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Pressure anisotropy-driven instabilities
regulate the jovian magnetodisk

Z.-Y. Liu 1 , N. André1,2, M. Blanc1,3, S. Wang 4, F. Allegrini5,6, B. Mauk 7,
J. E. P. Connerney8 & S. Bolton5

Jupiter’s magnetosphere is often presented as a template for fast-rotating
magnetospheres. Distinct from Earth-like, solar wind-driven magnetospheres,
it contains an extended magnetodisk encircling the planet. Although the
magnetodisk has been studied since the 1970s, its stability and non-
equilibrium dynamics remain poorly understood. Here, we present observa-
tional evidence for the role of plasma pressure anisotropy-driven instabilities,
including the mirror, cyclotron, and firehose instabilities, in these processes.
Data from the Juno mission, supported by theoretical analysis, indicate that
these instabilities determine the marginal equilibrium states towards which
the magnetodisk plasma tends to evolve after being disturbed. Detailed ana-
lyses particularly highlight the role of firehose instability, which acts as a key
mechanism to dissipate free energy produced by Fermi acceleration during
magnetic dipolarizations. Our observations thus suggest that pressure
anisotropy-driven instabilities govern the non-equilibrium evolution of the
Jovian magnetodisk following disturbances, offering insights into the physics
of Jupiter’s magnetodisk and magnetosphere.

The magnetosphere of Jupiter is filled with plasma primarily originat-
ing from its moon Io1. Generated near Io’s orbit at approximately 5.9 RJ

(Jupiter radii, about 71492 km), the plasma is then transported radially
outward, likely driven by corotation-induced interchange instability2–4.
While it moves outward, the plasma stretches the magnetic field lines
frozenwithin it, forming an extendedmagnetodisk near the equatorial
plane of themagnetosphere2–5 (Fig. 1a). Thismagnetodisk is integral to
our understanding of the Jovian system, as it is dynamically coupled
with various components6–9, including Jupiter itself, its atmosphere,
ionosphere,magnetosphere, and the Io torus, mediating the exchange
of mass, momentum, and energy among them.

As with any astrophysical plasma structure, the magnetodisk is
usually not in equilibrium. First, both the intrinsic outward transport of
plasma from Io’s orbit to the outer magnetosphere and the accom-
panying inward return flow4 continuously generate anisotropic

velocity distribution functions (VDFs)10, driving the magnetodisk
toward instability. Besides, the magnetodisk frequently experiences
disturbances across a broad range of spatio-temporal scales driven by
internal (i.e., satellite) or external (i.e., solar wind) sources, from
localized magnetic reconnection11,12 and interchange instability2,10 to
global substorm-like processes13,14. These disturbances provide free
energy, driving the magnetodisk plasma away from equilibrium.

Regardless of their sources, the disturbed magnetodisk plasma
subsequently undergoes relaxation towardsmarginal equilibrium states.
Any theoretical framework developed to explain the relaxation pro-
cesses must address two fundamental questions: What determines the
marginal equilibrium states? How are free energies exhausted? Studies
of other natural and laboratory plasmas15–18 have identified plasma
microscopic instabilities as a critical element in addressing these ques-
tions. In particular, the mirror instability19–21, electromagnetic cyclotron
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anisotropy instability22 (shortly cyclotron instability), and firehose
instability20,23,24 are considered particularly relevant. These instabilities,
collectively referred to as pressure anisotropy-driven instabilities here,
occur when particle pressure anisotropy, defined as the ratio of per-
pendicular pressure to parallel pressure, significantly deviates from
unity (>1 for the mirror and cyclotron instabilities and < 1 for the

firehose instability; see Fig. 1b for illustration). As these instabilities
grow, plasma waves are excited at the expense of the free energy in
particle VDFs. Concurrently, particle VDFs relax20,21,24, and pressure ani-
sotropy returns towards unity (Fig. 1b).

The potential role of pressure anisotropy-driven instabilities in
Jupiter’s magnetodisk has been discussed from a theoretical
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Fig. 1 | Pressure anisotropy-driven instabilities regulate the Jovian magneto-
disk plasma. a Schematic of themagnetodisk (the blue area) in the Jupiter system.
This illustration also includes Jupiter, Io, the Io torus (the orange area surrounding
Io), the Jovian ionosphere (the green area surrounding Jupiter), magnetic field lines
(black curves) and the Juno trajectory with respect to the magnetodisk.
b Schematics of plasma instabilities and the associated VDF evolution driven by
pressure anisotropy (A =P?=Pk). VDFs with A> 1 (upper subpanel) exhibit larger
perpendicular phase space densities (PSDs) than parallel PSDs. If A further exceeds
the mirror instability threshold (Am) or the ion cyclotron instability threshold (Ac),

waves are excited andA decreases.Conversely, VDFswithA< 1 feature large parallel
PSDs than perpendicular PSDs (bottom subpanel). If A drops below the firehose
instability threshold (Af ), waves are generated andA increases. cThedistributionof
Junodata points inA-βk space. The upper solid curve, dashed curve, and lower solid
curve represent Am, Ac and Af . The regions unstable to the mirror/cyclotron
instability and to the firehose instability are shadowed by light blue and orange
colors. d Distribution of the occurrence rate (in a log scale) of Juno data points in
A-βk space. Source data are provided as a Source Data file.
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perspective. For instance, ref. 25 has noted that a force-balancemodel
of the magnetodisk fails to converge when the parallel pressure
notably exceeds the perpendicular pressure, suggesting that the
middle magnetosphere may be susceptible to the (fluid) firehose
instability. A similar conclusion is alsodrawn in ref. 10, which, based on
an order-of-magnitude analysis, suggested that pressure anisotropy
must remain close to unity for force balance to hold in the direction
perpendicular to the magnetic field. However, the role of pressure
anisotropy-driven instabilities in the magnetodisk remains largely
unconfirmed experimentally due to the limited availability of aniso-
tropy measurements beyond 30 RJ: On the one hand, flyby missions
like Voyager26 collected data only during single-orbit encounters. On
the other hand, plasma data from the orbiter mission Galileo were
largely restricted to regions near the Galilean satellites (namely, within
about 30 RJ) due to instrumental and communication issues27. This
situation improved with the arrival of NASA’s Juno mission28. The
charged particle instruments onboard, together with the spin of the
spacecraft, nowprovide high-quality plasma data necessary to address
this question.

Here, we present a systematic investigation of Juno observations
of heavy ions, defined as ions with a mass-to-charge ratio greater than
5 amu/e (primarily O+ and S++ ions29,30), which dominate bothmass and
energy density29,30 of the Jovian magnetodisk. Our data analysis
unequivocally reveals that heavy ions are regulated by pressure
anisotropy-driven instabilities, with most Juno observations of them
reside in the stable region outlined by the thresholds of these
instabilities. In addition, Juno detected ongoing disturbances outside
the stable region. Upon detailed examination, we show that these
disturbances are mainly associated with Fermi acceleration during
magnetic dipolarization and are undergoing relaxation induced by the
firehose instability.

Results
Pressure anisotropy of the magnetodisk heavy ions
During its prime mission, Juno followed a series of polar orbits, with
perijove close to Jupiter’s surface and apojove extending beyond 100
RJ

24. These orbits, combinedwith Jupiter’s about 10� dipole tilt and 10 h
rotation, allow Juno to periodically cross the magnetodisk (Fig. 1a).
Each crossing is characterized by a reversal in the magnetic field
direction (see Supplementary Fig. 1 for an example). Based on this
signature, ref. 31 has identified 404 magnetodisk crossings within the
0–6 local time sector beyond 20 RJ from Juno’s first 25 orbits (see a
detailed description in Methods, subsection magnetodisk crossings
and Supplementary Data, sheet magnetic crossings). For each cross-
ing, we extract Junoobservations fromaone-hour interval centered on
the crossing time. This interval is then evenly subdivided into 24 seg-
ments, each 150 s long and hereinafter referred to as a “data point”. All
observables presented below are defined with respect to the mean
values over the time periods corresponding to these data points.

Measurements from the Jovian Auroral Distributions Experiment
(JADE)32 and the Jupiter Energetic Particle Detector Instrument (JEDI)33

provide heavy ionVDFs spanning energies fromabout 10 eV to 10MeV.
We calculate the perpendicular and parallel pressure (P? and Pk) from
these VDFs through numerical integration (“Methods”, subsection
heavy ion pressure). The calculated pressures then provide the pres-
sure anisotropy, A=P?=Pk (given in Supplementary Data, sheet heavy
ion anisotropy). Figure 1c shows A as a functionof βk = Pk=PB, where PB

denotes the magnetic pressure derived from the Juno Magnetic Field
Investigation (MAG)34 measurements. Figure 1d presents the corre-
sponding occurrence rate distribution within the A-βk space. Both
Fig. 1c and d reveal a significant clustering of data points near the A = 1
line, suggesting the effects of pressure anisotropy-driven instabilities.

To further investigate these effects, we compute the thresholds
for the mirror instability (Am), cyclotron instability (Ac), and firehose
instability (Af ; strictly speaking, the instability of concern here is the

kinetic firehose instability, but we drop the term “kinetic” for simpli-
city) using parameters from Juno statistics (Methods, subsection
instability thresholds). The results show that Am and Ac are almost
identical, so we do not distinct the cyclotron and mirror instabilities
hereinafter. These thresholds delineate three regions in theA-βk space:
one unstable to the mirror/cyclotron instability (light blue-shadowed
area in Fig. 1c), one unstable to the firehose instability (orange-sha-
dowed area), and a stable region (white area). Most observations fall
within the stable region. Particularly, the mirror/cyclotron instability
threshold bounds the occurrence rate distribution in the A> 1 half-
space (Fig. 1d). These features indicate that pressure anisotropy-driven
instabilities play a regulatory role in the dynamics of the magnetodisk
by determining the marginal equilibrium states of the magnetodisk
plasma.

Magnetic fluctuations
However, data points outside the stable region, especially those below
the firehose instability threshold (Fig. 1c, d), also exist. Further analysis
reveals that they are associated with high levels of fluctuations. To
illustrate this, Fig. 2a provides the distribution of the integrated
amplitude (Bw) of magnetic fluctuations with periods between 0.5 and
150 s (see “Methods”, subsection magnetic fluctuations). Previous
studies31 have shown that themagneticfield strongly dependson radial
distances, with smaller magnitudes in the outer magnetodisk. To rule
out potential biases introduced by this dependence, we normalize Bw

by the magnetic field in the lobe regions (BL; Methods, subsection
magnetodisk crossings) during the samemagnetodisk crossingswhere
Bw is taken. Figure 2b presents the distribution of this normalized
amplitude.

Both Bw and Bw=BL are enhanced in the unstable regions, espe-
cially at low anisotropy values below the firehose instability threshold.
Figures 2c, d provide quantitative confirmation of this observations.
These figures show histograms of Bw and Bw=BL, respectively, for the
data points in the stable (black) and unstable (red) regions. Evidently,
the distributions for the unstable regions shift towards large values
compared to those for the stable region, demonstrating that the
magnetodisk plasma fluctuates more when it is unstable to pressure
anisotropy-driven instabilities, particularly thefirehose instability. This
observation reinforces the role of pressure anisotropy-driven
instabilities in relaxing the unstable magnetodisk plasma.

Magnetic dipolarization inducing firehose instability
Figures 1 and2 indicate that thefirehose instability frequently occurs in
themagnetodisk. A potential free energy source driving this instability
is magnetic dipolarization35, which refers to a global-scale, burst-like
reconfiguration process during which magnetic field lines become
more dipole-like. To explore this possibility, Fig. 3a plots the dis-
tributions of the dipolarization angle defined as arctanBN=BL, where
BN represents the magnetic field component normal to the magneto-
disk (“Methods”, subsection magnetodisk crossings). This parameter
serves as a proxy for magnetic dipolarization, following previous
studies35,36 at Earth (seemore discussions in Supplementary Note 1). As
shown in Fig. 3a, thedipolarization angles belowthefirehose instability
threshold reach a larger value (about 20�) compared to others, asso-
ciating the occurrence of the firehose instability with magnetic
dipolarization.

We further examine the effects of magnetic dipolarization by
comparing data points taken during magnetic dipolarization with the
background. For clarity, we define the former (from now on termed as
dipolarization events) as data points enclosed by the contour of 12�

dipolarization angle (red dashed curve in Fig. 3a), which corresponds
to the 80th percentile of the observed dipolarization angle distribution.
Compared with Fig. 2, we note that this area also exhibits high-level
magnetic fluctuations. Figure 3b shows the occurrence rate of the
dipolarization events (green-yellow coded contours) and the total
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dataset (gray-coded contours) as a function of radial distances and
B=BL, where B represents local magnetic field strength. Given the
current-sheet nature of the magnetodisk, B=BL serves as a good proxy
for the vertical distance to the magnetodisk31, with B=BL =0 and 1
corresponding to the magnetodisk center and the lobes, respectively.
Figure 3b clearly shows that thedipolarization events aremore likely to
occur near the magnetodisk boundary (i.e., at intermediate B=BL),
while the occurrence rate of the total dataset peaks in the lobes.
Therefore, it would be inappropriate to directly compare the dipolar-
ization events with the total dataset, since plasma and magnetic
pressure strongly depend on the vertical distance (and also on the
radial distance)29–31. To eliminate potential biases, we construct a
background dataset from data points that are not part of the dipo-
larization events population but share the same spatial distributions
(see more details in “Methods”, subsection background dataset).

The dipolarization events show a clear increase in Pk compared to
the background (Fig. 3c), whereas P? and PB are similar between the
two distributions (Fig. 3d, e). These observations thereby identify the
effects of magnetic dipolarization as parallel acceleration. It is well
known that magnetic dipolarization can cause parallel acceleration
through Fermi acceleration-like processes37,38. Illustratively, magnetic
dipolarization shortens themagnetic field lines and, consequently, the
distance between the mirror points of particle bounce motion. Parti-
cles are then accelerated in the parallel direction as they bounce
between the approachingmirrorpoints. This parallel acceleration both
decreases A and increases βk, moving heavy ions into the unstable

region and leading to the growth of the firehose instability and waves.
Besides Fermi acceleration, magnetic dipolarization could also cause
betatron acceleration in the perpendicular direction37, particularly in
the so-called growingfluxpileup stage. Thismayaccount for thebright
yellow spot seen above A= 1 in Fig. 3a. Nevertheless, the overall effects
of perpendicular acceleration, whether due tomagnetic dipolarization
or other mechanisms, are weak compared to parallel acceleration, as
few data points are observed beyond the mirror/cyclotron instability
threshold (Fig. 1c, d). Consequently, the magnetodisk behaves asym-
metrically in the half spaces above and below A= 1, with its relaxation
predominantly occurring through the firehose instability in the A< 1
half-space. In contrast, the A-βk distribution in the solar wind15,16 and
Earth’s magnetotail18 is more symmetric, indicating a more balanced
role of mirror/cyclotron and firehose instabilities. These plasma sys-
tems follow different relaxation paths following disturbances.

Figure 4 presents measurements of two crossings with evidence
for dipolarization events. In both examples, Bw increases as heavy ions
become more unstable to the firehose instability (i.e., smaller A� Af ),
indicating that the statistical trends also show up in individual cross-
ings. To further validate these conclusions, we conduct a detailed
dispersion relation analysis of particle distributions during periods of
large Bw and enhanced anisotropy in the two crossings (Supplemen-
tary Note 2), using a dispersion relation solver developed by ref. 39.
The solution identifies a growing wave mode corresponding to the
firehose instability at a few Hz, as shown in Supplementary Fig. 2,
supporting the conclusions drawn from the A-βk diagram.

a b

c d
Stable: 0.44±0.22

Unstable: 0.70±0.38

Stable: 0.038±0.008

Unstable: 0.046±0.012

Fig. 2 | Statistics on magnetic fluctuations. a Distribution of the absolute
amplitude (Bw) ofmagnetic fluctuations in A-βk space.bDistribution of the relative
amplitude (Bw=BL) ofmagneticfluctuations inA-βk space. The curves labeledbyAm,
Ac andAf in panels a and bhave the samemeanings as those in Fig. 1c. cHistograms
of Bw in the stable region (black) and Bw in the unstable region (red), with themean

values and standard deviations denoted. The stable region is defined as the areas
between Am and Af in A-βk space, while the unstable region is defined as the other
areas. d Histograms of Bw=BL with the same format as panel c. Source data are
provided as a Source Data file.
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Discussion
Juno observations confirm that pressure anisotropy-driven instabil-
ities, which have been shown to play a key role in Earth’s solar wind-
driven magnetosphere18,19, are also at work in Jupiter’s planet rotation-
driven magnetosphere. The thresholds of these instabilities outline a
stable region in phase space where the magnetodisk plasma tends to
dwell. Although Juno occasionally observes the magnetodisk plasma
outside this stable region, these instances are statistically associated
with large magnetic fluctuations, indicating the ongoing relaxation of
unstable plasma VDFs through the emission of plasma waves. Our
analysis particularly highlights the roleof thefirehose instability,which
functions as amechanism to relax unstable plasma produced by Fermi
acceleration during magnetic dipolarization. In summary, our findings
provide compelling evidence for the controlling role of pressure
anisotropy-driven instabilities in the non-equilibrium dynamics of the
magnetodisk: These instabilities determine the marginal equilibrium
states of the magnetodisk plasma and exhaust the free energy con-
tained in unstable VDFs.

We note that the above conclusions are drawn from data in the
post-midnight to dawn sector. Due to orbital precession, Juno moved
out of the equatorial plane beyond ~20 RJ after entering the pre-
midnight and earlier local time sectors, leaving the magnetodisk in
these regions unobserved. Previous works have shown that the post-
midnight sector is more active than other local times. For instance,
refs. 4,10 predicted a preference for magnetic reconnection x-lines in
the post-midnight sector due to the solar wind-magnetosphere inter-
action, a prediction later confirmedby observations40,41. Consequently,

the A� βk diagram may differ in other local time sectors from what is
observed here. For example, the occurrence rate of data points in the
firehose-unstable region (Fig. 3a, red contour) may be lower, as they
are mainly generated by magnetic dipolarization, which, in turn, is
related to magnetic reconnection. These uncertainties may be
addressed by ESA’s upcoming JUICE mission, which will provide
broader local time coverage and magnetodisk observations in regions
not covered by Juno.

Nevertheless, our findings demonstrate that pressure anisotropy-
driven instabilities play a controlling role in the dynamics of the Jovian
magnetodisk, at least in the post-midnight to dawn sector, a region
previously identified as a crucial region of the Jovian magnetosphere.
These observations provide a link toward a comprehensive under-
standing of magnetodisk physics. Studies of the magnetodisk date
back at least to the 1970s, when Pioneer 10 provided the first in-situ
measurements. Despite pioneering works10,11,25,42,43, the micro-physics
of the non-equilibrium evolution of the magnetodisk has long been
obscured by a lack of systematic plasma observations, especially
pressure anisotropy. Consequently, previous considerations have pri-
marily focused on steady states6,9,44. The Juno observations presented
here reveal that the magnetodisk is inherently unsteady and time-
varying, shaped by the interplay betweenmicroscopic instabilities and
non-equilibrium relaxation processes. These results pave the way for
developing a more comprehensive theoretical framework for the
dynamics and energetics of Jupiter’s magnetodisk and magneto-
sphere, with implications for other rapidly rotating planetary and
exoplanetary systems as well.
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Fig. 3 | Ongoing disturbances and their relation to magnetic dipolarization.
a Distribution of dipolarization angle in A-βk space. The red dashed curve repre-
sents the contour of 12°. Data points inside this contour are defined as dipolar-
ization events. b Spatial distributions of the dipolarization events (green-yellow
coded contour curves) and all data points (gray-codedbackground). Thehorizontal
axis represents the radial distance to Jupiter. The vertical axis represents the ratio of

the localmagnetic field strengthB to BL, which is a proxy for the vertical distance to
the magnetodisk center. Each distribution is normalized so that the maximum
occurrence rate equals unity. c–e Cumulative probability of Pk, P? and PB,
respectively, of the dipolarization events (red) and the background (black). Source
data are provided as a Source Data file.
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Methods
Magnetodisk crossings
Magnetodisk crossings are characterized by reversals in the measured
magnetic field. For example, Supplementary Fig. 1 shows Juno’s
observations during the crossing on August 30, 2017. One can see the
direction of the magnetic field reverses at about 08:55 UT, indicating
that Juno encountered the magnetodisk around this time. Based on
these reversal signatures, ref. 31 identified 404 crossings in the radial
extent from 20 to 100 RJ from the first 25 orbits of Juno. In this paper,
we simultaneously analyze heavy ion pressure anisotropy and mag-
netic fluctuations during these crossings, as well as their relationship
with plasma microscopic instabilities, which were not addressed in
ref. 31 or in our subsequent studies45,46.

The orientation of themagnetodisk during a specific crossing can
be derived from aminimum variance analysis (MVA)31 of themeasured
magnetic field. This analysis determines the directions alongwhich the
magnetic field changes most and least. In the case of the magnetodisk
(which is a current sheet by nature), the former (L-axis) gives the
direction of the magnetic field in the lobe regions, while the latter (N-

axis) represents the normal to themagnetodisk. The third axis (M-axis)
is along the cross-product of the N and L unit vectors and is approxi-
mately parallel to the current density in the magnetodisk31,45. Supple-
mentary Fig. 1e–g shows the magnetic field in this local current sheet
coordinate system for the crossing on August 30, 2017. As expected,
the N component maintains a relatively steady, negative value, the M
component oscillates around zero with a small amplitude, and the L
component reverses directions during the crossing. This observation
applies to all crossings identified by ref. 31. For further analysis, we
define the component of themagneticfieldnormal to themagnetodisk
(BN) by averaging the N component over a one-hour interval centered
on the crossing time. The magnetic field in the lobe region (BL) is
derived from a fit of the L component to a Harris current sheet model:
BL = tan t � t0

� �
=T

� �
, where t represents time, t0 denotes the crossing

time, and BL and T are free parameters.

Heavy ion plasma pressures
Figure 3 of ref. 46 shows that the cross-calibration between the JADE
and JEDI datasets, including electrons, protons, and heavy ions, is

a

b

c
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e

f

g

h

i

j

Fig. 4 | Two typical magnetodisk crossings with evidence for
dipolarization event. a–e Observations of the crossing on March 30, 2018: mag-
netic field, the waveform of magnetic fluctuations, the amplitude of magnetic

fluctuations (Bw), anisotropyA, and Bw versus ðA� Af Þ plot. f–jObservations of the
crossing on February 4, 2018 with the same format.
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statistically reliable. For electrons and protons, fluxes in the over-
lapping energy channels of the two instruments are in agreement, with
no jumpobserved. Although there is no direct energy overlap between
JADE and JEDI for heavy ions, the fluxes at the last three energy chan-
nels of JADE and the first three energy channels of JEDI (which can
often be extended to a larger energy range; see Fig. 3c ref. 46) can be
well fitted to a single power law, indicating consistency between the
two instruments. These observations also hold for individual events.
For instance, Supplementary Fig. 2 presents measurements from two
example periods with evidence for dipolarization events, demon-
strating the consistency between the JADE and JEDI datasets.

Therefore, we do not perform any further processing but simply
combine the JADE and JEDI datasets to generate the number flux (J)
sorted by energy (W , from about 10 eV/e to 10MeV/e) and pitch angle
(α, ranging from 0� to 180�). Specifically, for heavy ions, we use the
JAD-5-CALIBRATED-V1.0/SPECIES-5 and JED/NONPTOFXER/CDR/OXY-
GEN + SULFUR data from NASA’s Planetary Plasma Interactions (PDS).
We then compute the number density (N), perpendicular pressure
(P?) and parallel pressure (Pk) following the numerical integration
method developed in ref. 46:

N =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2π2m

p Z
W�1

2dW
Z

sinαdα � J W ,αð Þ ð1Þ

P? =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2π2m

p Z
W�1

2dW
Z

sinαdα � J W ,αð ÞWsin2α � 1
2
NmV 2

? ð2Þ

Pjj =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8π2m

p Z
W�1

2dW
Z

sinαdα � J W ,αð ÞWcos2α � NmV 2
jj ð3Þ

whereV? andV k denote the perpendicular and parallel bulk velocities.
Here, the parallel and perpendicular directions are defined with
respect to the localmagnetic fielddetectedbyMAG.Wenote that even
at the magnetodisk center, the magnetic field remains well above the
noisy level due to the present of a nonzero normal component across
the entire magnetodisk31. Hence, the parallel and perpendicular
directions, as well as the corresponding observables, can be reliably
determined. In the calculation, we assume a mean mass (m) of 24 amu
and a mean charge of 1.5 e, which corresponds to a composition of
singly charged oxygen (O+) and doubly charged sulfur (S++) of equal
number density and is close to observations29,30. Previous studies do
indicate the existence of other ion species (e.g., O++, S+ and S+++) in the
considered mass-charge ratio range. Nevertheless, their abundances
are minor and do not significantly affect the mean mass and derived
quantities (see Supplementary Note 3 for an estimate of their
influence).

A preliminary examination indicates that the velocities of heavy
ions derived from numerical integration might suffer from large
errors. In addition, numerical velocity calculation may not be reliable
for both protons and heavy ions off the center of the magnetodisk,
where counts are generally low. Fortunately, refs. 45,46 shows the
torque balance model provides a reasonable estimate of V?. This
model indicates that the electrodynamic torque exerted by the J ×B
force associated with radial electric current balances the net transport
of angular momentum carried by radial mass transport. That is,

_M
d
dr

rV?
� �

=2πr2IrBn ð4Þ

where Ir represents radial electric current, Bn represents the magnetic
field component normal to themagnetodisk, and _M denotes the radial
mass transport rate. Refs. 45,46 shows V? derived from Eq. 4, with Ir
from ref. 45 and Bn from ref. 31 (both taken from Juno statistics) and
_M = 1500 kg/s, fits ion velocities derived from JADE data using a for-
ward modeling method30 well. Therefore, V? obtained in this way is

used in Eq. 2 Additionally, we set V k =0 in Eq. 3 as Juno observations
suggest that the field-aligned velocity component is negligible in
general47.

Magnetic fluctuations
We first apply a high-pass filter (period< 150 s) to the observed mag-
netic field to remove variations associated with the motion of Juno
relative to the magnetodisk (e.g., magnetodisk crossings and flapping
motion). Then, a Fast Fourier transformation is employed to calculate
the power spectral density of the filteredmagnetic field. By integrating
the results over 6.7mHz (corresponding to 150 s) to 4Hz, we obtain
the integrated power of magnetic fluctuations. The square root of this
value gives the absolute amplitude (Bw) of magnetic fluctuations
analyzed in the main text.

Instability thresholds
Recent theoretical studies have highlighted the role of nonlinear
effects, particularly at large wave amplitudes, in governing the growth
and saturation of pressure anisotropy-driven instabilities20,21,24. These
nonlinear processes influence not only the saturated fluctuation
amplitudes and spectral features but also the timescales and relaxation
pathways by which unstable plasmas evolve toward marginal stability.
As an example of the latter, numerical simulations20 have shown that
pressure anisotropy is regulated by particle scattering off smaller-scale
fluctuations in the nonlinear firehose instability and by a balance
between particle trapping within magnetic mirrors and scattering at
the mirrors’ edges in the nonlinear mirror instability. These nonlinear
mechanisms may determine the observed fluctuation amplitudes
within the unstable regimes of the A-βk space, as well as the formation
of fine structures in particle VDFs.

The primary objective of this study, however, is to evaluate
observationally whether the pressure anisotropy and magnetic fluc-
tuations of Jupiter’s magnetodisk are organized by pressure
anisotropy-driven instabilities in parameter space. To this end, we
ignore the effects of nonlinear dynamics, following previous work on
the solar wind15,16. Instead, we apply thresholds based on linear
instability growth rates, which provide a first-order approximation of
the boundaries delineating unstable regions in phase space. This
approach facilitates direct comparison with Juno’s statistical mea-
surements and is supported by the agreement between theoretical
predictions and observational results (Figs. 1 and 2).

More specifically, to determine the thresholds of the mirror,
cyclotron and firehose instabilities, we consider a plasma consisting of
Maxwellian electrons (density Ne and temperature Te), Maxwellian
protons (densityNp and temperatureTp) andbi-Maxwellianheavy ions
(density Nh, parallel temperature Thk and perpendicular temperature
Th?). In this context, A=Th?=Thk. The parameters are taken from the
statistical study44 at a radial distance of 50 RJ obtained by Juno:
Np =0:32Nh, Ne = 1:32Nh, Tp =8:5 keV, Te =2:3 keV, Th? = 17:3 keV and
PB =8:2 × 10

�3 nPa. We calculated the maximum growth rate (γ) of the
three instabilities in the region 0:1 <βk < 100 and 0:1 <A< 5 using the
dispersion relation solver Waves in Homogeneous Anisotropic Mag-
netized Plasma (WHAMP)48. The relation γ = 10�3ωcp (proton gyro-
frequency) is then fitted for the three instabilities in the following
equation15,16:

Ai = 1 +
ai

βbi
k

ð5Þ

where i=m, c, f for themirror, cyclotron and firehose instabilities, and
ai and bi are the fitted parameters. The fitting results are (am = 1.03,
bm =0.48), (ac =0.81, bc =0.32), and (af =�0.52, bf =0.36). Strictly
speaking, these fitted parameters are not constant and depend on
parameters like Te and Tp, which vary at radial distances. Nevertheless,
testing indicates that the fitting results are not sensitive to parameter
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variations within the range of Juno statistics. For example, using
parameters at 80 RJ, where PB and Th? are 56% and 123% of those at 50
RJ, respectively, the threshold for the firehose instability becomes
(af =�0.56, bf =0.36). These values are very close to those obtained
with parameters at 50 RJ; when plotted on the A-βk plane, the two
curves are nearly indistinguishable. Similar behavior is observed for
the cyclotron and mirror instabilities as well.

Both the mirror and cyclotron instabilities arise in the A > 1
regime. These two modes exhibit markedly different characteristics,
particularly in terms of phase speed: The mirror mode is non-propa-
gating, while the cyclotronmode propagates through the plasma with
a finite phase speed. Consequently, they resonate with particles of
different energies, which in turn affects both the time scale and
pathway of the relaxation of unstable plasmas. However, from the
perspective of linear instability theory, their instability thresholds are
nearly identical, as shown, e.g., in Fig. 1c. Therefore, in this study, we
address the two instability modes at the same time when comparing
theoretical instability thresholds with observations.

Background dataset
To investigate the effects of magnetic dipolarization, we compare
events with evidence for dipolarization events (data points circled by
the red dashed contour in Fig. 3a) with the background. Previous
studies have shown that plasma pressure and magnetic pressure
depend on the positions where the observations are made. To elim-
inate the effects of this dependence, we construct a background
dataset with the same spatial distributions as events with evidence for
dipolarization events using the following method. First, we determine
the spatial distribution of dipolarization events (the green-yellow
coded contours in Fig. 3b). Then, we define the background dataset as
the data points that meet two criteria: (1) they are located within the
0.1-level contour of the dipolarization event distribution shown in Figs.
3b and (2) they reside within the stable region depicted in Fig. 1c.

Data availability
The Juno/MAG data (PDS volume FGM-CAL-V1.0/SS), the Juno/JADE
data (PDS volume JAD-5-CALIBRATED-V1.0/ION), and the Juno/JEDI
data (PDS volume JED−3-CDR-V1.0/TOFXE) have been deposited in the
NASA Planetary Plasma Interactions Node database under accession
code https://pds-ppi.igpp.ucla.edu/search/default.jsp. The list of Juno
magnetodisk crossings is provided in the Supplementary Data
file. Source data are provided in this paper.

Code availability
Junodatawere loaded, analyzed, and visualizedusing SpacePy (https://
spacepy.github.io/install.html), NumPy (https://numpy.org/install/),
SciPy (https://scipy.org/install/), and Matplotlib (https://matplotlib.
org/) for Python. The dispersion relation solvers WHAMP and BO-
Arbitrary are available from Ref. 48 and39, respectively, as provided by
their authors.
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