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Universal energy limits of radiation belts in planetary
and brown dwarf magnetospheric systems

Drew L. Turner'*, Savvas Raptis1, Adnane Osmane?, Arika Egan1, George Clark', Tom Nordheim’,

Leonardo Regoli', Aleksandr Y. Ukhorskiy’

Radiation belts are regions of magnetically trapped particle radiation found around all of the sufficiently magne-
tized planets in the Solar System and recently also observed around brown dwarfs, yet despite their ubiquity,
there is not yet a general theory or model to predict the uppermost energy limits that any particular magneto-
spheric system’s radiation belts can attain. By considering only the most fundamental loss processes, a model and
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corresponding theory are developed that successfully bound and explain the maximum observed energies of all
documented radiation belt systems. This approach yields a relatively simple function for the uppermost energy
limit that depends on only the surface magnetic field strength of the system. The model predicts an energy limit
for all radiation belt systems that asymptotes at 7 + 2 teraelectronvolts (TeV) (for protons and electrons), offering
intriguing, previously unrecognized insight on potential sources of galactic cosmic rays. This model is also applied
to an exoplanetary system, demonstrating that the planet is likely a synchrotron emitter and showcasing the
model’s use for identifying candidate targets for synchrotron-emitting astrophysical systems and revealing de-

tails critical to habitability at those remote worlds.

INTRODUCTION

Magnetospheric systems, such as the space environments surround-
ing Earth and Jupiter dominated by intrinsic planetary magnetic
fields, are able to trap charged particles, concentrate them at very high
intensities, and accelerate them to relativistic energies (v ~ ¢). Earth’s
radiation belts boast intense populations of trapped protons and
heavy ions up to several gigaelectronvolts (GeV) (1) and electrons up
to >15 MeV (2); meanwhile, Jupiter, with its strong internal dynamo
and enormous magnetospheric system, retains intense populations of
positive ions and electrons up to at least 2.5 GeV and 100 MeV, re-
spectively (3, 4). Every sufficiently magnetized planet in the Solar Sys-
tem boasts radiation belts, and radiation belts have now also been
observed by imaging synchrotron emissions from a brown dwarf
magnetospheric system (5). This implies that, provided adequate con-
ditions, radiation belts are ubiquitous in magnetospheric systems,
both planetary and stellar, throughout the cosmos. Considering that,
a generalized model is developed to estimate the upper energy limits
on any radiation belt system. This model successfully bounds the up-
per energies at every observed radiation belt system throughout the
Solar System and beyond and even offers predictive capability for the
uppermost electron energies observed at Mercury, Earth, Jupiter,
Saturn, Uranus, and Neptune. Applied to brown dwarfs, the model can
explain the synchrotron emissions from ultracool dwarf LSRJ1835 +
3295 (5, 6) and also predict the maximum possible electron and pro-
ton energies at that system as ~7 teraelectronvolts (TeV), which the
model produces as a universal asymptotic limit for uppermost energy
possible in planetary to brown dwarf radiation belt systems and is
consistent with the unexplained break in the cosmic ray electron (and
positron) spectrum around ~1 TeV (7, 8). Furthermore, the model
can be applied to exoplanetary systems, offering predictive capability
to prioritize which exoplanets may be synchrotron emitters and re-
vealing details of their potential for habitability.
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Intrinsic magnetic (B) fields are generated by internal dynamo
processes within large, spinning planets and stars (and even some
moons), and the resulting fields tend to be dominated by a large di-
pole moment. In a sufficiently strong, dipole-like B field, energetic
charged particles (i.e., particles within the suprathermal to relativistic
tails of collisionless plasma distributions) can be effectively trapped
in the field by the Lorentz force, which results in three characteristic
periodic motions (9): (i) gyration around the field lines, (ii) bounce
between mirror points along the field lines, and (iii) azimuthal drift
perpendicular to field lines around the full system. Hamiltonian ac-
tion integrals associated with each of those motions can be derived
into a set of three adiabatic invariants. The invariants remain con-
served so long as the underlying B field is not changing on timescales
or spatial scales comparable to the periods or scales, respectively, of
the corresponding motions. The first invariant, associated with the
gyromotion and magnetic rigidity, is the most difficult to invalidate,
and the conservation of this invariant, Mu « K/B, where K is kinetic
energy, results in betatron acceleration or deceleration provided in-
creases or decreases, respectively, in the ambient B field. The conser-
vation of the second adiabatic invariant, associated with the bounce
motion, results in Fermi-type acceleration or deceleration. Mean-
while, the third invariant, associated with azimuthal drift around the
system, is the easiest to invalidate, resulting in radial transport within
the system. Collectively, these invariants are critical to all accelera-
tion, loss, and transport processes in radiation belt systems (10).

A number of critical processes have been identified for radiation
belt sources, acceleration, losses, and transport, particularly at Earth
(11-13). Here, we develop a model that is independent of any par-
ticular system’s source, acceleration, or transport processes. Instead,
this model focuses only on the universal limiting loss factors of
trapped energetic particles in radiation belt systems. Those limiting
factors include: (i) the gyrosounding limit, (ii) the magnetic rigidity
limit, and (iii) the synchrotron limit. The gyrosounding limit is the
simplest, both physically and comprehensively, in that particles are
assured to be lost once their energy and corresponding gyroradius
are so large that the gyromotion intersects the host celestial body
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(i.e., the planet or star). The magnetic rigidity limit is associated
with conservation of the first adiabatic invariant; when a particle’s
gyroradius becomes comparable to the radius of curvature of the
background B field, the first invariant is broken and the particle is
randomly scattered (14). This scattering will ultimately result in par-
ticles rapidly “precipitating” down field lines and into the host celes-
tial body, where they will be absorbed and lost due to collisions in
dense media. The synchrotron limit is only relevant for the highest
energy, highly relativistic particles, which achieve energies where
their gyromotion in the B field results in the rapid emission of en-
ergy in the form of synchrotron radiation, ultimately limiting their
maximum obtainable energy.

Combined, these loss terms, and particularly the gyrosounding
and synchrotron terms, represent fundamental limits and hard sinks
negating the effects of any particle acceleration and/or sources within
a radiation belt system. The synchrotron limit is self-limiting and as-
ymptotic; once particles hit the synchrotron limit, where their syn-
chrotron energy loss timescale is on the same order as any energy
they could gain while conserving adiabaticity, they lose energy just as
fast as they can gain it (note that the synchrotron energy loss function
is proportional to K*). Meanwhile, gyrosounding is an absolutely hard
physical limit, above which particles are ensured to be entirely lost to
the system by either a collision with the host body itself or nonadia-
batic outward transport and escape to the outer boundary (e.g., the
dayside magnetopause in typical planetary magnetospheres). This
model does not consider outer boundaries explicitly, which may be a
limiting factor for very small systems (i.e., considerably smaller than
Mercury), highly compressed systems with small “daysides” and/or
systems where a magnetotail-like configuration starts at very low L-
shells. Stated differently, these loss limits apply regardless of the na-
ture of competing acceleration and/or source processes. Thus, the
uppermost energy limits within planetary to brown dwarf radiation
belt systems are simply a function of these loss terms and are indepen-
dent of any competing acceleration and/or source processes within a
system; however, to determine the uppermost energy attainable at any
particular system—which, if our theory is correct, must always be ei-
ther at or below the uppermost energy limit—all of the substantial
source, loss, acceleration, and transport mechanisms must also be ac-
counted for in that system.

RESULTS

Our model considers the following inputs: the host celestial body’s (i)
size (i.e., planetary or stellar radius), (ii) B field dipole moment mag-
nitude, (iii) spin rate, and (iv) magnetospheric plasma density as well
as a range of Mu for a particular particle species (e.g., electrons, pro-
tons, alphas, etc.). Using the approximation of a dipole field, the mod-
el is fully analytical yet only applicable in relatively close proximity to
the host body (i.e., at relatively low L, where L is a magnetic field line
coordinate specified as the radial distance from the center of the body
to a point in the magnetic equatorial plane in units of planetary radii).
The close proximity approximation is reasonable, however, consider-
ing that charged particle radiation coalesces and is most intense close
to the host celestial body. The simplifying assumptions are reasonable,
but some consideration of their implications reveals some interesting
aspects. First, the centered-dipole approximation further ensures that
the limits are truly upper limits, since asymmetric and higher order-
term B fields contribute to additional loss and scattering from a
system, such as larger drift-loss cones and perturbations to stable
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trapping as was demonstrated for protons in the radiation belts at
Uranus (15). For systems that are dipolar but have a significant dipole
offset, resulting in off-centered and asymmetric field geometries, the
drift loss cone (16) becomes larger, effectively resulting in an increased
planetary radius and enhancing the gyrosounding loss term, de-
scribed below. Thus, those systems with nondipolar and/or asymmet-
ric, off-centered fields should have lower actual energies than what
this model would predict.

With those inputs, particle energies can be derived as a function
of L-shell and Mu assuming conservation of the first adiabatic in-
variant, as shown in the underlying color and contours in Fig. 1.
Here, we only show results for particles in the magnetic equatorial
plane where the particles” pitch angle (i.e., «, the angle between the
particle velocity and local B field vectors) is 90°; these particles are
the most stably trapped and can attain the highest intensities at any

Exoplanet HR-8799-e: Proton E vs. Mu and L for = 90 deg
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Fig. 1. Example model output for radiation belts at exoplanet HR-8799-e. En-
ergy limit model results applied for equatorially mirroring protons in a hypothetical
radiation belt system at exoplanet HR-8799-e. Proton energy is plotted in color as a
function of L-shell and first adiabatic invariant, Mu, with constant energy contours
(in units [GeV]) shown with dashed gray lines. Overplotted in this [L, Mu, E] state
space are curves corresponding to the limit factors discussed in the text: (i) chaotic
scattering due to loss of magnetic rigidity (violation of the first adiabatic invariant)
in red; (ii) gyrosounding limit, in which a particle’s gyroradius is as large as the L-
shell resulting in sudden loss from the system, in green; and (jii) the synchrotron
limit, in which the energy loss timescale by synchrotron emissions is on the same
order as the particle’s drift period, in pink. Essentially, anything above the green
line, to the left of the pink ling, or between the red solid and dashed lines should be
lost very quickly from the system. However, any particles in the regions labeled
“stable trapping” or “quasi-stable trapping” should be able to remain and accumu-
late within this radiation belt system. Whether a system can attain its theoretical
upper energy limit ultimately depends on the different source, acceleration, trans-
port, and loss processes active within the system, so this model offers an estimate
of the uppermost energy limits possible within a radiation belt system plus insight
on whether a system might be an active emitter of synchrotron radiation. Note that
for ease of reproducibility and open clarity on the underlying model, the MATLAB
code used to generate this plot and the corresponding data are included in Materi-
als and Methods.
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particular energy (or Mu) in any dipole-like magnetospheric system.
However, this model does include all stably trapped pitch angles
outside of the loss cone(s), and in the Supplementary Materials, we
demonstrate how a = 90° is representative of other pitch angles; the
uppermost energies attained are comparable across all pitch angles for
a fixed Mu because of the nature of the loss processes. Next, the uni-
versal limits are included as a function of location in the B field and
corresponding particle energy. The gyroradius, p = ymgv./q/B, is cal-
culated and converted to units of planetary radius, such that once
p ~ L, we qualify a particle as having reached the gyrosounding limit
and being lost from the system.

For the rigidity limit, the radius of curvature of the background B
field, R.p, is also required, and for this, we also consider the centrifu-
gal stretching of magnetospheric B fields due to rapid rotation (see
Materials and Methods). In rapidly rotating systems, B fields are
pulled radially outward by centrifugal forces, resulting in a reduction
of the equatorial B field radius of curvature and the formation of
“magnetodisks” at systems such as Jupiter and Saturn (17). The model
does not consider any additional modifications to the B field, such as
those from magnetopause or magnetotail current systems. Magnetic
rigidity is a complicated factor. Based on theory (18-20), simulations
(21), and supporting observations (22), a critical term discerning par-
ticles that are stably trapped, scattering chaotically, or quasi-stably
trapped is K2 = R/ p. When p <« R (ie., K is very large), particles
are stably trapped and fully adiabatic; that is, in this “stable” regime,
particles successfully undergo all three characteristic periodic mo-
tions that enable trapping in a magnetic bottle configuration: gyra-
tion, bounce, and drift. When k” < 1, particles undergo a quasi-stable
bounce motion in which the trajectory is adiabatic away from the
minimum in R along the field lines but goes ballistic around the
minimum in Reg (18, 19). Stated differently, particles undergoing
quasi-stable motion are stably trapped near their mirror points at
higher magnetic latitudes along field lines but go through a relatively
untrapped, ballistic motion at low latitudes around the magnetic
equatorial plane. In a critical regime 1 < k* < k%, particles behave
chaotically in the field and reach a strong pitch angle diffusion limit,
in which they scatter very rapidly into the loss cone of the host body
(i.e., where the mirror points fall to altitudes below the collisional re-
gime of the host and particles are lost). Based on theory and support-
ing simulations, k,, typically ranges between 3 and 33, with an ideal
value of ~8 (18). For our model, we consider a range of k* as a func-
tion of energy and L-shell and consistent with theory in which parti-
cles are lost rapidly from a magnetospheric system.

Last, for the synchrotron limit, the energy loss rate is calculated as
foKsyne & K*/p, where f, is the gyrofrequency, and when the e-folding
(i.e., the time at which the energy drops by a factor of e) timescale of
the energy loss by synchrotron emissions becomes comparable to the
relativistic drift period, Tgyig szqB / (ymoL), where R, is planetary
radius and q is a particle’s charge, particles are considered to have hit
an asymptotic upper energy limit and can no longer be accelerated in
the system. Figure 1 shows this model applied to protons in the HR-
8799-e exoplanetary system as an example case that details each of
those limits and how they appear in the [L, Mu, E] state space.

There are seven magnetospheric systems within the Solar System—
Mercury, Earth, Ganymede, Jupiter, Saturn, Uranus, and Neptune—
and applying this model at each showcases its effectiveness at predicting
the uppermost energy limits for radiation belt systems. For electrons,
the model successfully bounds the uppermost energies that have been
observed or estimated at each magnetospheric world. For protons (and
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heavier ions), the model also successfully bounds the observed upper
energy limits at Mercury, Earth, Jupiter (including oxygen ions),
Ganymede, Saturn, Uranus, and Neptune. Figure 2 shows the results
for electrons and ions, respectively, at Mercury, Earth, and Jupiter (see
plots for other systems in the supporting material). All of the proton
and electron observations are within the upper energy limits for gyro-
sounding and stable trapping, respectively, as predicted by the model,
and at Jupiter, the model also accurately estimates the peak of electron
synchrotron emissions at L ~ 1.3. It seems as though the rigidity limit is
most critical to electrons while the gyrosounding and/or synchrotron
limits are most critical to protons and heavier ions, although ultimately,
this is also dependent on the sources and source energies of particles at
each system. For example, to enable electrons at Earth to get into the
quasi-stable trapping regime, there would need to be either (i) some
sufficient source of electrons at >1 MeV at L > 10, including some in-
ward transport process to further accelerate them or (ii) direct injec-
tions on the order of 10 MeV directly and routinely into L < 6, but
there are no known mechanisms that do that. However, at Ganymede,
a moon-magnetosphere system embedded entirely within Jupiter’s
own magnetosphere, there is a sufficient source of MeV electrons from
the Jovian radiation belts to provide an external supply at approximate-
ly MeV electrons directly into the quasi-stable trapping regime at that
system (23). Jupiter’s observed limits are ultimately bounded by the
performance ranges of observatories that have probed that system, but
for Neptune and Uranus and to some extent Saturn, those systems
might be more limited by a lack of particle sources in the system [e.g.,
Neptune (24)] and/or additional, dominant loss processes [e.g., Saturn
and its ring system (25)]. Ultimately, the observed maximum energies
of radiation belt particles all fall below the predicted maxima from this
model in all of the systems where observations are available (including
both remote sensing and in situ measurements), as shown in Fig. 3.

It is intriguing that, at least for electrons, each of the systems ap-
pears to reach its upper energy limit based on rigidity; that is, for all
of the observed systems, electrons that reach or exceed the stable
trapping limit regardless of different source, acceleration, transport,
and loss processes are active. This implies that regardless of either
universal or distinctive source, acceleration, loss, and transport pro-
cesses within any particular radiation belt system, if the source, ac-
celeration, transport, and loss conditions are appropriate, then a
system can and does indeed reach those uppermost stable-trapping
energy limits for electrons. Protons and ions, which in the Solar Sys-
tem have more abundant external sources at higher energies com-
pared to electrons, not only seem more readily able to extend above
the k., limit but also seem ultimately more limited by loss processes.
For protons, magnetotails and cosmic rays both provide sufficient
sources and direct injection of protons right into the quasi-stable
trapping regime, so unlike for electrons everywhere but Ganymede,
the chaotic scattering regime due to loss of rigidity is not a hard limit
for protons throughout the Solar System’s magnetospheres. Based on
these results, this model offers distinct promise for application to as-
trophysical radiation belt systems elsewhere in the cosmos.

Applying the model to the ultracool brown dwarf system,
LSRJ1835+3259 (5), the model successfully reproduces the reported
>15-MeV electrons [Climent et al. (6) reported 21 MeV] synchro-
tron emitting at L ~ 12 in the system. For this estimate, the observed
(5, 26) 1- to 3-hour spin period and ~5-kG surface B field strength
were used. A stellar radius of 70,000 km was assumed (5), and the
plasma mass density within the system was estimated at 2 x 10~*' kg/m’
[i.e., ~1% of Jupiter’s plasma density based on (27)]. With those
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Fig. 2. Model results for other example planetary and brown dwarf systems. Energy limit model results applied to four different systems: Mercury (A and B), Earth (C
and D), Jupiter (E and F), and ultracool brown dwarf LSRJ1835+3259 (G and H). Results for each plot are shown in the same format as in Fig. 1. For each of the four systems,
results are shown for protons in the column on the left (A, C, E, G) and electrons in the column on the right (B, D, F, H). Actual observed limits are shown with black “x"s,
with integral energy values shown with an upward arrow and uppermost limits shown with a downward arrow. For each system, we only show one or two of the highest

energies reported at the lowest L-shells.
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Fig. 3. Summary of model results showcasing the predicted upper energy asymptote. (A) Modeled maximum energy limits for ions (protons for all system plus also
electrons at the brown dwarf systems) for quasi-stable trapping regimes in radiation belt systems throughout the Solar System and beyond. (B) Modeled energy limits for
stably trapped electrons in various systems. Observational limits (as also noted in Fig. 2) are also shown with asterisks. Maximum possible energies in each system are
plotted versus surface B field strength, which nicely organizes the data into a functional form with a power law at lower K.« and B; and a rollover into an asymptotic
limit in Kmax, Which is ultimately limited by the coupled intersection between the gyrosounding and synchrotron limits as a function of L and Mu in each system. The
functional form for the fits is shown with the equation in the bottom right corner of (B), with the least-squares best fits (in log space) shown with the dashed black lines
and the 75% and 95% confidence intervals on each fit shown with the dash dot and dotted lines, respectively. For the fits, the following constants are applied: ions:
A=69+16TeV,Bp=4.1+09X% 1074, B =22+0.5; electrons: A =365 + 51 MeV, B = 4.1 + 0.6 X 107°T, B = 1.8+ 0.3, where A is the asymptotic limit of Kmax Bo is the

rollover point in B, and f is the slope on the power law.

factors, the model successfully reproduces a synchrotron emission
boundary at L ~ 11 and quasi-stable electrons (i.e., k* < 1) at 15 MeV,
as seen in Fig. 2. When other brown dwarf systems are examined with
this model using a reasonable range of stellar radii (0.7 to 1.4 Ryupiter)
and surface field strengths (order of 1072 to 10° T), the uppermost
energy limit for both electrons and protons, which is ultimately
bounded by the intersection of the synchrotron and gyrosounding
thresholds, asymptotes at 7 TeV, as shown in Fig. 3.

Figure 3 demonstrates how the uppermost, quasi-stable trapping
limits successfully bound all of the radiation belt systems with obser-
vations, and for electrons at most systems (with the notable excep-
tions of Ganymede and the brown dwarf, as discussed below), the
stable trapping limit appears to be the ultimate limiting threshold.
Note that the rotation rate of a system affects the rigidity loss term,
which is mass dependent and dictates the stable trapping results
(shown in Fig. 3B); so while protons at Neptune, Uranus, and the ul-
tracool brown dwarf shown in Fig. 3A appear to be below the stable
trapping limits in Fig. 3B, the mass dependence of the loss term and
rapid rotation of those systems results in those protons being above
the stable trapping limit for protons (not shown in Fig. 3B) and into
the quasi-stable regime. This model implies that planetary and brown
dwarf radiation belt systems may serve as sources of cosmic ray pro-
tons and electrons up to at most 7 TeV.

Figure 3 shows how the model predicts that the distribution of
uppermost energy limits for each system sorts very nicely as a func-
tion of surface B field strength, B;. The distribution is fit very well by
a functional form (shown on Fig. 3) incorporating a power law at
lower B; and an asymptote around 7 TeV due to the coupled rela-
tionships between p, Ry, B, Mu, and L considering only the gyro-
sounding and synchrotron limits. Essentially, as B, increases beyond

Turner et al., Sci. Adv. 12, eaea4945 (2026) 4 March 2026

the critical limit specified by By, the intersection of the gyrosounding
and synchrotron limits moves to higher L-shells because of the de-
pendency on the drift periods; as demonstrated here for a representa-
tive range of exoplanet and brown dwarf magnetic fields (Fig. 3), this
results in an asymptote for Kpax at ~7 TeV for both electrons and
protons. As shown in the methods section, this relationship of Ky,
as a function of B;, including the power law at lower K,,x and maxi-
mum energy limit due to synchrotron energy loss, can also be de-
rived from first principles using a combination of radial diffusion and
synchrotron energy losses in a magnetospheric system ultimately
limited by R;, and B;. This analytical approach also produces the same
power law as the model shown in Fig. 3: p = +2.1 from the analytical
and f =+2.2 + 0.5 from the fit on Fig. 3. Ultimately, this model offers
both predictive capability and a natural maximum energy limit at-
tainable by planetary and brown dwarf radiation belt systems.

DISCUSSION

These results imply that radiation belt systems from the most ex-
treme planetary systems (Jupiter, exoplanets) and brown dwarves
may contribute to the cosmic ray spectrum up to ~7 TeV, but any-
thing above that energy limit must be accelerated in some other type
of system (e.g., supernova shocks, pulsars, magnetars, active galactic
nuclei, etc.). This insight introduces many potential additional and
nearby sources for the highest energy cosmic ray electrons ever ob-
served (up to several teraelectron volts) and an explanation for the
knee in the electron cosmic ray spectrum at ~1 TeV (28), a result re-
cently supported by high-statistics measurements (7). Recent results
attempting to explain the knee in the electron cosmic ray spectrum
(8) concluded that it is likely due to a sudden change in abundance of
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source systems, entirely consistent with the implications of this study:
There are substantially more brown dwarfs in the Milky Way than
there are pulsars, magnetars, supernova remnants, or other potential
sources of electrons (and positrons) on the order of several teraelec-
tron volts. We stress here that this is a previously unexplored hypo-
thesis resulting from this study: Radiation belt systems at large (exo)
planets and brown dwarf magnetospheres might provide an abundance
of sources of electrons of up to approximately several teraelectron
volts to contribute to the cosmic ray spectrum; however, that hy-
pothesis should be evaluated and tested through future work, par-
ticularly considering losses to the outer boundary of systems and how
those particles might escape into interstellar space.

This simple yet effective predictive model can also be applied to
exoplanetary systems. Figure 1 shows the example for protons at
exoplanet HR-8799-e (29). This gas giant planet orbits F-type star
HR 8799 at an estimated distance of 16.4 astronomical unit (au) and
has a mass of 10x that of Jupiter. Assuming that it has a comparably
strong surface B field of ~40 G, a plasma density and radius compa-
rable to Jupiter, Ry ~ 1.2 R}, and a spin period of around 1 hour,
HR-8799-e is capable of stably trapping electrons up to 500 MeV
and quasi-stably trapping protons up to 5 TeV. Most importantly
from an astronomical perspective, if HR-8799-¢’s magnetosphere is
a radiation belt system as estimated here, then it should also be
emitting significant synchrotron emissions, which might render it as
a particular target of interest for future observational campaigns.
With the model tuned as described above, we predict peak electron
synchrotron emissions around L ~ 3.6. Using the NASA Exoplanet
Archive, we applied our model to 25 large (>6 Earth masses) exo-
planets that orbit their host stars at >0.5 au and are within ~42 light

years (ly) of Earth and of those 17 are potentially synchrotron emit-
ters, which we have ordered by a detectability proxy as described and
listed in the Supplementary Materials This demonstrates how this
simple model can also be used to identify potential exoplanets of in-
terest, not only from an observational perspective (30) but also con-
cerning star/planet interactions (31), atmospheric evolution (32) and
habitability, since radiation levels within a planetary system are a fac-
tor of consideration for sustaining life (33, 34).

MATERIALS AND METHODS
Table 1 details the model parameters used for each planetary and
brown dwarf magnetosphere and the corresponding maximum en-
ergies, both observed (with references for each observation listed
below the table) and predicted by the model. These results correspond
to those shown in Fig. 3.

The following equations were used to develop the model that
generated the results presented in this study.

The relativistic first adiabatic invariant is calculated as

Kl(Kl +2m0c2)

Mu =
2Bmc?

(1)
where K is particle kinetic energy perpendicular to B.

For gyrosounding and rigidity, the following is used for the rela-
tivistic gyroradius and rigidity parameter, k

Ymgyvsina

G dius: p=
yroradius: p p

2)

Table 1. Summary of results and key model parameters. References for observations at each system include: Mercury/protons (35), Mercury/electrons
(35, 36), Earth/protons (1, 37), Earth/electrons (2, 38), Jupiter/protons (3), Jupiter/electrons (4), Ganymede/protons and /electrons (39), Saturn/protons (25, 40),
Uranus/protons (47) and /electrons (42, 43), Neptune/protons (41) and /electrons (43, 44), and ultracool brown dwarf /electrons (5, 6, 26).

Magnetospheric Body radius Dipole strength  Rotation period Plasma density Max energy Max energy Regime
system (Bs) observed predicted
[l [km] [T] [hours] [#/cm®] [MeV] [MeV] [
Mercury 2,440 3.00E-07 1407.500 1E+02 Elec: 4.5E-02 Elec: 7E—02 Stable
...... e e
6371 e 1E+02 - e
Prot:>20E+03  Prot:7E+03  Quasi-stable
Jupiter 69950  417E-04  9.925 C1E+02  Elec:>1.0B+02  Elec:3E+02  Stable
...... E+03 - o Q o
Ganymede 2631  750E-07 171720 1E+02  Elec>20E400  Elec:1E-01 Quasi-stable
© Prot:>20E+00  Prot:3E+00  Quasi-stable
o 58300 e 8E+01 Elec58E+00 EIec2E+02 L
- E+02 s o Q S
U 25360 B e 20E+00 e 1E+02 e
 Prot40E+00  Prot:3E+04  Quasi-stable
Neptune e 24600 130E—05 16110 4E—02 et e e
Prot:20E+00  Prot: 16404 Quasi-stable
HR8799e e 84000 420E—03 9000 2E+03 Unobserved Elec5E+02 Unobserved
LSRJ1835+ Saes 70000 L 1E+00 T
Prot:Unobserved  Prot: 1407 Quasi-stable
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R
Rigidity parameter: k> = —%

where y is the Lorentz factor with mj the rest mass; v, ¢, and « are the
particle’s velocity, charge, and pitch angle, respectively; B is the mag-
netic field strength; and R is the radius of curvature of the magnetic
field lines (calculated from a dipole) for the rigidity parameter.

For the adjustment of magnetic radius of curvature for rapidly
spinning magnetospheres, the radius of curvature of the magnetic
field is adjusted to account for pressure balance between the rotat-
ing, mass-loaded field lines pulling outward against the magnetic
curvature pulling back inward using the following equation

2
B 3MB

=4 —
4mp, (anr) Hor” ®)

RCBQ
where R.gg is the radius of curvature of the B field accounting for the
spinning system, # is the plasma density in the system, Q is the plan-
etary rotation frequency, Mg is the magnetic moment of the planet,
and r is the radial distance from the planet center to the test location
along the L-shell (assumed in the rotational equatorial plane).

Synchrotron energy loss rate is calculated with

4
fyKgyne = 88.46 X 107 (%) (5)

with Kin [GeV] and p in [m], yielding energy loss per gyroperiod in
[keV/T,], where T, is the gyroperiod in [s].

Particle drift periods as a function of energy and L-shell are cal-
culated with the following model described in (10)

_ 3 gL Dy
fD - 271:( )quRlzJ Ty (6)
where
1
TO -1+ 2\/510g<2+\/5> (7)
oz
=i (®)

Dy = % {4TO — (3 Ty— 5T1) sino — (TO - T1) [sin(xlog(sinoc) +V sinoc]}
9)

v (10)

1 . \3

T,=T, - E(TO—Tl)(sm(x)z

For additional details, including estimations for the most likely

targets of synchrotron emitting exoplanets in the nearby galactic vi-
cinity, see the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S15

Table S1

Software for model and figure generation
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