction response from Callisto’s subsurface ocean (Van Hoolst 2024, this collection). All
the fields and particles instruments will all be crucial for this task. Through a series of 21
close Callisto flybys, ranging in closest approach altitude from 200 km to several 1000’s
of km, JUICE will investigate this plasma environment in detail. Vector-measurements of
magnetic and electric fields (DC to 3 MHz), ion and electron density, ion velocity vector,
and electron temperature (which will give information on local conductivity and electric cur-
rents) as well as 3D velocity distribution functions of electrons and ions will provide new
comprehensive knowledge on the physics of the moon-magnetosphere interaction.

Measurements of the plasma and field from several different flybys will provide knowl-
edge of the general structure and dynamics of the moon-magnetosphere interaction and how
that varies with Jupiter’s rapid rotation phase, Callisto’s orbit around Jupiter, the relative
location to the Jovian magnetic equator, and the associated changes in ionisation sources.
The very formation and destruction of the ionosphere, the currents systems forming, particle
acceleration and plasma escape processes, for instance, will all be assessed in greater detail
with JUICE. Furthermore, the investigation of the presence of a subsurface ocean from the
magnetic field experiments will now be performed with a more detailed understanding of the
external plasma conditions as compared to during the Galileo era. This is crucial for sepa-
rating the field changes due to the subsurface ocean to those arising from external plasma
effects, caused by the moon-magnetosphere interaction (Van Hoolst 2024, this collection).

5 Magnetosphere of Ganymede

This section concerns the local interaction between Ganymede and the surrounding magne-
tosphere of Jupiter. Once again, important context is provided in Sect. 2.6, which reviews
the state of the magnetosphere at Ganymede’s orbit. Unlike the interactions at Europa and
Callisto reviewed in Sects. 3 and 4 respectively, the interaction at Ganymede falls in a dif-
ferent category because it is the only moon in the Solar System known to generate a strong
(i.e., global) intrinsic magnetic field in its interior. Ganymede is a particular focus of the
JUICE mission. After multiple flybys during the Jupiter tour, JUICE will become the first
spacecraft to orbit Ganymede itself (Witasse et al. 2025; Boutonnet et al. 2024, both in this
collection).

In this section we use spatial units of both Ganymede radii (Rg; 1 Rg =2634 km) and km,
and we often use the Ganymede Phi Orbital (GphiO) coordinate system. The origin of this
system is co-located with Ganymede’s barycentre, the x-axis in the direction of the incident
flow of Jovian magnetospheric plasma that is qualitatively co-rotating with the planet (i.e.,
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pointing in the direction of Ganymede’s orbital motion), the y-axis points towards Jupiter’s
barycentre, and the z-axis completed the right-handed Cartesian set. Figure 15a shows the
trajectories of past Ganymede flybys made by the Galileo and Juno spacecraft projected onto
the xy plane (looking down onto Ganymede’s orbital plane). The background is the output
of a global MHD model of Ganymede’s magnetosphere and the surrounding magnetosphere
of Jupiter (Jia et al. 2008), showing the x-component of the bulk plasma velocity that reveals
Ganymede’s magnetospheric cavity as the region of near-stagnant flow.

Figure 15b shows the same information in the xz plane (looking along Ganymede’s or-
bital velocity vector), with the addition of selected JUICE orbits from different Ganymede
orbit phases. JUICE orbits are only shown in Fig. 15b because they are close to polar, and
because of the large number of orbits that will be executed we only show selected orbits that
lie close to y = 0 Rg. The full coverage provided by the many orbits can be visualised by
rotating these selected orbits around the z-axis, providing excellent coverage of all regions
of the interaction. In order, the Ganymede orbital phases will be elliptical orbits (Ganymede
Elliptical Orbit, GEO), near-circular orbits at an altitude of 5000 km (Ganymede Circular
Orbit 5000, GCO5000), another set of elliptical orbits (GEO), and then circular orbits at an
altitude of 500 km (Ganymede Circular Orbit 500, GCO500). Figure 15b includes circular
orbits at an altitude of 200 km (Ganymede Circular Orbit 200, GC0O200), an agreed element
of the tour not yet implemented in the baseline mission at the time of writing. For more de-
tailed information on the flyby trajectories and their design, we refer the reader to Boutonnet
et al. (Boutonnet et al. 2024, this collection).

Referring to the JUICE investigations presented in Table 1, this section concerns the
investigation stemming from the mission objective “Characterise Ganymede as a planetary
object and possible habitat”, as well as the investigation MC.2 stemming from the mission
objective “Characterise the Jovian magnetosphere”. Note that while Ganymede’s exosphere
is partly covered here, this topic primarily falls within the scope of Tosi et al. (2024, this
collection).

How JUICE will advance knowledge in this area: As the first spacecraft to orbit
Ganymede, JUICE will revolutionise our knowledge of Ganymede’s space environment.
As shown in Fig. 15, the spacecraft trajectory while in orbit will allow us to sample dif-
ferent regions of the magnetosphere that have either barely, or never before been explored,
with the comprehensive measurement capability of JUICE. These regions include the up-
stream environment, magnetotail and wake region, open-closed field line boundary (OCFB),
closed field regions, and polar caps. The following sections present more detail on JUICE’s
contribution in this area.

5.1 Magnetospheric Configuration

Ganymede’s internal dynamo field is large enough to stand off the impinging Jovian mag-
netospheric plasma. Similar to those of solar system planets, its magnetic field carves out
a volume in its near-space environment to form its magnetosphere. By contrast, however,
Ganymede’s magnetosphere is uniquely exposed to sub-magnetosonic flows resulting in a
geometry that is fundamentally different to its planetary counterparts (see Sect. 2.6).

The magnetospheric cavity forms a cylinder that extends north and south of Ganymede
and is tilted in the direction of the upstream flow at an angle, 6 = arctan vg,,,/vasne,. This is
in response to the disturbances arising from the external plasma, where the flow is roughly
perpendicular to field direction. The disturbances propagate along the background magnetic
field, above and below Ganymede at v4,. Associated with the radiating disturbances are
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Fig. 15 Trajectories of all spacecraft flybys of Ganymede to date and selected future orbits by JUICE. (a)
Trajectories projected onto the xy plane, excluding the near-polar JUICE orbits. (b) Trajectories projected
onto the xz plane, including the near-polar JUICE orbits, and showing selected magnetic field lines in grey.
Both panels use the GphiO coordinate system, and Ganymede is shown as a grey circle. The background in
both panels is a snapshot of the x-component of bulk plasma flow, given by an MHD model (Jia et al. 2008)

field-aligned currents that couple Ganymede’s magnetospheric environment to Jupiter’s po-
lar ionosphere, channelling the electrons that precipitate and lead to Ganymede’s aurora
footprint (Bonfond et al. 2013).

Ganymede’s mini-magnetosphere was discovered by close flybys of the Galileo space-
craft (Kivelson et al. 1996; Gurnett et al. 1996). Various regions inside the magnetosphere
were sampled, as well as the distant wake, and the ambient environment upstream of the
magnetosphere (see Fig. 15). Equipped with fields and particle instruments, Galileo ac-
quired quantitative constraints on Ganymede’s internal magnetic moments, including con-
tributions from the induced fields arising from a subsurface ocean, as well as the variability
of the plasma and field properties in its near-space environment. The primarily dipolar in-
ternal field has an equatorial field strength of 719 nT and is tilted at 176° with respect to
Ganymede’s spin axis, thereby presenting a near anti-parallel magnetic shear angle at the
equator against the Jovian magnetic field (Kivelson et al. 2002). This favourable magnetic
configuration makes magnetic reconnection the most likely mechanism for momentum and
energy exchange between Jupiter’s and Ganymede’s magnetospheres (see Sect. 5.2).

Ganymede’s magnetosphere is subjected to periodic variations in the upstream magnetic
and plasma conditions imposed by Jupiter’s dipole tilt. With every oscillation of Jupiter’s
plasma sheet at a synodic period of 10.53 hours, Ganymede sweeps through magnetic lat-
itudes of £ 9.5°. This exposes it to a large range of plasma properties along Jovian field
lines, as discussed in Sect. 2.6. The two extremes are when Ganymede is (i) at the centre
of the plasma sheet, where the plasma is dense and cold; and (ii) farthest from the plasma
sheet, where the plasma is relatively tenuous and hot. As a result, the global configuration of
Ganymede’s magnetosphere changes in response to the periodic variations upstream, such
as the geometry of the Alfvén wings and the associated field-aligned currents (Jia et al. 2008,
2009).

The typical flow upstream speed in Ganymede’s rest frame is 140 km s~! and the charac-
teristic MHD wave speeds exhibit large temporal variability making the Alfvén and sound
speeds range from 120-380 km s~! and 85-110 km s~!, respectively (Kivelson 2004b).
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These values indicate that the fast magnetosonic and Alfvén Mach numbers can occasion-
ally attain unity, although this regime had not been confirmed by measurements by the
Galileo spacecraft. Consistent with a sub-magnetosonic interaction, no bow shock has been
detected upstream of Ganymede. The larger characteristic wave speeds imply that the in-
flowing plasma is decelerated well upstream of the magnetosphere by the action of counter-
propagating compressional magnetosonic waves. Some of the inflowing plasma is diverted
around the magnetosphere and reaccelerated along the flanks to freestream conditions.

The global configuration of Ganymede’s magnetosphere is primarily controlled by its dy-
namics, i.e., how it interacts with and couples to the Jovian magnetosphere. The true picture
of Ganymede’s magnetosphere is time-evolving, whereby its magnetic field is episodically
merging and unmerging with the Jovian field via magnetic reconnection. The overall mag-
netic flux is balanced presumably via reconnecting and circulating field lines analogous to
the Dungey cycle. Ganymede’s outermost field lines therefore undergo episodes of being
either ‘closed’, i.e., having both footpoints connected to itself, or ‘open’, i.e., one footpoint
connected to itself and the other far afield at Jupiter. The ‘open’ magnetic fields thread
Ganymede’s polar regions in both hemispheres create a pathway for electrons to travel to
and from Jupiter, establishing the route for electrodynamic coupling.

Figure 15 illustrates the geometry of Ganymede’s magnetosphere by showing the re-
sults of an MHD simulation by Jia et al. (2008). The region of near-stagnant flow defines
Ganymede’s magnetosphere, and the magnetic field lines shown in Fig. 15b are most use-
ful for showing magnetospheric structure. The magnetopause standoff distance is ~2 Rg,
which is largely confined by the external total pressure. Embedded within the larger cylindri-
cal topology is a much smaller region of ‘closed’ magnetic field lines near the equator. The
closed region is more confined in latitude at the tail side. The polar cap regions, where ‘open’
field lines link to Jupiter, thread a much larger range of latitudes. The boundary between the
two regions, known as the OCFB, is the channel along which electrons can precipitate into
Ganymede’s tenuous atmosphere and form the auroras (McGrath et al. 2013).

The configuration of Ganymede’s magnetosphere with respect to the plasma sheet influ-
ences the magnetospheric electron and ion circulation in the vicinity of this moon. Recent
modelling work by Liuzzo et al. (2020) showed that Ganymede’s trailing anti-Jovian equator
receives the least flux over geologic timescales and that the trailing surface near the region
near the open-closed field boundary lines the most. Recent simulations of the Jovian ener-
getic ion precipitation to Ganymede’s surface (Plainaki et al. 2015, 2022), for three distinct
configurations between moon’s magnetic field and Jupiter’s plasma sheet (i.e., when the
moon was above, inside, and below the center of the sheet), showed that the ion circulation
within Ganymede’s magnetosphere is strongly guided by the position of the open-closed
field boundary line and the ion species and energies. Moreover, a spatially extended ion
low in the anti-Jupiter low-latitude and equatorial regions above the leading hemisphere is
expected. These authors also showed that the ion flux incident at 500 km altitude is not a
good approximation of the surface’s precipitating flux. For studying, therefore, Ganymede’s
surface erosion processes, the particle and field measurements at low-altitude orbits (e.g.,
200 km) are fundamental. Indeed, with JUICE a detailed investigation of the Ganymede
environment and its implications on the moon’s surface evolution will be possible through
low-altitude observations.

The observed magnetic field in Ganymede’s environment is a superposition of magnetic
fields from various sources. These are: (i) Jupiter’s interior magnetic field, (ii) Jupiter’s exter-
nal magnetic field arising from its magnetospheric currents, (ii) Ganymede’s interior dipolar
magnetic field, (iv) Ganymede’s external magnetic field arising from its magnetospheric cur-
rents, and (v) Ganymede’s interior magnetic field induced from a putative subsurface salty
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ocean. Carrying out the challenging task of separating out each of the contributions requires
both field and particle measurements to characterise the magnetic fields induced by plasma
currents, aided by the long-term sampling on a global scale afforded by JUICE’s orbit.

JUICE will resolve the three-dimensional structure of Ganymede’s magnetosphere and
assess its response to external and internal time-varying processes. The GEO orbits are de-
signed to sample various regions of Ganymede’s magnetosphere, namely the radiation belts
and inner magnetosphere, the lobes and magnetotail downstream, and the Alfvén wings
and OCFB in the polar magnetosphere. Determining the geometries and range of positions
occupied by the boundaries are critical to understanding the large-scale magnetospheric dy-
namics, such as transport processes and magnetic flux circulation (See Sect. 5.2).

Routine excursions of JUICE into the Jovian plasma regime will place constraints on
both the range of upstream conditions that Ganymede’s magnetosphere is subjected to and
the extent to which the magnetospheric boundaries respond accordingly. The spatial cov-
erage enabled by GEO will be adequate to construct an empirical model of Ganymede’s
magnetopause, like those of planets (e.g. Joy et al. 2002; Winslow et al. 2013), char-
acterising useful properties such as compressibility. JUICE will spend enough time just
upstream to observe whether the flow conditions do indeed make the transition to super-
Alfvénic or super-magnetosonic, and thus develop a bow shock. The expected consequence
on Ganymede’s magnetosphere would be an evolution from a cylindrical to a bullet-shaped
structure, a unique magnetosphere in the solar system known to have this potential.

Limited coverage from the Galileo trajectories have made it difficult to differentiate be-
tween the dipole and quadrupole magnetic field contributions, whereby all the non-axial
terms of the quadrupole moment cannot be uniquely defined. The GEO and GCO orbits
will provide the first truly global coverage of Ganymede’s magnetosphere from which a
high-order spherical harmonic model of the internal magnetic field can be constructed. As
a result, hemispheric asymmetry and small-scale anomalies will be identifiable. In the mag-
netospheric context, the primary utility of such a model will be magnetic field line map-
ping. For example, in-situ fields and particle observations of magnetic reconnection can be
directly related to remote observations of the UV aurora, allowing for an end-to-end analy-
sis of Ganymede’s auroral processes. Defining Ganymede’s L-shells (defined in the classic
sense using only the dipole field of the planet) will be necessary for investigating the radia-
tion belts and space weathering.

NASA’s Juno mission recently performed a close flyby of Ganymede with a closest ap-
proach altitude of ~1030 km and its magnetospheric payload allowed for contemporaneous
field and particle observations. However, recent results suggest that Juno remained on open
field lines and did not sample the precipitating particles creating the aurora (e.g., Allegrini
et al. 2022; Clark et al. 2022; Hansen et al. 2022; Kurth et al. 2022; Paranicas et al. 2022).
Therefore, fundamental questions remain regarding the processes that form Ganymede’s au-
rorae. In addition to Ganymede’s magnetic structure, JUICE will make measurements of
plasma density, velocity, and composition in the magnetosphere. These measurements al-
low for density profiles, and thus ionospheric scale heights to be determined, as well as
flow and circulation patterns, all of which are essential pieces of the global magnetospheric
configuration.

5.2 Magnetospheric Dynamics
The configuration of Ganymede’s magnetosphere may appear to be in a quasi-steady state,

as described in Sect. 5.1, on time scales comparable with the typical time for the plasma to
flow from the upstream to the downstream (of the order of a few minutes). However, there
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are a variety of phenomena occurring in Ganymede’s magnetosphere that are not steady
on time scales shorter than that reference time, such as magnetic reconnection, boundary
processes, and generation and propagation of plasma and MHD waves (see reviews by Jia
and Kivelson 2021 and Kivelson et al. 2025). Here we briefly review the key aspects of
Ganymede’s magnetospheric dynamics as inferred from previous Galileo observations as
well as modelling work, and highlight outstanding open questions that will be addressed by
the JUICE mission.

e Reconnection-driven processes

At Ganymede’s orbit, Jupiter’s magnetospheric field always remains largely anti-parallel
to Ganymede’s internal field at the equator (Khurana 1997; Kivelson et al. 2002). Com-
bined with the relatively low plasma § of the ambient plasma (e.g., Kivelson et al. 2004b,
2025), the environment around Ganymede’s upstream magnetopause is very conducive to
magnetic reconnection. As a result, Ganymede’s global plasma convection and magneto-
spheric dynamics are dominated by the so-called “Dungey cycle” driven by magnetic re-
connection occurring on the upstream magnetopause and in the downstream magnetotail.
Indeed, Galileo measurements indicate highly efficient reconnection producing significant
cross-magnetopause plasma transport (Kivelson et al. 1998). Subsequent numerical simula-
tions predict the presence of widespread flux transfer events as a result of multiple X-line
reconnection despite relatively steady upstream conditions (Jia et al. 2010b; Té6th et al. 2016;
Zhou et al. 2019, 2020), and the simulated magnetic signatures appear to be consistent with
the large-amplitude magnetic field fluctuations observed by Galileo during crossings of the
magnetopause (Kivelson et al. 1998). Figure 16 shows an example of magnetic topologies
that could arise from magnetopause reconnection, based on numerical modelling (T6th et al.
2016).

A recent analytical assessment of reconnection onset conditions confirms that the plasma
and magnetic field conditions near Ganymede’s magnetopause are indeed favourable for
reconnection throughout the closed-field equatorial region (Kaweeyanun et al. 2020). The
associated reconnection electric field is estimated to range between 2 — 20 mV m™', suggest-
ing widespread reconnection over an extended region on the magnetopause although their
global structure remains poorly constrained (Kaweeyanun et al. 2020; Zhou et al. 2020).
Moreover, it is found that the average reconnection electric field exhibits a periodic variation
resulting from periodic changes in the upstream plasma and magnetic conditions governed
by Jupiter’s rotation. Re-analysis of the Galileo plasma data shows evidence of moon-ward
plasma movement in the downstream region, consistent with magnetotail reconnection in a
Dungey-like convection cycle (Collinson et al. 2018). The downstream reconnection rate is
also likely to be significant, given the long-term stability of the location and shape of the
observed aurora oval, which is strongly correlated to the open-closed field line boundary
(McGrath et al. 2013; Saur et al. 2015).

While the Galileo observations and modelling work have provided valuable insight, our
knowledge on the reconnection process at Ganymede and its global impact remains quite
limited. Additional crossings of the upstream magnetopause and the downstream magneto-
tail are needed to resolve global reconnection structures, improve estimates of reconnection
rate and efficiency, and characterise temporal variations in reconnection-driven dynamics.
JUICE with its modern instrumentation, such as high-resolution magnetometer and particle
instruments, will provide an unprecedented opportunity to establish a significantly completer
and more detailed picture of Ganymede’s reconnection. During its orbital phase, especially
the GEO elliptical phase, the trajectories of JUICE will allow the spacecraft to probe a wide
variety of regions of the moon’s magnetosphere where reconnection could potentially oc-
cur. In-situ measurements to be acquired over the moon’s polar caps together with remote

@ Springer



24 Page 48 of 81 A. Masters et al.

Fig. 16 3-D visualization of
magnetic field lines in a snapshot
of a high-resolution simulation
that combines an MHD approach
with embedded domains that
solve the equation of motion for
individual particles. Ganymede is
shown as viewed from the
upstream region, along the
direction of incoming plasma
flow, at slightly positive GPhiO
z-coordinate. The almost straight
grey tube indicates the trajectory
of a Galileo flyby. The coloured
tubes show selected magnetic
field lines coloured by the local
plasma pressure. The translucent
equatorial plane is coloured with
the current density. Ganymede’s
surface is shown by the grey
sphere. From Téth et al. (2016)

sensing observations of Ganymede’s aurora would provide key datasets to constrain the role
of reconnection in plasma energisation and transport of magnetic flux, thereby providing
further insights into the global magnetospheric dynamics.

Recent observations from Juno during its flyby of Ganymede on 7 June 2021 (e.g., Al-
legrini et al. 2022; Clark et al. 2022) and MHD simulations of the encounter (Duling et al.
2022) suggest that the spacecraft remained in the moon’s open field line region throughout
the entire flyby. However, accelerated, field-aligned electrons observed near Ganymede’s
upstream magnetopause provide evidence that magnetic reconnection is indeed occurring
(Ebert et al. 2022). This is consistent with previous scenarios proposing that reconnection is
a driver of magnetosphere dynamics for the satellite (e.g., Jia et al. 2010a,b). JUICE will al-
low the detailed investigation of the reconnection processes occurring at Ganymede through
multiple particle and field observations enabling the refinement of numerical models and
offering essential feedback for testing and enhancing current theoretical scenarios.

e Viscous-like interactions

We define a “viscous-like” interaction as one where a tenuous plasma flow around a mag-
netised obstacle exerts an effective viscous drag on the obstacle, despite the low frequency
of inter-particle collisions and often achieved via MHD waves. Such interactions have long
been recognised to also play an important role in coupling the external plasma flow with
planetary magnetospheres, especially at the magnetopause boundary in the form of Kelvin-
Helmholtz (K-H) waves. Potential evidence of K-H waves was first speculated based on
Galileo observations near Ganymede’s magnetopause (Kivelson et al. 1998), although this
was later suggested to be more likely associated with magnetic structures arising from un-
steady magnetopause reconnection (e.g., Jia et al. 2010b; Volwerk et al. 2013; Toth et al.
2016). In a recent effort to analytically assess the stability conditions of Ganymede’s up-
stream magnetopause, Kaweeyanun et al. (2021) found that the onset condition for linear K-
H waves is satisfied along both magnetopause flank regions at all latitudes. When Ganymede
is at the centre of the Jovian plasma sheet, the threshold for K-H instability is lowered due to
(1) weaker magnetic fields adjacent to the magnetopause that are (2) more strongly orthog-
onal to the perturbation wave vector. Estimated phase speeds of the K-H waves are roughly
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half that of the external Jovian plasma bulk flow speed, which are consistent with previous
estimates based on in-situ measurements (Kivelson et al. 1998; Kaweeyanun et al. 2021).

Heavy ions (O and S species) that dominate Jupiter’s magnetospheric plasma at
Ganymede’s orbit possess non-negligible gyroradii compared to the typical thickness of the
magnetopause boundary. Consequently, kinetic phenomena, particularly finite-gyroradius
effects, must be considered when evaluating K-H instability on Ganymede’s magnetopause.
These fine-gyroradius effects are expected to induce a small but notable inter-flank asymme-
try in instability growth, slightly favouring the sub-Jovian flank where local ion flow shear
adds to the bulk flow shear (Kaweeyanun et al. 2021). Nonlinear K-H vortices hence should
be more prevalent on the sub-Jovian flank, where those vortices, if formed, could potentially
facilitate plasma and energy transport across Ganymede’s magnetopause.

Like magnetic reconnection, verification of any K-H instability predictions currently is
limited by the rather sparse in-situ measurements. Nevertheless, Stahl et al. (2023) used a
hybrid model (kinetic ions, fluid electrons) to provide context for plasma and magnetic field
observations during Juno’s flyby of Ganymede on 7 June 2021. They found that Ganymede’s
sub-Jovian magnetopause is susceptible to K-H instabilities, causing the location of the
boundary layer to oscillate. The JUICE mission will greatly contribute in the study of
these phenomena by conducting a large number of magnetopause crossings during its or-
bital phase, where signatures of linear and non-linear K-H structures could be measured.
Data from JUICE magnetopause crossings will help answer many open questions concern-
ing the nature of viscous-like interaction at Ganymede’s magnetopause, such as prevalence
and growth rate of K-H instability, transition of linear K-H waves toward nonlinear K-H
vortices, and the overall contribution of viscous-like interactions to the plasma and energy
transport across the magnetopause.

e Waves

As a source of energetic and anisotropic charged particle distributions (e.g., loss cones
because of particle absorption by Ganymede’s surface), Ganymede’s magnetosphere is a
natural environment for the generation, growth, and propagation of radio and plasma waves
(Gurnett et al. 1996). During its multiple close encounters with Ganymede, Galileo’s Plasma
Wave Subsystem (PWS) (Gurnett et al. 1992) measured electrostatic and electromagnetic
plasma wave emissions covering a large range of frequencies from <10 to 10° Hz. From
the lower band, whistler-mode in the form of ‘chorus’ and ‘hiss’ were detected. This mode
remains trapped within Ganymede’s magnetosphere and is an indicator of electron loss-
cone anisotropies and beam-plasma instabilities. It is not understood how the whistler-mode
waves that pervade Ganymede’s magnetosphere interact with its electrons as well as where
the source regions are. Addressing these issues will be achievable by utilising JUICE’s fields
and particles instruments sampling the various regions of Ganymede’s magnetosphere in
depth. The outcome will be critical to understanding Ganymede’s auroral and radiation belt
dynamics.

The UHR emission is typically pronounced during flybys through Ganymede’s magne-
tosphere. Near the UHR frequency, electrostatic electron cyclotron waves can mode-convert
into electromagnetic non-thermal radio waves, which are capable of escaping Ganymede’s
magnetosphere (Kurth et al. 1997). Although not surprising for a magnetosphere, Ganymede
as a radio source is unusual in that the cyclotron maser emission (such as Earth’s auroral
kilometric radiation and Jupiter’s decametric and hectometric radiation) is not present due
to the relatively large plasma densities in its aurora regions. JUICE, during its Ganymede or-
bital phase, will be able to map the radio sources and directly relate the observed emissions
to non-thermal particle distributions to shed light on the underlying generation mechanisms.
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Furthermore, the dependence of the UHR emission on the electron plasma frequency allows
for accurate inference of the electron density and scale height of Ganymede’s ionosphere
(e.g., Eviatar et al. 2001a). Through such measurements, a complete profile of the properties
of Ganymede’s ionosphere will be enabled by JUICE’s largely enhanced coverage, thus pro-
viding essential constraints for the modelling of Ganymede’s ionosphere and magnetosphere
(e.g., Carnielli et al. 2019, 2020a, 2020b; Galand et al. 2025).

In addition to high frequency plasma waves, Ganymede’s magnetosphere also generates
low frequency MHD waves, which can give insight into the local plasma environment. As
demonstrated through Galileo observations, the closed magnetic field lines in Ganymede’s
magnetosphere are prone to field line resonances (Volwerk et al. 1999, 2013). These waves
usually show a spectrum with the base frequency and several harmonics. The wave frequen-
cies are dependent on the length of the field line (or the L-shell) and the Alfvén speed along
the field line, for which it is usually assumed that the lowest speed is found at the equator
where the plasma density is highest and the field strength is smallest. Through comparing
the spectrum with models (e.g. Cummings, O’Sullivan and Coleman 1969) a value for the
local plasma density at the equator can be obtained. Indeed, the densities inferred from the
only two Galileo flybys that penetrated the closed field line region (G8 and G28) delivered
an ionospheric scale height of ~ 465 km (Volwerk et al. 1999, 2013), not too far off from the
estimate by Eviatar et al. (2001a) of 600 km based on the PWS measurements. For JUICE,
during its Ganymede orbital phase, these waves can be used to sound the magnetosphere
and to probe how the equatorial plasma density distributions vary as a function of Jovian
latitude, e.g., when Ganymede is located inside and outside of Jupiter’s plasma sheet.

The interaction of the Jovian plasma with Ganymede’s surface and exosphere leads to
sputtering and impact ionisation, which may subsequently result in pick-up of the freshly
created ions. This creates a ring(-beam) distribution in velocity space, which is unstable to
the generation of ion cyclotron waves. A first indication of O or HO™ ion cyclotron waves
at Ganymede was found by Volwerk and Khurana (2010) in the Galileo magnetometer data.
As the cyclotron wave frequencies are closely related to the ion gyrofrequency determined
by its mass and charge and the local magnetic field strength, magnetic field measurements
of ion cyclotron waves can be used as an ion identification tool. This can be achieved during
flybys, as was done with past missions, such as Galileo at Europa (Volwerk et al. 2001)
and Cassini at Titan (Russell et al. 2016). Furthermore, the handedness of cyclotron waves
can be used to deduce whether the ion involved is positively or negatively charged. As such,
JUICE observations of ion cyclotron waves during both the flyby phase and the orbital phase
can give valuable information about the ions created around Ganymede and be used as a tool
to get an estimate of the exospheric neutral density (e.g., Delva et al. 2009; Schmid et al.
2022).

5.3 Auroral Processes

Ganymede auroral emission were first observed by Hall et al. (1998) with the Goddard
High Resolution Spectrograph on board of the HST and subsequently imaged with the
Space Telescope Imaging Spectrograph (Feldman et al. 2000). Ganymede’s aurorae offer in-
sights into its magnetic environment, atmosphere, and the potential existence of a subsurface
ocean. At Earth, aurorae are generated by the interaction between accelerated, charged par-
ticles that follow the magnetic field and the components of the atmosphere. The situation at
Ganymede, however, is markedly more complex due to its location within Jupiter’s magneto-
sphere. Due to the interaction of Ganymede’s internal dynamo field (~750 nT at the equator)
and Jupiter’s magnetospheric flow, Ganymede possesses a distinctive mini-magnetosphere
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within Jupiter’s overarching magnetosphere. The variation of Jupiter’s magnetospheric field
at Ganymede (~100 nT) periodically tilts the OCFB. The damped oscillation amplitude of
the aurorae oval tilt angles has been used as evidence to support the existence of a subsurface
ocean on Ganymede (Saur et al. 2015; Van Hoolst 2024, this journal).

Ganymede’s unique auroral processes are linked to its thin, tenuous atmosphere. The
atmospheres of the Galilean satellites Europa, Ganymede, and Callisto are composed of a
combination of O, O, H,O, and CO, and are ultimately sourced from their surfaces. The
interaction of charged particles with this atmosphere results in distinct auroral emissions.
Recently, Roth (2021) and Roth et al. (2021) used auroral data sets to independently con-
strain the atomic O abundance in the atmospheres of Europa and Ganymede by measuring
the resonant scattering component of the 1304 A emission as the satellites passed through
Jupiter’s shadow. These data sets placed a tight upper limit on the O abundance, which then
requires a new mechanism to explain the low 1356/1304 A (e.g., Roth 2021) on the trailing
hemispheres of these satellites.

The proposed mechanism is a consistently present H,O atmosphere centred on the trail-
ing hemisphere for Europa and on both hemispheres (but six times denser on the trailing)
for Ganymede, which can be produced by sublimation in the case of Ganymede (as is also
predicted on Callisto (Carberry Mogan et al. 2021)) and by sputtering combined with sub-
limation of the fresh deposits of sputtered H,O in the case of Europa (Teolis et al. 2017;
Roth 2021). The derived mixing ratios of H,O / O, over the trailing hemisphere are in the
10-30 range for both satellites. The UV lines are significantly more sensitive to O, than
to H,O, and observations of H in addition to O, and/or observations of lines with higher
intrinsic emission rates following electron impact on H,O, would strengthen the constraints
on the presence and abundance of H,O. Using observations at optical wavelengths during
Jupiter eclipses, de Kleer et al. (2023) could place an upper bound on the H,O content in
Ganymede’s bulk atmosphere of H,O/O, < 0.6. Monte Carlo models have shown that the
spatial distribution of H,O and O, in the atmosphere is modulated on an orbital time scale
due to influences from Jupiter’s gravitational field as well as source processes on the surface
(Leblanc et al. 2017, 2023). Thus, temporal variations in auroral emissions may be a product
of both temporal variation in electron acceleration processes and in the atmosphere.

Eviatar et al. (2001b) used a model for the neutral atmosphere to study the behaviour
of charged particles interacting with Ganymede’s atmosphere. They demonstrate that the
brightness of Ganymede’s aurora, either arcs or diffuse emission, cannot be matched by
models assuming the electron energies and densities at Ganymede’s orbit, so the electrons
of Jupiter’s magnetosphere do not have sufficient energy to excite the auroral emissions, in
contrast to the aurorae generated at Io and Europa (e.g., Saur et al. 1998, 2000; Retherford et
al. 2000; Roth et al. 2011, 2014a,b). Thus, at Ganymede, local particle acceleration is nec-
essary to explain the observed UV fluxes. Such a conclusion was also reached by Lavrukhin
and Alexeev (2015) who analysed Ganymede’s magnetospheric interaction and estimated
that the required current of ~500 kA could not be carried by the surrounding plasma, thus
requiring energisation. Eviatar et al. (2001b) suggest two possible energisation mechanisms:
1) stochastic heating by Landau damping of electron plasma oscillations, and 2) acceleration
by electric fields associated with field-aligned currents and which they considered the more
likely option.

The generally sub-Alfvénic flow upstream of Ganymede suggests magnetic reconnection
can proceed very efficiently and quickly (e.g., Kivelson et al. 1998; Neubauer 1998) (see
Sect. 2.6 and 5.2) thus providing acceleration that can generate the required energy flux into
the atmosphere. The acceleration of charged particles by reconnection has been studied in
MHD simulations (Paty and Winglee 2004; Jia et al. 2008; Dorelli et al. 2015; Payan et al.
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2015) and coupled kinetic-MHD simulations (Zhou et al. 2019). These models demonstrate
that reconnection can drive energy fluxes at a level comparable to the observed emissions,
although in the coupled kinetic-MHD simulations around 40% or less of the emission could
be attributed to reconnection-related acceleration suggesting other mechanisms would be
involved.

As a lower threshold, the excitation of aurora at Ganymede via dissociative impacts of
electrons on O, requires energies beyond 14.3 eV. Payan et al. (2015) report that hot Jovian
plasma species have modelled energies well above this threshold and thus, a large majority of
the hot Jovian plasma precipitating into Ganymede’s neutral atmosphere through the cusps
is able to excite the aurora. Related recent work based on Juno/JADE data has been done
by Pelcener et al. (2024), characterising the temporal and spatial variability of the electron
environment upstream of Ganymede (see Sect. 2.6).

Simulations therefore seem to suggest that on the flow-facing hemisphere of Ganymede
the bright auroral emissions should map to the cusp, containing recently reconnected flux
and thus containing Jovian plasma that has been accelerated in magnetopause reconnec-
tion sites, and on the anti-flow-facing hemisphere the emissions at lower latitudes should
map to dipolarisation regions in the magnetotail and thus contain accelerated plasma from
Ganymede’s magnetosphere (e.g., Paty and Winglee 2004; Payan et al. 2015). In the simu-
lations of Payan et al. (2015) strong parallel electric fields are associated with the brightest
auroral emissions. Marzok et al. (2022) found that brightness maxima on the flow-facing
and anti-flow-facing hemispheres were rotated slightly towards the Jovian-facing side. Such
arotation is reproduced in Hall MHD simulations where the Hall effect slightly distorts field-
aligned currents and convection patterns (e.g., Dorelli et al. 2015) but it has been suggested
that a slight tilt in the magnetic moment of Ganymede may also produce a similar effect
(Marzok et al. 2022). The origin of auroral emissions on the flanks could also be the result
of reconnection (e.g., Jia et al. 2008), or field-aligned currents associated with shear flow, or
pitch-angle scattering of Jovian energetic particles may be responsible (Marzok et al. 2022).
Despite all these predictions, the most recent observations suggest that Ganymede’s brightest
auroral emissions could correspond to closed-field regions (Greathouse et al. 2022), high-
lighting that we have much to learn concerning these emissions with JUICE.

The brightness of the aurora depends on whether a hemisphere is facing the Jovian
plasma sheet. When the northern (southern) hemisphere faces the plasma sheet then the
northern (southern) hemisphere has the brighter aurora suggesting that the plasma sheet
and its magnetic coupling to Ganymede are involved in applying asymmetrical stress to
Ganymede causing asymmetrical Poynting fluxes that feed auroral processes (Saur et al.
2022). Figure 17 shows example HST images in the UV that show Ganymede’s auroras,
where each image corresponds to a different location of Ganymede with respect to the
plasma sheet.

The processes underlying diffuse auroral emissions are subjected to a similar issue of the
lack of thermal energy (Eviatar et al. 2001b) and require some process to scatter particles
into the loss cone. Pitch angle scattering by whistler waves is a potential candidate but mod-
elled based on Galileo observations by Tripathi et al. (2017) suggested this wasn’t sufficient
leading Singhal et al. (2016) to suggest that additional acceleration by electrostatic electron
cyclotron harmonic waves would be readily sufficient to produce the diffuse aurora. How-
ever, Li et al. (2023) re-examined this question using in-situ Juno observations of whistler
waves and found much larger pitch angle diffusion rates, possibly because the Galileo wave
amplitudes were smaller and Tripathi et al. (2017) only considered quasi-parallel whistlers.
Li et al. (2023) were able to show that quasi-parallel whistler-mode waves play a dominant
role in accelerating particles above about 1 keV whereas highly oblique waves are impor-
tant below 1 keV. Acceleration above tens of keV is cannot be fully explained by whistler
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Fig. 17 HST/STIS images of Ganymede’s auroral brightness in Rayleigh at OI 1, 356 A. Visit 1 occurred
before and visit 2 after the Juno flyby on 7 June 2021. Observations show mostly Ganymede’s trailing, that
is, plasma flow upstream, hemisphere. The dashed line indicates the 90° meridian. From Saur et al. (2022)

waves and requires additional wave modes, turbulence, or waves in the non-linear regime.
Li et al. (2023) report about Juno measurements of whistler-mode waves that could drive
precipitating electrons.

The electron acceleration in relation to the Ganymede aurora were studied by Payan et al.
(2015) employing a 3D multifluid model and an auroral brightness model. They assume an
oxygen column density of 3.75 x 10'* cm~2 and find that electron acceleration regions co-
incide with brightest auroral emission regions and that electrons generating the aurora are
sourced in Jovian plasma and in magnetotail, despite earlier conjecture from Eviatar et al.
(2001b). The aurora on the orbital trailing hemisphere is generated by electrons sourced in
the Jovian plasma and penetrating into Ganymede’s neutral atmosphere through the cusps.
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As for the aurora on the orbital leading hemisphere, it is generated by electrons originating
from Ganymede’s ionospheric and magnetospheric flow. These electrons are accelerated by
parallel electric fields along newly closed magnetic field lines created by magnetic recon-
nection in Ganymede’s magnetotail, and precipitate into Ganymede’s neutral atmosphere at
much lower latitudes. The work by Payan et al. (2015) illustrates that the regions of brightest
auroral emissions coincide well with regions of strongest acceleration due to parallel electric
fields.

The high energy part of precipitating electrons was investigated by Liuzzo et al. (2020).
They discuss how energetic electron bombardment on Ganymede varies over different
timescales and locations on the moon. The study used data from the Energetic Particle De-
tector instrument on board the Galileo spacecraft, which measured the flux and spectra of
electrons in a wide range of energies. These observations were compared to the modelled
outcome of energetic particle tracing. For this, the relativistic electrons were modelled using
a combination between hybrid modelling of electromagnetic fields and a special energetic
particle tracer. The electron bombardment was found to be highly variable, with peak elec-
tron fluxes at some locations being orders of magnitude higher than at others. The variability
had a strong dependence on the location on the moon and on the timescale considered and
affects the properties of the moon’s atmosphere, such as its density, temperature, and com-
position. Note that even though precipitation is enhanced along the open-closed field line
boundary, energetic electrons do not significantly contribute to the generation of auroral
signatures at Ganymede. They rather affect the surface materials by space weathering.

Note that recent ground-based observations succeeded in detecting Ganymede auroral
emissions due to oxygen and hydrogen in the visible spectral range during eclipses of
the satellite (de Kleer et al. 2023). Although not spectrally resolved, such emission for
Ganymede may offer the possibility for JUICE to remotely trace emissions in vertical and
nocturnal limb scans at different latitudes, with particularly high spatial resolution during
low-altitude circular orbits. Additional searches for auroral signatures and their mapping
for all three relevant Galilean moons could be performed during several satellites’ eclipses
observable from the position of JUICE, provide further insights into their tenuous atmo-
spheres.

5.4 lonosphere

Ganymede hosts a tenuous atmosphere, primarily produced through sublimation of water ice
and irradiation of the moon’s surface by energetic particles (H,O, O,, H,) (Marconi 2007;
Plainaki et al. 2015; Leblanc et al. 2017, 2023; Vorburger et al. 2022). This envelope of
neutral gas gets partially ionised, which formed the ionosphere. This plasma layer dominates
over the Jovian plasma inside Ganymede’s magnetosphere (except in part of the Alfvén
wings) (Carnielli et al. 2020a).

The ionosphere plays a critical role in the coupling of the magnetized moon with the
Jovian environment and with the moon’s subsurface ocean (Saur et al. 2015). The ionosphere
provides a conductive medium that acts as a closure region for electric currents generated
in the magnetosphere, with closure occurring across the magnetic field near Ganymede’s
surface. Magnetically field-aligned currents should close in the ionosphere in the form of
auroral electrojets around the auroral ovals, and through the Alfvén wings of Ganymede
into the polar cap ionosphere. Alfvén waves in these regions may also become inertial when
propagating toward the ionospheric shore and dump their energy and momentum there.

Isolating magnetic fields arising from electromagnetic induction occurring in
Ganymede’s ionosphere is essential to distinguish it from the inductive response of the
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sub-surface ocean (see Van Hoolst 2024, this collection). The ionosphere is a source of
dense and cold-oxygen rich plasma to both Ganymede and Jupiter magnetospheres, and a
source for Ganymede’s neutral atmosphere through particle irradiation on the moon’s sur-
face. In fact, this contribution may significantly dominate that by Jovian ions (Carnielli et al.
2020b).

However, little is known about Ganymede’s ionosphere due to limited in-situ observa-
tions, reduced mainly to the two close flybys by Galileo (G1 and G2) (Gurnett et al. 1996;
Eviatar et al. 2001a) and one by Juno (PJ34) (Hansen et al. 2022). As a result, we must cur-
rently rely heavily on modelling to characterise the ionosphere (Galand et al. 2025). Such
ionospheric modelling is limited, in part, by the large uncertainty in the density and com-
position of the atmosphere. JUICE will offer the first opportunity to probe comprehensively
and assess in detail the ionospheric density, composition, dynamics, and energy budget of
Ganymede’s critical plasma layer.

We review here the open problems related to Ganymede’s ionosphere to be targeted by
JUICE. Relevant key open questions are listed below.

What is the main source of ionization of Ganymede’s tenuous atmosphere?

What is the role played by collisions in Ganymede’s ionosphere?

Is transport of ionospheric species well quantified?

What are the key drivers of Ganymede’s ionospheric densities?

Is Ganymede’s ionosphere affected by dust?

How is the ionosphere contributing to auroral, magnetosphere-ionosphere coupling?
What are the drivers of the ionospheric energy budget?

What are the waves present in Ganymede’s ionosphere?

How significant are the ionospheric ions, that are directed back to the surface and induce
secondary sputtering, as a source of the exosphere?

Ionizing sources of Ganymede’s atmosphere include solar extreme ultraviolet radiation
on the dayside and energetic (~15 eV to a few 100 s eV) electrons everywhere. Electron-
impact frequencies for the major neutral species derived from energy spectra at Ganymede’s
orbit were found to be a factor 4 to 5 higher than photo-ionization frequencies (Carnielli
et al. 2019). However, the electron population is significantly affected within Ganymede’s
magnetosphere, as attested by the few Galileo and Juno close flybys of the moon (Williams
et al. 1998; Allegrini et al. 2022; Kurth et al. 2022). In the absence of a more comprehensive
set of observations, the spatial distribution of electron-impact ionization frequency around
the moon remains poorly known, though energetic electrons may be the main source of
Ganymede’s ionosphere. The electron distribution will be measured from JUICE over the
1 eV to 50 keV range. As most of electrons responsible for ionisation are also responsible
for dissociative excitation yielding auroral emissions, UV spectra from atomic oxygen can
be used to constrain the spatial distribution of the ionising electrons. Quantitative informa-
tion on the electrons can also be derived by combining UV auroral observations with other
atmospheric observations.

The ionospheric collision frequency is a critical parameter because it not only gives the
level of electrical conductivity, but also limitations for ion plasma convection and thermal
conditions near the surface. Typical atmospheric peak number densities near the surface
are in the range 108-10° cm™3 (e.g., Marconi 2007), giving ion-neutral momentum transfer
collision frequencies (e.g., Schunk and Nagy 1980) in the range 1073~10~" s~! for O, and
H, 0 below an altitude of 100 km. This can be compared to the magnetic gyrofrequency of a
few s~! near the surface. There is therefore no highly collisional ionospheric layer, meaning,
no “typical” ionosphere on Ganymede. However, the Hall and Pedersen conductivities rise
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Fig. 18 On counts-per-second energy-time spectrograms and energy-per-charge (E/q) versus mass-per-
charge (m/q) during the close Ganymede flyby by Juno on 7 June 2021. Adapted From Allegrini et al. (2022)

exponentially toward the surface and reach 1073-1073 S m~! and can be large enough to

support cross-magnetic field currents, while the field-aligned conductivity is around 50 S
m~! and can easily support field-aligned currents. What seems to be present is a very dense
and cold (a few eV to 10 eV) (Frank et al. 1997; Collinson et al. 2018; Allegrini et al. 2022)
“topside like” ionospheric plasma which is dominantly magnetized even close to the surface.
Magnetospheric “E cross B” drift convection fields, mapped from the magnetosphere down
to the ionosphere, primarily in the auroral zones, would not only be reduced by ion-neutral
collisions, but also heat the local ion population. The magnetosphere-ionosphere coupling
is therefore in a domain not yet encountered before in the Solar System with a limited but
finite conductivity near the surface.

Ion composition is a marker of neutral composition and provides evidence of ion-neutral
chemistry. The interpretation of Galileo/PLS has demonstrated the presence of light (e.g.,
Ht, H;r ) and heavier (e.g., O%, O;) ions (Carnielli et al. 2020a). This finding was confirmed
by observations from Juno/JADE ion spectrograms (Allegrini et al. 2022; Valek et al. 2022).
Though water and atomic oxygen ions could not be distinguished due to the limited mass
resolution, the detection of H;r by Juno/JADE during PJ34 attests of ion-neutral chemistry
(see Fig. 18). JUICE will be capable of measuring ion composition, distinguishing between
H,O" and H;30™, though for energies below 5 eV (Fohn et al. 2021). This will be com-
plemented by measurements of the 3D ion velocity distribution (1 eV to 50 keV). Detected
ENAs will be sensitive to both energetic molecular and atomic neutrals produced through
ion-neutral charge-exchange (Carnielli et al. 2020a).

Due to the presence of intense electric fields, newly born ions in Ganymede’s ionosphere
can be accelerated up to 10 s of keV (Carnielli et al. 2019). It is hence critical to assess
ionospheric dynamics in order to interpret ionospheric densities and temperatures. 3D test-
particle simulations of the ionospheric ions, driven by electric and magnetic fields from an
MHD model (Jia et al. 2009), have been applied to the Galileo G2 flyby. The simulated shape
of the ion energy spectra agrees well with that from Galileo/PLS measurements, validating
the 3D configuration of the fields in which the ions evolve (Carnielli et al. 2020a). However,
this comparison can only be extended to a handful of flybys from Galileo and one from
Juno. Little is known on how ionospheric dynamics is affected by Jovian magnetospheric
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and Ganymede’s orbital conditions. JUICE will quantify ion transport through concurrent
measurements of ion distribution, ion bulk velocity, and electric and magnetic fields.

In terms of peak ionospheric densities, Galileo’s Plasma Wave Subsystem detected peak
electron densities of ~200 cm™ during the G2 flyby, at an altitude of ~260 km, and
~40 cm™? during the G1 flyby, at an altitude of about 790 km (Eviatar et al. 2001a). Only
one of Galileo’s eight Ganymede radio occultations resulted in a strong detection of an iono-
sphere (Kliore et al. 2001; McGrath et al. 2004). This was from the G8 flyby (Kliore 1998)
which yielded a peak electron density of ~5000 4 1500 (1-o') cm~ near the surface. Radio
occultation data from the Juno’s Ganymede flyby PJ34 resulted in the detection of a peak
electron density of 2000 & 500 (1-0) cm™> near the surface during ingress, and no statis-
tically significant ionosphere during egress (Buccino et al. 2022). Electron densities from
plasma wave measurements gave a peak density on the dayside of 30 cm~3 near closest
approach around 1000 km (Kurth et al. 2022). The total ion density from the mass spec-
trometer was found to be ~2.5 times larger at closest approach (Valek et al. 2022). The very
limited available dataset highlights inconsistencies in the observed plasma density profiles
and peak densities. Furthermore, Galileo multi-instrument analysis has highlighted incon-
sistencies between exospheric simulations and plasma observations (Carnielli et al. 2020a).
JUICE radio occultations and in situ measurements over a range of orbits will make an in-
valuable contribution in this area. We will also take advantage of occultations of Jupiter’s
auroral radio emissions by Ganymede’s ionosphere (Cecconi et al. 2021).

Galileo detected tenuous dust clouds surrounding Ganymede (Kriiger et al. 1999, 2000,
2003). The observed pm sized dust grains are gravitationally captured by the moon within
~5 Rg. Near Ganymede, grain dynamics is affected by Jupiter’s gravity, and the continuous
dust ejection from the surface is needed for dust clouds to form, possibly resulting from
hypervelocity impacts of interplanetary dust. Such surface impacts could also be a source of
plasma. Alternatively, electromagnetic forces can alter the charged grain motion into non-
Keplerian. JUICE will investigate the dust environment and origin of the dust cloud, as well
as dust impact on the surface, atmosphere, and plasma around Ganymede. This will include
assessment of the potential effect of dust on the plasma through the presence of negatively
charged ions, as seen at Enceladus (Coates et al. 2010).

As introduced in Sect. 5.3., Ganymede’s ionosphere is electrodynamically coupled to the
surrounding magnetosphere. We expect electrostatic acceleration structures, Alfvén waves
and other plasma waves to both accelerate and heat charged particles along the auroral
field lines above the ionosphere. The ions are expected to be transversely heated and be
expelled by the magnetic mirror force out toward the magnetosphere (e.g., Winser et al.
1989; Wahlund et al. 1992), leading to plasma cavities in the topside ionosphere that in turn
allow for more intense electric field structures that accelerate electrons to higher energies (so
called “inverted V’s”). Alfvén waves generated in the magnetosphere propagate down the
field lines and hit the sharp density gradients within the cavities, becoming dispersive, and
through smaller scale broadband plasma waves transfer their energy to field-aligned electron
beams and transverse ion acceleration (Louarn et al. 1994; Wahlund et al. 1994, 1998; An-
dré et al. 1998; Stasiewicz et al. 2000; Strangeway et al. 2005; Zheng et al. 2005; Chaston
et al. 2007). These processes mediate the field-aligned currents that couple to the transverse
currents in the ionosphere (part of the auroral electrojet). A similar set of processes occurs
in the Alfvén wings connected to Ganymede, where strong gradients also play a role in the
generation of Alfvén wave activity on magnetic flux tubes that connect to Jupiter’s iono-
sphere. In this area, limited insight has been provided by Galileo and Juno (Gurnett et al.
1996; Kurth et al. 2022), but complementary plasma, particle, field & UV measurements by
JUICE are expected to dramatically change our view.
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Transport is driving ionospheric plasma. In a given region, ions can originate from differ-
ent parts of Ganymede’s ionosphere, e.g., produced locally or transported into this region.
Hence, they have undergone different levels of acceleration and ion temperature can be large,
as high as a few 100 s eV in the equatorial regions for heavy ions (Carnielli et al. 2019). Dy-
namics is playing a key role in driving ion temperature though the details of it remain to
be confirmed. Ion heating is also expected in the auroral zone through, e.g., reconnection
and due to waves. Little is known concerning electron temperature, which has never been
measured or simulated. It will however be a critical for determining the frequency of elec-
tron collisions with neutral particles, a key source of cooling, while heating sources include
electron-electron Coulomb collisions, acceleration through the field, and wave-particle inter-
actions. Heat flow from the magnetosphere could also affect the ionospheric energy budget.
JUICE will offer the first opportunity to assess the plasma energy budget over a large range
of latitudes, longitudes, and magnetospheric conditions.

Ionospheric ions impact Ganymede’s surface and contribute as a source of the moon’s
atmosphere. So far only sublimation of water ice and irradiation of Ganymede’s surface
by Jovian ions have been considered as a primary source of neutrals in exospheric mod-
els of Ganymede (Marconi 2007; Plainaki et al. 2015; Leblanc et al. 2017; Vorburger et al.
2022). While the former generates a localised H,O-dominated exosphere around the sub-
solar point, the latter leads to the release of O, and H, through radiolysis and induces an
O,-dominated global exosphere. Irradiation of Ganymede’s surface by ionospheric ions par-
ticularly affects equatorial regions; its contribution to the neutral release rates was found to
dominate by a factor of 5-10 compared to the Jovian ion contribution (Carnielli et al. 2020b).
However, large uncertainties in these rates remain due to poorly constrained exospheric den-
sities. There is also an inconsistency between the total release rate assumed in exospheric
models and that estimated from kinetic, ion simulations of ionospheric and Jovian ions. As-
sessment of ionospheric vs Jovian particle contributions as a source of the exosphere will be
made by JUICE using particle measurements as a basis (Plainaki et al. 2022). The identifi-
cation of open and closed field line regions, surface composition, and atmospheric densities
will all factor into this important assessment.

6 High-Level Operations Strategy

The JUICE mission has a wide range of science investigations, extending well beyond those
listed in Table 1 that are relevant for the magnetosphere and plasma science that we have
reviewed. Spacecraft operations, both during the cruise and after we arrive at the Jupiter
system are carefully planned to ensure that all objectives are met, spanning all four of the
mission’s science working groups, often requiring non-trivial technical and scheduling prob-
lems to be solved (Fletcher et al. 2023; Boutonnet et al. 2024; Tosi et al. 2024; Van Hoolst
2024; Witasse et al. 2025, all in this collection). To guide this critical exercise, recommenda-
tions for operations necessary to achieve all magnetosphere and plasma science objectives
(see Table 1) have been made. This operational strategy is described at a high level here.
Actual spacecraft operations represent the result of a careful assessment of a wider range of
recommendations.

The primary issue for magnetosphere and plasma science with JUICE is the importance
of continuous operation of in situ instruments, namely PEP, J-MAG, and RPWTI (see Ta-
ble 2). This includes during communication windows, short eclipses, etc. As we have seen,
all the space plasma environments of interest (and space plasma environments in general)
display significant variability in both space and time. Present understanding of these systems
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is nowhere near sufficient to allow us to accurately predict dynamics, one of the ultimate
goals of research in this broad field. Observing these dynamics, including extreme, transient
events that are infrequent, is central to all of JUICE’s magnetosphere and science investiga-
tions. This leads to the strong recommendation for continuous operation of the instruments
that monitor the plasma and electromagnetic fields. The synergy of PEP, J-MAG, and RPWI
measurements is required for a comprehensive view of the magnetised plasma around the
spacecraft. Note that the cadence of measurements providing continuous operation need not
be the highest possible with each instrument, compared to measurements during specific
science events when higher cadences are required. Continuous operation of the three in situ
instruments at relatively low measurement cadence will underpin a large fraction of JUICE’s
promised magnetosphere and plasma science. Wherever possible, spacecraft attitude will al-
low sensors fields-of-view that are needed to observe particle flows, for example.

On top of continuous operation, higher cadence measurements by the three in situ in-
struments will be needed during specific events that will occur following Jupiter orbit in-
sertion, in order to allow the necessary science. While in Jupiter orbit, this includes during
intervals when we pass through the region of corotation breakdown, intervals during the
high-latitude orbits that provide favourable viewing for ENA imaging, for example, and
surrounding planned moon flybys when in sifu instruments need appropriate spacecraft atti-
tude for instrument pointing. While in Ganymede orbit, higher data cadences will be needed
when crossing the thin current sheets and the OCFB in Ganymede’s magnetosphere. High
quality UVS observations of Ganymede’s auroral emissions at these crossing points will
likewise be needed.

There will be important opportunities for remote sensing that is also central to ensuring
science return in this area of magnetosphere and plasma science. Multi-wavelength obser-
vations of both Jupiter’s auroral emissions (Fletcher et al. 2023) and Ganymede’s auroral
emissions by the JANUS, MAIJIS, RPWI, and UVS instruments will provide important
information about the space plasma physics that is responsible, providing a diagnostic of
the physics at work on larger scales. As we have seen, radio occultations have proved to
be a powerful tool for understanding ionospheres and plasma structures like moon tori in
the Jupiter system in the past, and JUICE will enable a significant expansion to the exist-
ing volume of such measurements. Instruments such as 3GM, PRIDE, and the instruments
mentioned above will make new measurements possible. Numerous UVS stellar occultation
measurements of the neutral atmospheric structure will be needed to analyse these iono-
spheres and plasma structures. A particularly exciting opportunity provided by JUICE will
be remote sensing of the global space plasma environment via ENA imaging. This has never
been done at Jupiter before, and will address a key challenge when trying to understand
these tenuous magnetised plasmas: Our limited ability to image them. In synergy with in
situ measurements, JUICE’s ENA imaging will reveal dynamic magnetospheres in ways we
have not been able to previously. Across all this relevant remote sensing, operations will
satisfy pointing requirements and be conducted during identified intervals with favourable
geometry.

Solar wind measurements by the in situ instruments during approach to Jupiter will be
particularly important for JUICE-era understanding of Jupiter’s magnetosphere and the en-
vironment around each Galilean moon. The state of the solar wind is unpredictable, but
large-scale structures show some repeatability with solar rotation over ~27 days. Given that
the spacecraft will not sample the solar wind after the opening orbits around Jupiter, this ini-
tial characterisation of the solar wind is therefore particularly important to support science
return in this area. Upstream measurements spanning multiple solar rotations is desirable, to
allow a valuable assessment of the predictability of the large-scale solar wind state.
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In parallel with the new observations that will be made by JUICE instruments, theory and
numerical models will remain essential for progress in this field. Such models will provide
the context needed for new information obtained in situ, and provide a broader, physics-
based picture of complex space plasma systems. Models will range from global models of
Jupiter’s magnetosphere and its interaction with the solar wind, down to local models of
the environment immediately surrounding each Galilean moon. Because of this, the JUICE
modelling community will employ a range of approaches, from fluid descriptions of the
magnetised plasma to solving the equation of motion for individual charged particles.

7 Summary & Outlook

At the time of writing the JUICE spacecraft is en route to the Jupiter system. As we have
reviewed in this article, JUICE is designed to enable significant advances in the field of mag-
netosphere and space plasma science. While the science return in this area will be broad, two
areas in particular are worthy of special mention. Firstly, JUICE’s measurement capabilities
mean that throughout Jupiter’s equatorial magnetosphere, including within the region of
corotation breakdown, the mission will allow a step change in understanding this important
region. Highly relevant for this area is ENA imaging, which will be carried out at Jupiter for
the first time. Secondly, Ganymede’s magnetosphere is a distinct system within a system,
barely explored and utterly unlike the surrounding Jovian magnetosphere. JUICE’s orbits
around Ganymede will lead to a surge forward in the boundary of our understanding of the
Solar System’s only known moon magnetosphere.

In the coming years leading up to arrival at Jupiter in 2031 a number of critical activities
must run, from the magnetospheric science perspective of this paper. A modelling frame-
work comprised of many individual models and which carefully considers the coupling
between them must be in place by Jupiter orbit insertion in order to avoid a delay in full
magnetospheric science return. While not considered here, the combination of the JUICE
and Europa Clipper missions offers unique opportunities for multi-point measurements that
will allow unique magnetosphere and plasma science; for example, measurements by both
spacecraft inside Jupiter’s magnetosphere would provide a powerful tool for separating spa-
tial and temporal effects when studying magnetospheric dynamics. We strongly support in-
teraction between these two projects to take advantage of such opportunities. At the time of
writing, JUICE is carrying out its interplanetary cruise to Jupiter. In addition to operations
required to calibrate different instruments before arrival, measurements during cruise will
provide additional heliospheric science, such as the study of coronal mass ejections from
Earth to Jupiter’s orbit.
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