
1. Introduction
Radiation belts consist predominantly of energetic charged particles trapped in a planetary magnetic field. They 
are of interest due to their role in magnetospheric dynamics and in aiding the detection of planetary fields ( Roussos 
et al., 2019 ), and the hazard they pose to spacecraft hardware ( Baker et al., 2018 ). Jupiter's and Earth's radiation 
belts were first detected at the beginning of the space age ( Drake & Hvatum, 1959; Van Allen et al., 1958 ) and 
analogous belts have since been found around Saturn, Uranus, and Neptune, all exhibiting long-term trapping 
of particles with energies up to 1 MeV and maybe 2 GeV ( Adriani et al., 2015; Mauk & Fox, 2010; Roussos 
et al., 2018 ). Around smaller bodies like Mercury and Ganymede, trapped particles of ∼10 2 keV were detected 
but were likely quickly lost ( Eviatar et al., 2000; Ho et al., 2011; Lawrence et al., 2015; Liuzzo et al., 2020; Poppe 
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et al., 2018; Williams, 2001, 2004 ) ( Figure 1a and Table S1 in Supporting Information S1 ). Upcoming missions 
to potentially magnetized asteroids present yet another, largely unexplored regime. To prepare for this, here we 
estimate whether small bodies can trap particles and up to what energies, assess the potential hazard to spacecraft, 
and anticipate science opportunities such as remote detection of planeary magnetism, and studying magneto-
spheric dynamics.

To date, asteroids explored by spacecraft are thought to be largely rocky and presented no clear evidence of 
remanent magnetization ( Blanco-Cano et al., 2003; Kivelson et al., 1995; Richter et al., 2001; Russell et al., 2018; 
Scheinberg et al., 2017; Wang et al., 1995 ). Nevertheless, remanent magnetization has been identified in a variety 
of meteorites ( Terho et al., 1993 ), suggestive of past dynamo action in their asteroidal parent bodies ( Harrison 
et al., 2017; Scheinberg et al., 2017; Weiss et al., 2010 ). The upcoming Psyche mission will explore asteroid 
( 16 ) Psyche ( Elkins-Tanton et al., 2020 ), the largest known iron-rich solar system body ( with an effective radius, 
Rp = 113 km; Shepard et al., 2017 ). Because iron-rich asteroids may carry remanent magnetization similar to that 
found in iron meteorites, they may have high surface magnetic fields ( Table S1 in Supporting Information S1 ) 
that may form a magnetosphere and trap particles.

For a typical spacecraft with >2.5 mm of aluminum-equivalent shielding, only energies of >1 MeV for electrons 
and >20 MeV for protons may pose a risk ( Berger et al., 2017 ). The locations around a dipole field that allow 
permanent trapping in belt-like structures were first determined analytically under the adiabatic approximation 
by Störmer ( 1955 ). Störmer's method is widely used and was extended to nondipolar planetary fields ( Lemaire 
et  al.,  2003; Tsareva,  2019 ). It predicts trapping up to energies of ∼1–10  GeV around the Earth ( Schulz & 
Lanzerotti, 1974 ), Saturn, and Jupiter ( Birmingham, 1982 ) and indeed, such trapped populations were detected 
at those planets ( Reeves et  al.,  2016 ). However, if applied to Mercury, Störmer's method would erroneously 
predict trapping of >10 MeV electrons, two orders of magnitude higher than the observed maximal energies of 
transiently trapped electrons ( Ho et al., 2011; Lawrence et al., 2015 ). While the high day-night asymmetry of 
Mercury's magnetosphere ( Slavin et al., 2007 ) might explain this discrepancy, it is likely that violation of adiaba-
tic invariance due to the small scale of Mercury's field is at least partly responsible. Störmer method is likely not 
valid for the still smaller magnetospheres that may be formed by asteroids.

Building on decades of spacecraft in situ measurements, complex radiation belt models for Earth have been devel-
oped, incorporating high order particle acceleration and loss mechanisms ( Baker et al., 2018 ). However, these 
too rely on the assumption of underlying adiabatic motion ( Horne et al., 2005 ) and in any case are not readily 
applicable for bodies of arbitrary size, planetary rotation rate, and distance from the Sun. Furthermore, Earth's 
atmosphere is an important source of energetic particles injected into the belts, but such sources are negligible 
for iron-rich airless bodies ( Lawrence et al., 2016 ). Due to this gap in theory, here we use verified theoretical and 
computational tools ( Supporting Information S1 ), apply them to the novel scenario of trapping in hypothetical 
asteroid magnetospheres, and generalize the results to any body size and dipole moment. First, we use hybrid 
simulations and iron meteorite measurements to establish that magnetospheres could indeed exist around large 
iron-rich asteroids. To avoid the uncertainty of whether acceleration mechanisms known for the terrestrial magne-
tosphere would be present, we determine the maximum energies at which particles can be stably trapped regard-
less of how and whether such particles were created. We consider the limits of adiabatic motion by tracing single 
particle motion and identify chaotic pitch angle scattering due to high field curvature as a critical limiting factor 
for trapping even in a steady state dipole field. While nonadiabatic scattering was previously studied in nondipo-
lar regions of planetary magnetospheres ( Anderson et al., 1997; Selesnick et al., 2001 ), it was not applied to study 
the location and energies of radiation belts, which reside in quasi-dipolar regions and are predominantly adiabatic 
for large magnetospheres. Finally, we obtain a nonadiabatic trapping criterion that can serve planned and future 
exploration for any small body, and validate it against relevant observations at Ganymede, Mercury, and Earth.

2. The Possibility of Asteroid Magnetospheres
To allow trapping of particles of a given energy, an asteroidal magnetic field must first be sufficiently strong to 
form a magnetospheric cavity in the solar wind that is larger than the particles' gyroradii, rg, so that particles can 
gyrate without intersecting the surface or the magnetopause. An upper limit for asteroid fields can be inferred from 
laboratory measurements of the specific magnetization of iron meteorites, some of the most magnetic meteorites 
known. These mostly fall in the range of 10 −4 to 10 −2 Am 2 kg −1 ( Pesonen et al., 1992; Terho et al., 1993 ). The 
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maximum hypothetical asteroid field in the solar system would be obtained 
for the largest iron-rich asteroid, Psyche ( mass of 2.72  ±  0.75  ×  10 19  kg, 
Carry, 2012 ), assuming it was uniformly magnetized at the high end of this 
magnetization range. This yields a dipole moment, Md = 2.7 × 10 17 Am 2, and 
an equatorial surface field, Be  =  19,000  nT. Although this predicted field 
is comparable to that of the Earth, the predicted moment is five orders of 
magnitude less than that of the Earth ( Table S1 in Supporting Information S1 
and Figure 1a ). These values are extreme upper limits given that asteroids are 
almost certainly nonuniformly magnetized.

The leading hypothesis for Psyche's origin is that it is a mantle-stripped metal-
lic core from a differentiated body ( Elkins-Tanton et al., 2020 ). Such a bare 
core could have potentially generated a dynamo field lasting for >7 million 
years ( Ma ) ( Neufeld et al., 2019 ). Because such a dynamo is expected to be 
highly multipolar and time-variable ( Neufeld et  al.,  2019 ), different parts 
of the body would record different field directions as it cooled. Subsequent 
impacts may have further changed the magnetization by either remagnet-
izing or displacing materials. To estimate the maximum dipole moment of 
such a nonuniformly magnetized body, we assume the outer ∼40% of the 
radius of the body is a magnetized crust, as indicated by a recent dynamo 
and thermal evolution model of Psyche-like bodies ( Neufeld et  al., 2019 ). 
Crustal fields on Mars, the Moon, and the Earth were shown to be consist-
ent with those of a shell or sphere packed with randomly oriented dipoles 
sometimes laterally correlated ( Voorhies, 1998, 2008; Voorhies et al., 2002; 
Wieczorek, 2018 ). We take the limiting case that the magnetization is corre-
lated over a spatial scale equal to 40% of the radius of the body, such that the 
body is made of closely packed spherical domains of 40 km diameter that are 
uniformly magnetized in random directions. The number of spheres closely 
packed into a body of a given volume is given by well-known relationships 
( Hales,  2005 ). For 40  km spheres fitted into a 113  km sphere this corre-
sponds to N = 120–130 spherical domains. The dipole moment of such a 
distribution would be ≈0.1 of the moment of a uniformly magnetized assem-
blage ( Heslop, 2007 ), yielding Md = 2.7 × 10 16 Am 2, and Be = 1,900 nT.

The above represents the maximum feasible asteroid field ( most asteroids are 
rocky and consist of weakly magnetic minerals and may lack remanent magnet-
ization altogether ). We can estimate the size of the magnetosphere created 
by such a limiting body by calculating the dayside magnetopause distance, 
RMP, given the solar wind properties  in the asteroid belt. We find ( Section 
S1 in Supporting Information S1 ) that RMP ≈ 4.7–5.4Rp ≈ 530 – 610 km. 
In comparison, the solar wind proton and electron thermal gyroradii at the 
asteroid belt are ∼150 km and ∼5 km, respectively ( Section S1 in Supporting 
Information S1 ), implying that the field is large enough to deflect these parti-
cles and thus form a magnetospheric cavity.

Radiation belts form in the inner regions of planetary magnetospheres where the field is quasi-dipolar and trapped 
particle motion can be stably sustained. At larger distances, the interaction with surrounding magnetized plasmas 
distorts the field and may prevent particles from completing full drift motions ( Klida & Fritz, 2009; Schulz & 
Lanzerotti, 1974; Walsh et al., 2013 ). To estimate the extent of the inner quasi-dipolar region for our limiting 
case of an asteroid magnetosphere, we simulated the interaction of a Psyche-sized body with Md = 2.7 × 10 16 
Am 2 with the solar wind. Because the proton gyroradius is comparable to Rp, we used a hybrid particle-fluid 
code, HYB, which treats electrons as a fluid and protons as particles. HYB has been used to simulate the inter-
action of the wind with various planets, moons, and asteroids ( Kallio & Janhunen, 2003 ). To adapt the model 
to a metallic body, we set the body's resistivity to zero, consistent with the fact that iron-nickel alloys are highly 
conducting ( Fert & Campbell, 1976 ). This constitutes the first three-dimensional ( 3D ) hybrid simulation of a 

Figure 1. ( a ) Equatorial surface magnetic field for known and hypothetical 
magnetized bodies organized by radius, Rp, and magnetic moment per unit 
volume, mV ( Table S1 in Supporting Information S1 ). Circles denote bodies 
with confirmed belts ( red circles for solar system bodies, blue circle for the 
magnetized exoplanet/brown dwarf SIMP0136 ). Orange diamonds denote 
bodies with transient trapping of <1 MeV electrons. Black arrows mark 
the upper limits of asteroid magnetization: u marks the extreme case of a 
uniformly magnetized asteroid and p marks the strongest feasible Psychean 
dipole moment. ( b ) 3D hybrid simulation of the maximum feasible Psychean 
field, marked by p in ( a ). The dipole axis points in the +z direction, the solar 
wind flows in the −x direction, and the interplanetary magnetic field points 
in the +z direction. The color contours show the field magnitude in the x-z 
plane and on the surface; closed field lines show drift shells with an equatorial 
field of 330 nT ( innermost shell ), 31 nT, and 18 nT ( outermost shell ). 
Representative open and solar wind field lines are also shown.

log
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 (nT)
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perfectly conducting and magnetized asteroid ( Section S4 in Supporting Information S1 ). In previously published 
3D hybrid models of a Psyche-sized magnetized asteroid ( Fatemi & Poppe, 2018 ) the body had a conductivity 
of 10 −7 S m −1 ( similar to the lunar crust ). The currents induced within a conducting body should have a minimal 
effect on the steady state magnetosphere of a body with high magnetic moment but may become important for 
weaker magnetization or for a realistically time-variable solar wind.

The resulting 3D magnetic field topology is shown in Figure 1b, confirming that a Psyche-like asteroid can form a 
magnetosphere with a dayside magnetopause distance of ∼6 Rp ( consistent with the above ) and with a dipole-like 
inner region extending up to ∼3 Rp. The maximum feasible dipole moment presented here is ∼3–10 times larger 
than the dipole moments assumed in Fatemi and Poppe ( 2018 ), and RMP is ∼1 Rp larger than the largest magne-
tosphere simulated in Fatemi and Poppe ( 2018 ). Figure 1b represents the largest feasible present-day asteroid 
magnetosphere in the solar system.

The 3D hybrid simulations presented here and in Fatemi and Poppe ( 2018 ) cannot account for the formation 
of radiation belts; the simulations’ high computational cost limits the simulated time to a few tens of seconds 
( Section S4 in Supporting Information S1 ), sufficient to obtain a steady state global magnetosphere, but insuf-
ficient time for electrons to accelerate from typical solar wind energies ( thermal and bulk flow ) of <10 eV to 
hazardous ( >1 MeV ) levels. Although Fatemi and Poppe ( 2018 ) reported a density enhancement on the night 
side inner magnetosphere, it is unlikely to be made of trapped energetic particles due to the short simulation time 
( note that the energies were not reported therein ). Moreover, energetic protons would be lost already for energies 
>10 keV, as we show in Section 4.

3. Violation of Adiabatic Motion
Under the adiabatic approximation, partilce trajectories in quasi-dipolar magnetic fields are fully described by 
the three adiabatic invariants, Ji ( i = 1,2,3 ), which are integrals of motion taken over three generalized coor-
dinates: Q1, the path length along the gyration motion, Q2, the path length along the field line due to bounce 
motions between the mirror points, and Q3, the angle spanned by the longitudinal drift motion ( Northrop, 1963; 
Stern, 1971 ). Particles conserving all three Ji's are permanently trapped in toroidal shells ( Figures 2a–2c ). The 
locations of these shells depend on the value of J3 through the dimensionless parameter 𝐴𝐴 𝐴𝐴3 ≡ −(1∕2)

√

𝑟𝑟𝑒𝑒𝑒𝑒∕𝑟𝑟𝑔𝑔 ∝ 𝐽𝐽3 
( Störmer, 1955 ), where req is the radial distance where the field line intersects the magnetic equatorial plane. 
Permanent trapping can be achieved for γ3 < −1 ( Gombosi, 2004; Lemaire et al., 2003; Störmer, 1955 ). This can 
be rewritten as a condition on the gyroradius:

𝑟𝑟𝑔𝑔 <
𝑟𝑟𝑒𝑒𝑒𝑒

4
=

𝐿𝐿𝐿𝐿𝑝𝑝

4
 (1)

where L = req/Rp. Equation 1 defines Störmer's trapping regions, or the maximum allowed gyroradius of trapped 
particles at a given L shell in a dipole field. However, Störmer's method is only valid for particles conserving 
all three adiabatic invariants, which in turn requires that the three motions occur on disparate timescales, such 
that ωg ≫ ωb ≫ ωd, where ωg, ωb, and ωd are the gyration, bounce, and drift frequencies, respectively. For an 
Earth-strength dipole field, these frequencies are separated by three or more orders of magnitude up to very 
high energies and large L values [ Figure 2d, following Schulz and Lanzerotti ( 1974 ) ]. In contrast, for asteroidal 
fields, the three frequencies are much closer together for most locations and energies even in the extreme case 
of uniform and maximal remanent magnetization ( Md = 2.7 × 10 17 Am 2, Figure 2e ). Because the particle is 
an oscillator with three degrees of freedom, when any pair of frequencies are comparable, the corresponding 
motions are no longer independent but would resonantly interact, leading to an exchange of energy between them 
( Chirikov, 1979 ). In particular, particles with comparable gyration and bounce periods would suffer exchange 
of kinetic energy between the velocity components perpendicular and parallel to the magnetic field, v‖ and v⊥, 
respectively. This exchange would manifest as changes in the particle pitch angle, α. For modest nonadiabaticity, 
the variations in the Ji's are periodic and bounded, but as nonadiabaticity increases, the variations become chaotic 
( Chirikov, 1979 ). This would amount to pitch angle scattering that would cause particles to enter the loss cone 
( Serebrennikov et  al., 2001 ). This nonadiabatic effect limits trapped particle energies, as observed in plasma 
confinement devices ( Uckan, 1982 ).
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To estimate these maximal energies, we must quantify the level of nonadiabaticity in a quasi-dipolar magnetic 
field. Several measures have been developed for distorted field lines at Earth ( Anderson et  al.,  1997; Lee 
et al., 2006; Sergeev et al., 1983; Young et al., 2008 ), perhaps the simplest of which is the adiabaticity parameter, 
ɛ ≡ rg/Rc, where Rc is the field line radius of curvature ( Anderson et al., 1997 ). In the limit of ɛ ≪ 1, the motion 
is adiabatic and ɛ ∝ ωb/ωg. For ɛ > 1, the motion is nonadiabatic and even chaotic. At this limit ωg, ωb, and ωd are 
not well-defined ( in fact, the assumptions underlying Figure 2e are no longer valid ).

We next derive an expression for ɛ for a dipole field, assuming it is a bounding case for long-term trapping in 
drift shells ( an assumption we further justify below ). The maximal ɛ that a particle would experience during the 
bounce motion would occur at the magnetic equatorial plane, where rg is highest and Rc is lowest, having a value 
of Rc = LRp/3 ( Section S2 in Supporting Information S1 ). Nonadiabatic motion therefore would occur for:

𝑟𝑟𝑔𝑔 >
𝜀𝜀𝑡𝑡𝑡𝐿𝐿𝐿𝐿𝑝𝑝

3
 (2)

where the threshold value for the adiabaticity parameter, ɛth, is yet to be determined. Before we do so, we make 
two observations. First, despite the mathematical similarity between Equation 2 and Störmer's criterion ( Equa-
tion 1 ), the two describe fundamentally different regimes and loss mechanisms: Equation 1 assumes J1 and J2 are 
conserved and predicts particle loss due to the violation of J3 due to particles crossing many L shells. In contrast, 
Equation 2 marks the violation of J1 and J2 due to pitch angle scattering and subsequent particle escape through 

Figure 2. Periodic particle motions in the magnetospheres of Earth and an asteroid. ( a ) Gyration motion ( red ) in a uniform magnetic field ( black arrow ). ( b ) Bounce 
motion ( red ) in a magnetic bottle configuration ( gray curves ). ( c ) Particle gyrating, bouncing, and drifting azimuthally ( red ) around a body ( gray sphere ) with a dipole 
field. ( d, e ) Frequencies of motion as a function of particle energy, E, and L shell assuming a dipole magnetic field for Earth ( d ) and for the worst-case uniformly 
magnetized asteroid with the maximal magnetization ( e ). The panels ( top to bottom ) show the gyration, bounce, and drift frequencies, and curves indicating where the 
frequencies are separated by one, two, and three orders of magnitude.
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the loss cone. Second, Equation 2 highlights how trapping is affected by the body size and moment. We can recast 
ɛ as:

𝜀𝜀 =
𝑟𝑟𝑔𝑔

𝑅𝑅𝑐𝑐

=
𝛾𝛾𝛾𝛾𝛾𝛾⟂

𝑞𝑞

3𝐿𝐿2

𝑅𝑅𝑝𝑝𝐵𝐵𝑒𝑒

∝
𝑅𝑅2

𝑝𝑝

𝑀𝑀𝑑𝑑

 (3)

where m and q are the particle mass and charge, respectively, and γ is the relativistic Lorentz factor. The last term, 
showing that 𝐴𝐴 𝐴𝐴 ∝ 𝑅𝑅2

𝑝𝑝 , highlights the fact that smaller bodies have stronger surface fields for the same moment. On 
the other hand, because ɛ ∼ 1/RpBe, even if a Psyche-sized body had a surface field as strong as the Earth's, the 
limiting gyroradius would be ∼60 times smaller than the limiting gyroradius at the same L shell at Earth, meaning 
the limiting energy would be smaller as well.

We next determine the value of ɛ at which the transition to chaotic motion occurs. For disturbed ( nondipo-
lar ) magnetic configurations at Earth, values between ɛ ∼ 0.1–0.3 were derived ( Anderson et  al.,  1997; Lee 
et al., 2006; Sergeev et al., 1983; Young et al., 2008 ). Birmingham ( 1982 ) set the limiting value for adiabaticity 
at ɛ = 1 for Saturn and Jupiter [ note that the expression for ɛ in Birmingham ( 1982 ) reduces to the expression 
we derived in Equation 3 when the former is applied to a pure dipole field ]. This limit gives maximum energies 
well above the energies found in these magnetospheres ( Figure 4 therein ), implying that the actual limiting value 
is likely lower. Furthermore, calculating ɛ for the same range of bodies included in Figure 1a ( corresponding to 
1 MeV electrons and protons injected at L = 2 with αeq = 90° ) ( Figures 3a and 3b ) shows that all bodies with 
known radiation belts are to the right of the ɛ = 0.01 curves for both electrons and protons, while Mercury and 
Ganymede, which transiently trap electrons but not protons, fall within the 0.01 < ɛ < 0.15 range for 1 MeV 
electrons and in the nonadiabatic range ( ɛ ≈ 1 ) for 1 MeV protons. All conceivable asteroids fall well above 
ɛ = 1 for protons but the most magnetized among them may reach ɛ ≈ 0.26 for 1 MeV electrons. While this 
evidence from known trapped populations suggests the transition to chaos would occur around 0.01 < ɛ < 0.15 
and above,  further analysis is required to obtain a generalized criterion for any small body and predict risk from 
asteroid magnetospheres.

4. Tracing the Transition to Chaos With Particle Simulations
We next examine under what conditions particle trajectories become chaotic by explicitly solving the equation of 
motion in a dipole field. This is an optimal case for trapped adiabatic motion because loss is then only triggered 
by the length scale of the field. Any perturbations and distortions of the field present in a realistic magnetosphere 
are unlikely to make the motion more adiabatic. While the static dipole approximation is not suitable for exam-
ining particle energization, it is the most appropriate for examining whether such particles, if created or injected, 
could be trapped for arbitrary Md and Rp. In particular, it is a good approximation of the quasi-dipolar fields 
where belts reside. We trace the trajectories using an existing fourth order Runge-Kutta solver and apply it to the 
relativistic Lorentz force ( Section S5.1 in Supporting Information S1 ). Chaotic trajectories are highly sensitive to 
the initial conditions and therefore also to roundoff errors when they are simulated numerically ( Li & Liao, 2018 ) 
and the exact trajectory cannot be reliably simulated on standard computers with double-precision floating point 
representation ( Li & Liao, 2018 ). We therefore do not attempt to capture the exact time of loss ( or particle life-
times ) but rather examine whether the particle exhibits pitch angle variations and sensitivity to initial conditions 
that imply a chaotic regime ( Section S5.3 in Supporting Information S1 )

Since protons are chaotic for all conceivable asteroids ( Figure 3a ), we focus on electron motion. We simulated 
electrons with energy E = 1 MeV around a body with Rp = 113 km, injected at the equator at L = 2. The initial 
speeds, v‖ and v⊥ are in the radial and polar directions, respectively, depending on the initial equatorial pitch angle 
αeq,0. We examine whether the trajectory is chaotic by simulating neighboring trajectories with initial velocities 
rotated by 0.01° and 0.02° of a degree in the azimuthal direction with respect to the original trajectory. We repeat 
these sets of three simulations while varying Md and αeq,0 and record αeq each time the trajectories intersect the 
magnetic equator. The results of all simulations appear in Figures S2–S6 in Supporting Information  S1 and 
are summarized in Figure 3c, where each symbol ( circles and stars ) marks the value of αeq,0 and Md ( and for 
which three simulations of neighboring particles were performed ). Chaotic particles lost during the simulation 
are marked by stars. For particles that remain trapped ( circles ), the horizontal bars ( dotted white lines ) show 
the maximum variation in αeq that they experienced during a simulation ( this can be visually inspected in the 
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corresponding panel in Figures S2–S6 in Supporting Information S1 ). The values of ɛ as a function of αeq,0 and 
Md are plotted for comparison ( color contours ). We find that for Md = 1.35 × 10 16 Am 2 ( 50% of the maximum 
feasible asteroid dipole moment ), even particles with αeq,0 = 85° become chaotic and are lost almost immediately 
( Figure  S6 in Supporting Information S1 ). The onset of nonadiabatic motion starts at ɛ = 0.01 for low αeq,0 and 
full chaos is achieved at ɛ ≈ 0.35 for all αeq,0. This value is consistent with the value of ɛ = 0.335 obtained under 

Figure 3. Conditions for trapping protons and electrons around magnetized bodies. ( a, b ) The adiabaticity parameter, ɛ, 
for 1 MeV electrons ( a ) and protons ( b ) injected at L = 2 with αeq = 90° showing ɛ = 0.15 ( solid black line ) and ɛ = 0.01 
( dashed black line ). Symbols are as defined in Figure 1a, except for the upper limits for asteroid parameters ( white arrows ). 
( c ) Adiabatic, nonadiabatic, and chaotic nature of simulated of 1 MeV particles injected at L = 2 as a function of equatorial 
pitch angle, αeq and dipole moment, overlaid on color contours of ( in the same color scale as ( a ) ). Chaotic trajectories that 
end in loss are marked by stars. Trajectories with bounded nonadiabaticity are marked by dotted lines whose lengths represent 
the span of variations in αeq during the simulation. Circles mark the initial αeq. For fully adiabatic the span of αeq is too small 
to be visible. ( d ) Predicted ( shaded regions ) and observed ( arrows ) maximum energies of transiently trapped particles versus 
L. ( left ) for Earth ( protons ), Mercury ( electrons ), and Ganymede ( electrons ). ( right ) Electron energies around the largest 
feasible asteroid magnetosphere for various levels of adiabaticity and chaos. Vertical lines show the altitudes of the Psyche 
mission science orbits ( B, C, and D ) ( Elkins-Tanton et al., 2020 ).
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the diffusion approximation for nondipolar magnetic field lines ( Young et al., 2008 ), who solved for the evolu-
tion of the entire particle phase-space distribution function. On the other hand, particles with lower αeq,0 become 
chaotic at lower ɛ, likely because they have higher v‖ for the same total energy and thus more energy available 
for resonant interactions between the bounce and gyration motions. This dependence is not captured by ɛ. The 
modified adiabaticity parameter, ɛ* = ɛ cos αeq,0 ( Anderson et al., 1997 ), does depend on both velocity compo-
nents, but it would predict that for αeq,0 ≈ 80−90° the motion is adiabatic. In contrast, our simulations show that 
even large pitch angle particles would experience a transition to chaos in a dipole field with a short length scale. 
Furthermore, our results are consistent with Cluster measurements that showed depletion of the particle pitch 
angle distribution for similar ɛ values near magnetic reconnection topology in Earth's magnetosphere ( Zhang 
et al., 2016 ).

5. Predictions and Observations of Permanent and Transient Trapping
We apply the ɛ thresholds established in the previous section to calculate the corresponding maximum energies 
of trapped populations as a function of L around Ganymede and Mercury ( electrons ) and at Earth ( protons ) and 
compare them to observations ( Figure 3d ). The Mercury Surface, Space Environment, Geochemistry and Rang-
ing ( MESSENGER ) spacecraft detected bursts of transiently trapped 100–200 keV electrons at Mercury and no 
trapped protons ( Ho et al., 2011; Lawrence et al., 2015 ). At Ganymede, the Galileo spacecraft detected trapped 
<880 keV electrons ( Eviatar et al., 2000; Williams, 2001, 2004 ). Particle simulations ( Allioux et al., 2013; Poppe 
et al., 2018 ) suggest they likely originated in Jupiter's magnetosphere and only temporarily remained in drift 
orbits around Ganymede; their high energies do not imply gradual energization of stably trapped particles within 
Ganymede's magnetosphere, as is typical for radiation belts. Nonetheless, for both Ganymede and Mercury, the 
observed energies fall well below the energies corresponding to ɛ = 0.15. This may be due to deviation from 
a pure dipole field ( i.e., the strong day-night asymmetry at Mercury's magnetosphere, Slavin et al., 2007 and 
the extensive reconnection with Jupiter's magnetic field for Ganymede, Dorelli et  al.,  2015; Jia et  al.,  2010; 
Kivelson, 2007 ), consistent with our assumption that a static dipole is the worst-case scenario for spacecraft risk.

MESSENGER did not detect trapped protons around Mercury, while Galileo detected <65 keV protons near 
Ganymede but it was inferred that they moved along open field lines connected to Jupiter ( Williams, 2001, 2004; 
Williams et al., 1997 ). These findings are consistent with Figure 3b. At Earth, the Payload for Antimatter Explo-
ration and Light-nuclei Astrophysics ( PAMELA ) detected transiently and permanently trapped protons with 
energies of 0.2–2 GeV at L = 1.2–2 ( Adriani et al., 2015 ). The PAMELA observations covered a range of αeq. To 
make the comparison with Equation 2 consistent, we plot the perpendicular kinetic energy of the detected tran-
siently trapped protons. We find that their maximum energies and L values fall remarkably close to the ɛ = 0.15 
curve at low altitudes while at the highest altitudes the energies are below this curve.

A consistent picture emerges from the particle simulations and observations, allowing us to estimate the maxi-
mum electron energies around the largest feasible asteroid magnetosphere ( Figure  3e ). Permanent trapping 
becomes increasingly unlikely for ɛ > 0.15 and essentially impossible for ɛ > 0.35. At ɛ ≈ 0.15 even particles 
with αeq,0 > 65° experience variations of 5–20° in αeq during the simulations. Any disturbances, such as waves or 
thermally driven motions could scatter them toward even lower αeq values and push them into the chaotic regime. 
Calculating the maximum energies for protons ( not shown in Figure 3e for clarity ) shows that even for ɛ = 0.35, 
proton energies do not exceed ∼10 keV at L = 2, well below risk levels. Nonetheless, low-energy particles may 
remain trapped.

The threshold of ɛ > 0.15 corresponds to a maximum gyroradius of approximately:

𝑟𝑟𝑔𝑔 <
𝑟𝑟𝑒𝑒𝑒𝑒

20
 (4)

This limit is 5 times smaller than the adiabatic limit. Furthermore, even particles satisfying Equation 4 are not 
adiabatic and therefore are not guaranteed to remain trapped in a realistic magnetosphere with day-night asym-
metries, convective electric fields ( which are negligible for asteroids; Section S3 and Figure S1 in Supporting 
Information S1 ), reconnection with external fields, and other perturbations. In addition, planetary rings, dusty 
environments, and neutral particle sources can also absorb or scatter charged particles ( Mauk et al., 2004; Nénon 
& André, 2019; Roussos et al., 2018 ).
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6. Conclusions
We developed a generalized approach for estimating trapped particle energies at any planetary body with a focus 
on asteroids. Our results have several novel aspects:

1.  Combining insights from meteorite paleomagnetism and plasma hybrid modeling in 3D, we showed that aster-
oid magnetospheres are feasible and obtained an upper limit on their size. However, particle motion in such 
magnetospheres would be nonadiabatic for particle energies typical of radiation belts.

2.  Particle simulations show that chaotic pitch angle scattering limits trapped particle energies for an adiabaticity 
parameter ɛ ≈ 0.15–0.35 even in the optimal case of a static dipole field. The corresponding particle energies 
are at least 5 times lower than predicted by adiabatic theory. Such a prediction is consistent with observations 
of transient trapping at Ganymede, Mercury, and Earth.

3.  Even for the strongest feasible dipole moment, asteroids are not likely to permanently trap and >1 MeV elec-
trons and >10 keV protons at L = 2 and are unlikely to pose risk to typical space flight systems. However, 
particles of lower energies may be trapped and form structures like a ring-current system.

Data Availability Statement
The HYB code is distributed under the open source GPL v3 license by the Finnish Meteorological Institute ( only 
available at github: github.com/fmihpc/hyb ). Figure data are deposited at figureshare.com, a FAIR-compliant 
repository ( https://doi.org/10.6084/m9.figshare.12957821.v1 ).
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Introduction This file contains supporting information about data, methods, and stan-

dard derivations that were used in this study.

S1. Asteroid magnetospheres sizes

S1.1. Solar wind conditions at the asteroid belt

The solar wind properties at 2.5 - 3.3 AU (the approximate orbital distance of the

asteroid belt from the Sun) are different from those found near the Earth. To estimate

these, we take advantage of Ulysses observations taken at radial distances between 1 AU

to 4 AU (McComas et al., 2000). By fitting the observations to scaling laws, Ebert et

al. (2009) found the radial dependence of proton properties. We chose scaling laws de-

rived for slow wind flows characteristic of the ecliptic plane during solar minimum (see
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their Fig. 6). Accordingly, we set the proton density and temperature to 2 cm−3 and

40,000 K, respectively. The electron temperature is similarly set to 100,000 K using in-

situ measurements between 1 to 4 AU in the ecliptic plane (Phillips et al., 1995). The

bulk speed is set to 400 km s−1 and the magnetic field is set to 2 nT (McComas et al., 2000).

The values are approximate, as the instantaneous values may vary around the mean by

factors of order unity (Ebert et al. 2009). Given the above temperatures and magnetic

field magnitude, the proton and electron gyroradii due to their respective thermal speeds

are ∼150 km and ∼5 km, respectively.

S1.2. Magnetopause distance

The distance of the magnetopause from the body’s center, RMP , is determined by

the balance between the internal magnetic pressure and the solar wind dynamic pres-

sure. Because the internal magnetic field varies with r3 for a body-centric dipole, where

r is the radial distance from the center of the dipole, we can find RMP from the pres-

sure balance equation:

(fBe)
2

2µ0

(
Rp

RMP

)6

= mHnV 2 (1)

where Be is the surface field at the magnetic equator, µ0 is the permeability of free space,

Rp is the body radius, mH is the mass of a hydrogen ion, n is the solar wind density,

V is the solar wind speed, and f is a geometric factor that takes into account the com-

pression of the internal magnetic field by the wind, and can take values between 2-3 (Parker, 1968).

At the asteroid belt, we have n = 2 cm−3 and V = 400 km s−1. Using the an equa-

torial surface field of 19,000 nT, representing a metal asteroid uniformly magnetized by

the strongest conceivable magnetization, we obtain RMP = ∼10.0-11.5Rp ∼1,130 - 1,300

km. However, since a Psyche-type likely contains non-uniform remanent magnetization,

the equatorial surface field associated with its dipole moment would be at most 1,900

nT. Since higher-order magnetic moments fall off faster than that of a dipole with dis-

tance from the body, it is the dipole moment that would predominantly control the mag-

netopause distance. In this case we would get a day-side magnetopause distance of RMP =∼

4.7− 5.4 Rp.

Eq. (1) has limited validity when the size of the magnetosphere is comparable to

the gyroradius of solar wind protons. A more realistic estimation of the magnetosphere

size and three-dimensional (3D) shape can be obtained by simulating the interaction of
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the body with the solar wind. With this goal, we implemented an asteroid magnetosphere

model using HYB, a 3D hybrid fluid-particle plasma code (Kallio & Janhunen, 2003) that

solves the equations of motion for protons and the magnetohydrodynamic (MHD) equa-

tions for electrons (Section S4).

S2. Derivation of field line curvature in a dipole field

Dipolar magnetic field lines can be described by the field line equation (Gombosi, 2004):

r(λ) = LRp cos
2 λ, (2)

where L is a dimensionless parameter that measures the distance at which the field line

crosses the equator normalized by Rp, and λ is the latitude, measured from the magnetic

equator. The radius of curvature for a parametrized curve r=r(λ) given in polar coor-

dinates is defined as:

Rc =
(r2 + r′2)

3
2

|r2 + 2r′2 − rr′′|
(3)

where r′ and r′′ are the first and second derivatives of r with respect to λ, respectively.

Taking the derivatives of the curve given by Eq. (2) and substituting them into Eq. (3),

we get:

Rc = LRp cosλ
4− 3 cos2 λ

6− 3 cos2 λ
. (4)

The radius of curvature of a dipole field line is smallest at the magnetic equator (λ =

0◦), where it takes the value of:

Rc =
LR

3
(5)

S3. The effects of the co-rotation electric field on trapped particles

The rotation of a magnetized planetary body induces the so-called co-rotational

electric field, E, given by (Gombosi, 2004):

E =
ΩRpBe

L2
r̂, (6)

where Ω is body’s angular rotation speed and E is directed along the radial direction,

r̂. In the equatorial plane, the co-rotational electric field is perpendicular to the the mag-

netic field, which points in the z direction. This induces an azimuthal drift on trapped

particles, with a drift velocity of:

vEB =
E×B

B2
(7)
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Table S1. Magnetospheric properties of magnetized bodies

Object Radius Dipole Surface field RMP Observed

moment at equator (Planetary trapping

(km) (Am2) (nT) radii )

Mercury 2,438 4× 1019 140-400 1.5 Partial

Earth 6,371 7.84× 1022 31,000 10 Yes

Jupiter 71,492 1.55× 1027 428,000 70 Yes

Saturn 60,268 4.6× 1025 22,000 20 Yes

Uranus 25,559 3.9× 1024 23,000 18 Yes

Neptune 24,764 2.2× 1024 14,000 24 Yes

Ganymede 2,634 1.32× 1020 720 1.6 Partial

Metal asteroid (upper limit) 113 2.7× 1016 19,000 9 –

SIMP0136 87,105 7.3× 1029 110,000,000 – –

Note: The first column lists the body’s name, the second column lists the mean or effective

radius (see below), the third column lists the magnetic dipole moment, the fourth column lists

the equatorial surface field, the fifth column lists the approximate distance of the dayside mag-

netopause (estimated or observed, see below), and the sixth column lists whether the body has

radiation belts (if observations are available). Radii for solar system bodies are taken from Lod-

ders & Fegley (1998). Radii of the terrestrial bodies represent mean values, while for the giant

planets they rare taken at 1 bar level at the equator. The upper limit metal-rich asteroid radius

is based on the shape model of (16) Psyche (Shepard et al., 2017) and represents the effective

radius of a sphere with the same volume as the shape model. The radius of SIMP0136 is taken

from Gagne et al. (2017). The magnetic moments of the planets and Ganymede are from Tholen

et al. (2002). The magnetic moment of the metal-rich asteroid is an upper limit (Section 2). The

magnetic moment of SIMP0136 is based on the minimum average surface field (Kao et al., 2018).

Surface fields and magnetopause distances for the planets and Ganymede are taken from Kivelson

et al. (2007) and calculated in Section S1 for the asteroid using solar wind conditions expected

for the asteroid belt. The magnetopause distance for SIMP0136 is not known since it depends on

the plasma flow in its environment. The existence of radiation belts around Earth and the giant

planets in the solar system is well-established (Kivelson & Russell, 1995; Russell et al., 2016).

The detection of partial trapping is based on Ho et al. (2016) for Mercury, and on Eviatar et al.

(2000) for Ganymede.
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Figure S1. Comparison of drift speeds due to the co-rotational electric field and due

to the gradient-curvature drift. (a) The ratio between the two drift speeds as a function

of body rotation and particle energy, assuming a body the size of Psyche and the upper

limit surface field derived in Section 2 in the main text. (b) The ratio between the two

speeds as a function of particle energy, for the case of the Earth and for the case of a

body the size of Psyche with a maximal surface field.

This drift can affect radiation belt particles, which are generally moving azimuthally un-

der the gradient curvature drift motion. If the co-rotational drift speed is comparable

or larger than the gradient-curvature drift speed, the drift shells may not be symmet-

ric and particles could escape the drift shells. The gradient curvature drift velocity is given

by:

vGC =
m

q

v2|| +
1
2v

2
⊥

B

B×∇B

B2
. (8)

where v|| and v⊥ are the particle’s velocity components parallel and perpendicular to the

magnetic field, m is the particle mass, and q is the charge. The relative importance of

the two types of drift motion depend on the body’s size and rotation rate, since these

increase the co-rotational electric field drift but not the gradient-curvature drift. We plot

the ratio of the two speeds in Fig. S1 for different bodies, showing that for bodies the

size of Psyche the effects of the co-rotational electric field would be negligible for par-

ticles with energies above 1 keV, even if the body is a very fast rotator.
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S4. Method: Hybrid simulations of the interaction of a small magnetized
body with the solar wind

The HYB code (Kallio & Janhunen, 2003) is designed to efficiently simulate plas-

mas where the proton and electron dynamics occur on disparate scales compared to the

scale of the problem. For asteroid magnetospheres, the proton gyroradius is compara-

ble to the size of the body, requiring us to resolve their motion in detail. Electrons, on

the other hand, would have much smaller gyroradii, so their dynamics may be approx-

imated collectively using a fluid description of the plasma. Hybrid plasma codes enable

the combination of the two descriptions in a self-consistent manner. The proton equa-

tion of motion is solved for macro particles, which statistically represent the phase-space

distribution function. The MHD equations are solved for the electrons while requiring

quasi-neutrality. Coupling the relative motion of electrons and protons to Maxwell’s equa-

tions allows for a self-consistent evolution of the electromagnetic field and the charged

particles. Details about the equations and numerical methods used by the HYB code are

described at length in Kallio Janhunen (2003).

The HYB code describes the 3D interaction. Hybrid simulations of asteroids, both

in 2D and 3D, were previously performed to describe the interaction of asteroids with

the solar wind (Omidi et al., 2002; Simon et al., 2006), although they considered the body

to be non-magnetized. Fatemi & Poppe (2018) simulated the interaction with a Psyche-

like asteroid, assuming it was either resistive and magnetized or highly conducting but

not magnetized. In the present implementation, Psyche is both magnetized and ideally

conducting with zero resistivity inside the body.

To apply the HYB code to an asteroid magnetosphere, we designed a model where

the body is treated as a spherical ideal conductor and embedded a dipole field config-

uration at its center.

Grid design and boundary conditions. The hybrid simulations were performed

using a Cartesian 3D grid with a cell dimension dx = Rp/4. The x axis points in the

direction of the Sun, such that the solar wind flows in the −x direction. The z axis is

perpendicular to the orbital place of the asteroid. The dipole axis points in the z direc-

tion. The y axis completes a right-handed system. For the simulation with Md = 2×

1017 Am2, the computational domain limits are [−16, 20]Rp, [−16, 16]Rp, and [−16, 16]Rp

along the x, y, and z directions, respectively. The extended range in the +x is designed
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to allow the dayside magnetopause to be far from the outer boundary, allowing it to in-

teract with the solar wind. For the simulation with the lower moment of Md = 2×1016

Am2, the box size was reduced to save on computational time, with [−10, 12]Rp , [−10, 10]Rp,

and [−10, 10]Rp along the x, y, and z directions, respectively.

The outer boundary conditions are outflow from all boundaries, except the bound-

ary at the +x side of the simulation domain, which is set with inflow boundary condi-

tions with the solar wind properties (Section S1), flowing in the −x direction and car-

rying a magnetic field in the +z direction.

Initial conditions. The initial condition is a uniform plasma with properties rep-

resenting the solar wind at the asteroid belt (listed in Section S1) and a magnetic field

determined by the dipole moment. The initial bulk speed of the wind is zero, except at

the +x boundary. Each cell is initialized with 10 macroparticles representing the pro-

tons and a uniform electron fluid, which are initially in thermal equilibrium. We used

10 macroparticles per computational cell. This number is slightly lower than the 15 macropar-

ticles used in Kallio et al. (2003) to simulate Mercury’s magnetosphere. We found that

increasing the number of macroparticles increases computational cost without produc-

ing a significant change in the results, at least for these steady-state simulations. This

uniform initial population is used to ensure there are no cells with no particles in the do-

main, to avoid division by zero when calculating the electron speed and to ensure that

the Courant condition will hold from the first time step (Dyadechkin et al., 2013). The

initial uniform plasma is washed out as the simulation progresses. The solar wind sweeps

through the dipole field, compresses it in the upstream (day) side and stretching it in

the downstream (night) side. We allow the simulation to evolve until a steady state is

reached. For the simulation with Md = 2×1017 Am2, this was achieved after 20 s, while

for the smaller magnetosphere a steady state was achieved after 8 s.

Model accuracy and limitations. The model of a magnetized asteroid using

a 3D hybrid formulation is similar to that used by Fatemi & Poppe (2018), who simu-

lated a magnetized Psyche. In the present case, however, the body is an ideal conduc-

tor while in Fatemi & Poppe (2018) the magnetized body was assumed to be resistive.

In addition, the dipole moments chosen here, based on estimations from iron meteorite

magnetization, are higher and therefore give a larger magnetopause distance. To vali-

date the model, we simulated other cases to match the choices in Fatemi & Poppe (2018)
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and verified that the HYB model gives similar results of all published parameters. We

note that for the magnetized cases in Fatemi & Poppe (2018), the authors reported a

population of trapped particles in the night side. The energies of this population were

not reported, but since the initial energies used in Fatemi & Poppe (2018) were < 10 eV

and the simulations lasted less than 30 s, it is highly unlikely this is evidence of ener-

getic radiation belts. In addition, the length of the simulation limits the ability to de-

duce whether these particles would perform full drift motions around the body, especially

given that there is no corresponding feature in the dayside. The hybrid simulations in

the current work were of lower resolution than Fatemi and Poppe (2018) and did not re-

produce a similar feature. However, the goal here is to estimate the magnetopause dis-

tance, and to check how it compares to that calculated from simple pressure balance, given

the finite gyroradius of protons in the solar wind.

S5. Single particle simulations

S5.1. Numerical solver

For the purposes of validating the trapping criteria and the limit of chaotic mo-

tion in a static dipole field, we directly calculated the trajectories of charged particle mo-

tion in a magnetic field by integrating the equation of motion under the relativistic Lorentz

force:
d(γm0v)

dt
= qv ×B (9)

where γ is the Lorentz factor, t is the time, and m0 is the particle rest mass. This equa-

tion is applicable to an arbitrary field configuration and makes no a-priori assumptions

about adiabaticity. Note that because we assume a static dipole field, there are no elec-

tric fields operating on the particles in these simulations. However, this does not affect

the generality of our results, as we seek to examine trapping and not particle acceler-

ation.

For a body with dipole moment, Md, and radius, Rp, the field at every location is

given by:

B(x, y, z) =
µ0

4π
Md

(
3xz

r5
x̂+

3yz

r5
ŷ +

3z2 − r2

r5
ẑ

)
. (10)

where x, y, and z Cartesian coordinates, where the z axis is aligned with the dipole axis,

and r is the radial distance. The specification of the magnetic field using a functional

form allows us to simulate the particle trajectory by direct integration of Eq. (9) using
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an implicit Runge-Kutta TR-BDF2 solver (Hosea & Shampine, 1996) provided as a stan-

dard library in MATLAB. We set the relative tolerance to 10−12 and the absolute tol-

erance to 10−14.

The differential equation solver can accumulate numerical errors for large integra-

tion intervals. To reduce this effect, we solve for short segments of the motion with time

intervals tint=0.01-0.1 τb, where τb is the bounce period. Each segment is initialized with

the last location and velocity of the particle in the end of the previous segment. While

it is customary in particle simulations to treat the gyration period as the fundamental

time scale, we worked with segments of the bounce motion instead in order to have bet-

ter control over the integration along the field line. Each segment solved by the Runge-

Kutta solver is integrated with an adaptive time step. Because we are ultimately inter-

ested in measuring the temporal evolution of the equatorial pitch angle, we wish to have

sufficient points of integration near the magnetic equator. We then use those points to

interpolate the value exactly at the equator. We found that this temporal resolution suf-

ficiently reduced numerical errors in the energy, with relative errors < 10−11−10−13).

S5.2. Solver Accuracy

We tested the accuracy of the solver in several ways. First, we measure the total

kinetic energy and the magnitude of the velocity throughout each simulation. Since there

are no electric fields, this quantity should be conserved. We ensured the error in these

quantities, relative to the initial value, were below 10−11 at the end of the simulation

of each particle. Second, we simulated particle trajectories in a uniform field and mea-

sured the resulting gyroradius. We found that the gyroradius was consistent with the

theoretical value, with the deviation from the theoretical value negligibly small. Next,

we tested the motion of particles in a magnetic bottle, and compared their bounce pe-

riod to theoretical values. Finally, for the simulations discussed in the main text where

the limit of regular motion is sought for particles in a dipole field, we first ensured that

we obtained the expected results in terms of gyration, bounce, and drift periods when

simulating a particle trajectory in a large planet with a large field, where the motion is

adiabatic. This increases confidence in our results for non-adiabatic and chaotic parti-

cles, at least for the beginning of the dynamics.
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Figure S2. Variation of the equatorial pitch angle for particle with initial pitch angle

εeq,0=25◦ for different magnetic moments, Md. Particle 1, 2, and 3 all have an energy

of 1 MeV and launched from the magnetic equator at L = 2, with velocities slightly ro-

tated from each other as described in the main text. Trajectories that terminate indicate

particle loss has occurred.

S5.3. Detailed simulations results

Figs. S2-S6 show the variation over time of the equatorial pitch angle, εeq for the

particle simulations summarized in Fig. 3c, and exploring the transition from adiabatic

to chaotic motion. Each panel in each figure corresponds to a triplet of neighbouring tra-

jectories, as explained in the main text. In some case, the trajectories do not diverge,

and the curved overlap. Each figure is dedicated to a single value of αeq,0, ranging from

25◦ to 90◦. The magnetic moment increases from the top to the bottom panel, in the

same order as they appear in the aggregated results in Fig. 3c.
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Figure S3. Same as Fig. S2, but for εeq,0 = 45◦
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Figure S4. Same as Fig. S2, but for εeq,0 = 65◦
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