()

Check for

ADVANCIN updates
EARTH ANu
V| \u U SPACE SCIENCE

JGR Space Physics -

RESEARCH ARTICLE
10.1029/2020JA027827

Key Points:

« We express bounce and drift periods
of particles trapped in magnetic
field in terms of integrals dependent
only on field geometry

« We present numerical calculation
of these integrals for the Jovian and
Kronian magnetodisks in the inner
and middle magnetosphere

« We derive analytical
approximations for the bounce
and drift periods for Jupiter and
Saturn, more accurate than the
dipole expressions

Correspondence to:
P. Guio,
p.guio@ucl.ac.uk

Citation:

Guio, P, Staniland, N. R., Achilleos,
N., & Arridge, C. S. (2020). Trapped
particle motion in magnetodisk fields.
Journal of Geophysical Research: Space
Physics, 125, €2020JA027827. https://
doi.org/10.1029/2020JA027827

Received 17 JAN 2020
Accepted 29 APR 2020
Accepted article online 13 MAY 2020

©2020. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction in
any medium, provided the original
work is properly cited.

Trapped Particle Motion in Magnetodisk Fields

P. Guio»?3” N. R. Staniland'*"*/, N. Achilleos'*"”’, and C. S. Arridge®

IDepartment of Physics and Astronomy, University College London (UCL), London, UK, 2Department of Physics and
Technology, Arctic University of Norway, Tromse, Norway, 3Centre for Planetary Science, UCL/Birkbeck, London, UK,
4Space and Atmospheric Physics Group, Blackett Laboratory, Imperial College London, London, UK, SLancaster
University, Lancaster, UK

Abstract The spatial and temporal characterization of trapped charged particle trajectories

in magnetospheres has been extensively studied in dipole magnetic field structures. Such studies

have allowed the calculation of spatial quantities, such as equatorial loss cone size as a function of
radial distance, the location of the mirror points along particular field lines (L-shells) as a function

of the particle's equatorial pitch angle, and temporal quantities such as the bounce period and

drift period as a function of the radial distance and the particle's pitch angle at the equator. In this
study, we present analogous calculations for the disk-like field structure associated with the

giant rotation-dominated magnetospheres of Jupiter and Saturn as described by the University

College London/Achilleos-Guio-Arridge (UCL/AGA) magnetodisk model. We discuss the effect of the
magnetodisk field on various particle parameters and make a comparison with the analogous motion in a
dipole field. The bounce period in a magnetodisk field is in general smaller the larger the equatorial
distance and pitch angle, by a factor as large as ~8 for Jupiter and ~2.5 for Saturn. Similarly, the drift
period is generally smaller, by a factor as large as ~ 2.2 for equatorial distances ~20-24 Ry at Jupiter and
~1.5 for equatorial distances ~7-11 Rg at Saturn.

1. Introduction

The Earth's internal magnetic field is, to a good approximation, dipolar, and charged particles in the mag-
netosphere can remain trapped in this field, according to their kinetic energy, pitch angle, and equatorial
distance. The motion of a trapped particle is characterized by three independent timescales. From fast to
slow, these are the cyclotron (gyration) period, the meridional bouncing period, and the azimuthal drift
period. Since the discovery of charged particles trapped in the Earth's magnetic field (Van Allen et al., 1959),
such dynamics for a dipolar field have been extensively studied (e.g., Hamlin et al., 1961; Lew, 1961; Roed-
erer & Zhang, 2014; Walt, 2005) and widely applied to, for example, the dynamics of high-energy electron
and proton populations in the van Allen radiation belts.

At the gas giant planets, Jupiter and Saturn, the magnetic field deviates substantially from a dipole con-
figuration because of the internal source of plasma provided by the moons Io and Enceladus, respectively,
and the fast planetary rotation period (~10 hr). The magnetic field is stretched into a disk-like structure
near the equator where centrifugal force is largest. This structure is often referred to as a magnetodisk (e.g.,
Gledhill, 1967; Kivelson, 2015). The characteristics of trapped charged particle dynamics in Saturn's inner
magnetosphere have been studied using an approximate dipolar field (Thomsen & Van Allen, 1980). Later,
Birmingham (1982) used the models of Connerney et al. (1981a, 1981b) of the Jovian and Kronian magneto-
spheric magnetic field based on Voyager magnetometer observations to analyze charged particle motion in
the guiding center approximation. More recently, various studies involving charged particle dynamics such
as ring current modeling (Brandt et al., 1981a; Carbary et al., 2009), energetic neutral atom (ENA) dynam-
ics (Carbary & Mitchell, 2014), energetic particle injection dynamics (Mauk et al., 2005; Paranicas et al.,
2007;2010), and weathering process by charged particle bombardment (Nordheim et al., 2017, 2018), rely on
these kinds of calculations assuming the dipolar approximation provided by Thomsen and Van Allen (1980).
A notable exception is the study of Roussos et al. (2013) who compared energetic electron microsignature
drifts observed by Cassini at Saturn with their model for bounce-averaged magnetic drift based on three
different nondipolar magnetic field models of Saturn. However, observations show that the magnetic field
increasingly deviates from a dipole field when moving out from the inner to the middle magnetosphere.
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Here we present the calculation of motion parameters of trapped particles for a more realistic model of the
field in the inner and middle magnetospheric regions.

For time variations of the magnetic field that are slow compared to the corresponding timescale of each type
of motion, an adiabatic invariant is defined (Oztiirk, 2012). The first invariant, up, is associated with the
cyclotron motion of the particle and expresses the conservation of the magnetic flux enclosed by the particle's
gyromotion with cyclotron angular frequency Q, = gB/m, where g and m are the charge and mass of the
particle. In the more general relativistic case the mass m is replaced by the relativistic mass ym,, where y is
the Lorentz factor y = 1/4/1 — 2 and p is the ratio v/c of the particle speed v to the speed of light in vacuum
c and m,, the particle's rest mass. We will from now on consider the relativistic case for the sake of generality.
The second invariant, J, is associated with the meridional component of motion along the magnetic field
between the two mirror points in each hemisphere and implies that the particle moves so as to preserve
the length of the particle trajectory between the two mirror points, even in the presence of electric fields or
slow time-dependent fields compared to the bouncing period. The third invariant, @, is associated with the
particle's azimuthal drift around the magnetized planet, and it represents the conservation of the magnetic
flux encompassed by the guiding drift path (or drift shell) of a particle for magnetospheric changes slow
compared to the drift period. For more details on the adiabatic invariants see, for instance, Northrop and
Birmingham (1982), Oztiirk (2012), and Roederer and Zhang (2014).

Conservation of the first adiabatic invariant u,, defined as the magnetic moment of the current I generated
by the charged particle moving on its circular path, I = qQ,/(2x), with velocity v, , and therefore gyroradius

re=v./ || = ymov /(la1 B),

2
_rmevy

= , 1
Hp 2B (€Y

implies that the quantity sin?a/B, where «a is the pitch angle of the particle with respect to the magnetic
field, remains constant. As a consequence the pitch angle becomes larger for more intense magnetic field.

In the guiding center approximation, where the particle's geometric center of the gyration motion moves
along the magnetic field line, the mirror point magnetic latitude, 4, is defined implicitly through the expres-
sion of the magnetic field at the mirror point, B,, = B(r,,, 4,,), that s, the location where the particle bounces
back (reverses its velocity component parallel to the guiding field line)
B
) _ Teq

sin“a.q = Z 2)
where a,, is the pitch angle of the particle at its equatorial location, with radial distance R
field Boq = B(R¢q, 4 = 0).

- and magnetic
eq’

For a dipole field in the guiding center approximation, A,, depends solely on a., and is the solution of the

equation (Hamlin et al., 1961)
6 22 s 2,
oS’ Ay, —sin“aqy/1+ 3sin“4, = 0. 3)

The bounce period 7,, and the bounce-averaged azimuthal drift period z,, related to the second and third
adiabatic invariants, respectively, are then expressed as integrals of the motion of the guiding center particle
along the field line (Baumjohann & Treumann, 1996)

A
™ ds dA
=4 & 4
i /0 iy, @
2
T, = fbrb, (5)

where ds is an arc element along the guiding field line, v is the particle’s velocity component along the
magnetic field line, and the change of longitude A¢ during one bounce period 7, is given by the following:

Am
Ap=4 / Yo dsdi (6)
0

rcos/lav_”’
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where r is the radial distance to the particle and the magnetic drift velocity v, is the sum of curvature drift
(v.) and gradient drift (v,) velocities; that is,

Vp =V + V. (7)

For a particle moving in an inhomogeneous magnetic field, keeping only the first-order term VB in the Taylor
expansion of B about the guiding center of the particle’s motion, inserting in Newton's law, and averaging
over a gyroperiod leads to the following expression for the magnetic gradient drift velocity (Baumjohann &
Treumann, 1996)

, _ ™MVl BxVB

8
e ®)

where v, is perpendicular to both B and VB. Note that retaining only the first-order term VB in the Taylor
expansion of B about the guiding center requires the particle’s motion to be helical in the smallest scale and
that the magnetic field does not change significantly within a gyroradius, that is, that r, < B/VB.

Similarly in a curved magnetic field, the guiding center of a particle will effectively experience a centrifugal

force, associated with field-aligned component of motion, leading to a general force drift with velocity
YmeVi R, x B

V.=

¢ q R’B

; ©

where R, is the radius of curvature vector of the guiding center trajectory; thatis, R, points from the center of
curvature to the field line. Similarly to the calculation of the magnetic gradient drift velocity, this expression
requires the radius of curvature to be much larger that the gyroradius, that is, that Ig /R, < 1.

Thus, the longitudinal change A¢ during one bounce period 7, can be split into two contributions, curvature
(A¢,) and magnetic gradient (A¢,) components

Ap = Ad, + Agh,. (10)

Note that in the case of a curl-free field, that is, in absence of any currents, such as a pure dipole field, the
radius of curvature R, is antiparallel to VB (i.e., R,/R.2 = -V, B/B), and v, reduces to

2
YoV Bx VB
VC =
q B3

; (1D

but in the general case equation (9) has to be considered to compute v,.

2. Generalized Formulation of Particle Motion

For a parametrization of the magnetic field line in polar coordinates, r(4) (where r is the radial distance from
the planet center and A the magnetic latitude), the element of arc length ds along any magnetic field line is
given by ds? = dr? + r2d A and by definition:

dr B

Thus,

B2 %
g—i = r(,1)<1 + B—E) . (13)

A

For a pure magnetic motion, where only magnetic field B exerts a force perpendicular to v, the total kinetic
energy is conserved. Assuming the adiabatic invariant yj is also conserved, we can write the velocity com-
ponents of the particle, parallel (v) and perpendicular (v, ) to the field, as a function of the constant total
velocity v and the values of the magnetic field at the position of the particle, B, and at the mirror point, B,;:

yy =v<1—B£>E, (14)

m
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v, = v<B—m> . (15)
The bouncing period 7, can be rewritten as
4R, R
7, = ;1 20 (Regs g (16)
with the dimensionless function ® defined as
Am [ 1+ B?/B? :
_ (BB
(0] (Req, aeq) - Req /(; < 1_ B/Bm ) (A)da, 17)

where # = r/R; and f%eq = R.q/Rp are lengths normalized to the planetary radius Ry. For a purely dipolar
field, f%eq corresponds to the value of the classical McIlwain L parameter or L-shell; that is, R is the equato-
rial (maximum) radial distance to which field lines on the L-shell extend. It is worth noting that ® depends
solely on the values of the magnetic field along the field line.

Also along any field line parameterized in polar coordinates r(4), the radius of curvature vector R, is

given by

R @ + (dr/dA)?) .
© T r2 4+ 2(dr/dA)? — rd?r/da?|

(18)

where n is the unit normal vector, lying orthogonal to B in the plane of the field line, and the second-order
derivative d?r/d 42 can be expressed as a function of B,, B, and their first-order derivatives with respect to
using equation (12). Finally, the curvature « is defined as the inverse of the norm of R, k = 1/R,.

In a similar way to the bouncing period, the bounce-averaged longitudinal drift period z; can be
rewritten as
27qBpR2 @ (Reg, agq)

Ty = — , (19)
CT 3Regrmgn? T (Ryg. gy

with the dimensionless function I" defined as the sum
=T, +T,, (20)

where I'. and I', correspond, respectively, to the contributions from the curvature, and gradient drift

motions:
2 2\ 3 L
1 m B; K B \2 di
R, a,)=— 1+—) X(1-=2) —=, 21
c( eq aeq) B2 /0 < BZ> B( Bm> 3cos 4 @D

eq A

I

I, (R =

g (22)

1
2 2 2
.) 1 //lm13YV,119—13,1V,19<1+Br/B’,1)2 di
eq> Yeq o

jggq BB, 1-B/B, | 6cosi

where B = B/B;, and B,, = B,, /B, are normalized field strength relative to the field at the planetary surface
equator By, and V, and V, are gradient components in polar coordinates. It is worth noting that I"/® depends
on the values of the magnetic field components along the field line and also on their steepness across the
field line (through the field gradient terms) and the shape of the field line (through the field curvature).

In the case of a dipole field, both bounce and bounce-averaged drift periods have been approximated by
various analytic expressions. Among the most commonly used are (Baumjohann & Treumann, 1996; Hamlin
etal., 1961)

4LR ]
7= — £ (1.30 - 0.56sina,,) , (23)
27qBpR2
pd o 20T L 24)
47 3Lymgy? 0.35+ 0.15sin aq
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where the dimensionless functions, ® in equation (16) and I'/® in equation (19), are approximated by
first-order polynomials in sin a,,, and f?eq has been replaced by the dipole L-shell value.

We developed a numerical framework to compute the functions @ (R, @,y ) and T (R, @, ) for any arbitrary

magnetic field structure and compute their best fit to bivariate polynomials in R, and sin a.g, in order to

provide approximate expressions similar to equations (23) and (24) for any arbitrary magnetic field.

eq’

3. Trapped Motion Properties in Jovian Magnetodisk

Our University College London/Achilleos-Guio-Arridge (UCL/AGA) magnetodisk model (Achilleos, Guio,
& Arridge, 2010) uses the formalism developed in Caudal (1986) to compute axisymmetric models of the
rotating Jovian and Kronian plasmadisks in which magnetic, centrifugal, and plasma pressure forces are
in equilibrium. The magnetodisk model computes by an iterative method the magnetic Euler potential «,
which contains all the information about the poloidal magnetic field of the axisymmetric magnetodisk and
is constant along the field lines. A correction is added to « at each iteration, starting from the Euler potential
of the initial (plasma free) dipole field. The correction decreases as the algorithm converges toward a solu-
tion and stops when the solution does not change more than a prescribed tolerance. Our model does not
account for current sheet distortion known as the warping (or hinging) of the magnetodisk structure when
the dipole magnetic equator is tilted with respect to the solar wind direction (Arridge et al., 2008). How-
ever, it is important to note in this context that transformation-based methods have been developed in the
literature, which allow axisymmetric “flat-magnetodisk” field models to be modified for purposes of model-
ing the fields of asymmetrically tilted/hinged current sheets (e.g., Arridge et al., 2008; Achilleos et al., 2014;
Sorba et al., 2018; Tsyganenko, 1998).

Here we use the output of our magnetic field model for a standard dayside Jovian disk configuration where
the subsolar magnetopause is located at Ry, = 90R), where Jupiter equatorial radius is R; = 71,492 km, and
with a hot ion population characterized by the index K;, = 3 x 107 Pam T~ (see Achilleos, Guio, & Arridge,
2010, for details). This index indicates the global level of hot plasma pressure in the outer magnetosphere
(product of hot plasma pressure and unit magnetic flux tube volume).

In Figure 1, we compare and quantify the difference in the geometry of the dipole and magnetodisk fields
in the inner and middle magnetosphere. In the upper panel, the Euler magnetic potential «, associated with
the poloidal field model, is color coded in cylindrical coordinates, and field lines (contours of constant «)
are labeled with an “equivalent dipole” L* parameter.

For the dipole field, the parameter L* is equal to the equatorial distance R, of the field line in R; units,
(i.e., the L-shell value). For the magnetodisk field, it is equal to the equatorial distance to which a pure
dipole field line, emanating from the same ionospheric foot point (at approximately the planet's surface, i.e.,
R = R)), as the labeled magnetodisk field line, would extend. Hence pure dipole and magnetodisk field lines
of equal equivalent dipole L* enclose equal magnetic flux. This definition is in complete agreement with the
definition of the L* invariant coordinate, a dimensionless quantity introduced first by Roederer (1970)

L 2BpR2

o
where @ is the magnetic flux encompassed by the guiding drift shell considered. Thus, since the UCL/AGA
magnetodisk and pure dipole field models are both centered and axisymmetric, the magnetic flux @, inte-
grated over the polar cap region bounded by a given ionospheric colatitude 6; can be used to specify a flux
shell of field lines, which extend from that colatitude to some characteristic equatorial distance Reg- If the
field were purely a centered dipole, we would have L* = R,. For a dipole-plus-disk field, we have L* < R,
where L* now corresponds to the equatorial distance of a pure dipole field line emanating from the same
colatitude 0, (and associated with the same bounded magnetic flux ®;, since, at the ionosphere, the cur-
rent sheet field is negligible compared to that of the planetary dipole see also Lejosne (2014), for instance,
Figure 1.

The lower left panel shows the equatorial distance R, (in units of R;) of the magnetic shell of field lines as
a function of the equivalent dipole L*, for the total range of the magnetodisk model output, for the dipole
(blue solid line) and the magnetodisk (green solid line). For the dipole field this simply corresponds to the
line with slope unity since L* = f?eq = L. For the magnetodisk we can see that the field lines remain to a
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Figure 1. Upper panels from left to right: the magnetic Euler potential , in logarithmic scale, for the initial dipole
field, and the magnetodisk field in the inner and middle magnetosphere of the standard Jovian disk calculated with the
UCL/AGA magnetodisk model as described in the text. Lower panel: magnetic shell mapping of the dipole and
magnetodisk field as described in the text, for the full equatorial range of the model output (left); and for the equatorial
subrange considered here to compute the bounce and drift integrals, and normalized to the dipole equivalent L*-shell
(right). Vertical dashed lines indicate inflection point for the magnetodisk (green curve).

good approximation dipolar for equatorial distances corresponding to L* < 4, that is, where the green line
does not significantly deviate from the blue line.

The lower right panel shows the equatorial distance R, of the magnetic shell normalized to the dipole
L-shell as function of the equivalent dipole L* for a range covering the inner and well into the Jovian middle
magnetosphere. We can see that the magnetodisk model field lines are stretched out from dipole configura-
tion by a factor as large as ~3.25 (right panel) and indicated by the green line deviating from and increasing
faster than the blue line (left panel). The last closed field line in the magnetodisk model output, at R., = 90R;,
corresponds (i.e., has same ionospheric anchor point) to the dipole field line with L* ~ 45.1. For R,y 2 30R;,
the field line stretching does not increase as rapidly, as seen by the inflection point at L* ~ 13.6 indicated as
a vertical dashed line in the panels. This behavior is an effect of the outer boundary imposed in the model
at the magnetopause within which the magnetic field is confined. For that reason we will only consider
equatorial distances R, < 30R;, well into the middle magnetosphere, and including the orbit of Ganymede
at ~15 Ry, to calculate the dimensionless functions ® and I'/® that characterize the particle's bounce and
bounce-averaged drift periods. This range of distances represents a regime of purer magnetodisk structure.
We aim to study the near magnetopause field topology in a future investigation.

The calculations of the functions in equations (17)-(20) were carried over the intervals 2-30 R; for Regs and
16-72° for aq. The minimum pitch angle value 16° corresponds to a particle mirroring at the planet's surface
(loss cone angle) while the maximum value corresponds to particles mirroring at latitudes <5°.

Figure 2 presents the latitude of the mirror points 4., defined in equation (2) and computed for the equatorial
range and for a wide range of pitch angle, for both the dipole and the magnetodisk fields, from the nominal
Jovian model described above (as seen in Figure 1). For equatorial distances <5 R;, the mirror point latitudes
for both dipole and magnetodisk fields are very similar, as could have been anticipated from the similarity
of the magnetic fields in Figure 1.
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[deg]
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Figure 2. From left to right, the latitude for mirror point 4., defined in equation (2) for the dipole field and the
magnetodisk as function of equatorial distance and pitch angle. Black lines correspond to isocontours of mirror point
latitudes 4, = 10°, 20°, 30°, and 40°.

For the dipole field, the left panel in Figure 2, the latitude of mirror point Afn does not depend on R, as
expected from equation (3). This is essentially a consequence of the self-similarity of dipole field lines of
different L. For the magnetodisk field (right panel), AT is decreasing substantially as R.q increases, reflecting
the stretching and confinement toward the equator of the field lines, due to the corresponding equatorial
confinement of the plasma (which carries current) due to centrifugal force. The small jump seen in A7 at
~7.6 R; is a minor artifact due to a discontinuity in the UCL/AGA magnetodisk model and corresponds to
the inner edge of the hot plasma distribution, clearly visible in the modeled azimuthal current density (see
for instance, Achilleos, Guio, & Arridge, 2010; Achilleos, Guio, Arridge, Sergis, et al., 2010; Achilleos, 2018).

Figures 3 and 4 present the dimensionless integrals ® and I'/® computed using equations (17) and (20)-(22),
mirror latitudes shown in Figure 2, and calculated for both the dipole and the magnetodisk magnetic fields.

For the dipole field (left panel in Figures 3 and 4), there is no dependency on R, for either quantity, as
expected from equations (23) and (24). Note how small the range of variations of these quantities for the
dipole are compared to the magnetodisk case; only the largest isocontour ® = 1 is seen in ®¢, while only
the smallest isocontour I'/® = 0.45 is seen in I'!/®4. For the magnetodisk case, on the other hand, note
how @™ (right panel in Figure 3), and thus the bounce period, drops for large values of both R, and a..

o4

70 11

65 1

60 0.9

55 038
07
0.6 6
05 ©

o 0.4 :

3 s 3
02
0.1

5 10 15 20 25 30
R [R]

eq J

oq Ldegl
[deg]

«@

Figure 3. From left to right, the dimensionless function ® characterizing the bounce period defined in equation (17), as
function of equatorial distance and pitch angle, for the dipole field and the magnetodisk. The same color range limit is
used to facilitate the comparison. Black lines correspond to isocontours of the same value of ®, separated by 0.25 units.
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Figure 4. Same figure as Figure 3 but for the dimensionless quantity I'/® characterizing the bounce-averaged drift
period defined in equation (17) and equations (20)—(22). Black lines correspond to isocontours of the same value of
I'/®, separated by 0.15 units.

Quantitatively, ®™ is smaller than ®¢ by a factor as large as ~8, and the average value for ®¢ /@™ is ~2.5 for
the data presented in Figure 3. This behavior is due to the strong decrease of 4,, with increasing R, reflecting
the equatorial confinement of the plasma. In the case of the magnetodisk integral '™ /®™ (right panel in
Figure 4), inversely proportional to the bounce-averaged drift period as seen equation (19), a sharp increase
can be noted for R, in the range 19-25 R; and for a4 2 50°. Quantitatively, the ratio '™ /@™ / (T4/d9) is as
large as ~2.2; therefore, the drift period for the magnetodisk is smaller than for the dipole by up to the same
factor. The average value of the factor '™ /®™ /(I'Y /&) for the data presented in Figure 4 is ~1.6. Note that
the dipole and magnetodisk drift shells of the same equivalent L* will enclose similar magnetic flux (as seen
previously in the discussion about magnetic shell mapping in relation to Figure 1). The differences in drift
period are the result of the different azimuthal drift velocities experienced by the particle due to different
guiding line geometry as can been seen from equations (7)-(9). The difference in the curvature and magnetic
gradient contributions is further discussed in section 6.

Similar to the jump in A7 in Figure 2, the jumps seen at ~7.6 R; on both ®™ and I'™/®™ (right panels in
Figures 3 and 4) are artifacts due to the discontinuity introduced by the inner edge of the modeled hot plasma
distribution. Note also the artifact visible mostly in @™ but also faintly in I'™ /@™ as a jump at large a.,
just above ~7.6 Ry and moving toward larger R, as a,, decreases. This artifact corresponds to the field line,
which is conjugate to the edge of the hot plasma distribution at the equator. One can also note a very faint
jump at ~5.5-6 Ry corresponding to the position of the Io torus. These features in the plasma model conspire
to create a total, superposed structure that retains a couple of distinctive sharp ledges in the profile of the
relevant integrals. These features can be further understood by examining the signature of this discontinuity,
seen as an arc about the equator at R,y ~ 7.6 Ry, in the magnetic field gradient VB/B and field curvature
maps in cylindrical coordinates, in, respectively, the middle left and right panels of Figure 11 in section 6.

4. Analytical Approximations of ® and I' /@

In order to provide realistic and practical formulations for magnetodisk studies, we also computed best fits
of our numerical results using bivariate polynomials in Req and sin a,, to account for the magnetodisk field
structure and thus obtain analytic approximation formulae similar to equations (23) and (24) for the bounce
and bounce-averaged drift periods of the Jovian magnetodisk studied here. We may express 7, and z; as

4R, Rp )
T, e\f P (Reg: teq) - (25)
2nqB R2
s ? 1 , (26)

3R qJ/mov Pr'/q) ( eq» Qe q)

where the estimates Py, and Py of the integrals ® and I'/® are bivariate polynomials of the form

(Reg» aeq) pr§ : (sina, )j. @27

Py
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Table 1
Best Fit Coefficients and Uncertainties for Both ®3 and T4 /@9 Derived for the Dipole Field
Simulation Seen in the Left Panels of Figures 3 and 4

X iy y R? x 100 RMSE
Req € 2-30R;

ol 1.27 (6 - 107°) —0.54 (9 -107°) 99.9 0.0035

rd/@d 0.35(8-107°) 0.15 (1-107%) 100.0 0.00045

Note. Also shown are the value of R?, the coefficient of multiple determination, and
RMSE, the root-mean-square residual (see text). The indicated equatorial range R is
the one used for the fitting.

The fitting was first validated for the dipole field seen in the left panel of Figure 1. The fitted coefficients py,
and p,, of equation (27) for the estimates Pga and Pra qq 0f the functions are summarized in Table 1, together
with their uncertainties in parentheses and a measure of the goodness of fit. The polynomial coefficients for
both the approximations are in very good agreement with the ones given by equations (23) and (24). The
coefficient of multiple determination R?, defined by equation 1 in Kvélseth (1985), is a measure of goodness
of fit for regression models. It can be interpreted as the proportion of the total variance in the model (i.e.,
the polynomial fits) that is able to explain the variance in the functions. For the dipole we can see that more
than 99.9% of the fitted model reproduces the functional values.

The fitting was then carried out for the magnetodisk field in the upper right panel of Figure 1. We started by
limiting our investigation to bivariate polynomials of degree two (linear combination of the six monomials
forming its basis) and considering the yet unused four monomials, that is, the linear term Req, the bilinear
term Req sin a.q, and the second-order terms sinzozeq and Rﬁq. We found that the third most significant term
in the expansion is the bilinear term Req sin a4 with coefficient p;;. The contributions of the other terms are
much smaller and do not improve significantly the goodness of fit parameters (see the discussion regarding

R? and root-mean-square error [RMSE] as in Tables 1 and 2 below).

The fitted coefficients pyy, po;» and p;; for the estimates Pym and Prm jqm Of the functions are summarized
in Table 2 for two different ranges in R, and are now discussed further.

We can see that the estimate for @™ performs very well for both ranges of R, as indicated by the high 95%
and 98% values of R?, and the small 6% and 3% values of the residual RMSE. The values for the coefficients
Dpy's are consistent between the two ranges. The estimate for '™ /@™, on the other hand, does not perform
as well for the large range 2-30 R;. This can be understood by the structure of '™ /®™, which exhibits a
peak around 20 R; toward large pitch angles. This structure cannot be accounted for with a polynomial of
degree 2, and this result is further confirmed by the good fit achieved for the subrange 2-22 R; where the
peak structure is cut away.

We continued our investigation to improve the fit for ' /®™ over the wider equatorial range R, = 2-30
R; and considered all the terms in a bivariate polynomial of degree 3, that is, 10 terms, and investigated the
polynomials with an extra fourth term. We found that the fourth most significant term in the expansion

Table 2

Same Table as Table 1 but for the Magnetodisk Field Simulation Seen in the Right Panels of Figures

3and 4

X ) ju ju R®x100  RMSE
Req € 2-30R;

oM 1.15(1-1073) -0.29 (2-1073) —0.04 (6 -107°) 95.0 0.065

rm/om 0.55(3-1073) —0.07 (4-1073) 0.02(1-107%) 435 0.14
Req € 2-22R;

Pm 1.22(7-107%) —0.28 (1-1073) —0.05(5-107%) 98.4 0.033

rm/@m 0.45(1-1073) -0.19 (2-1073) 0.05(8-107°) 93.1 0.053
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Table 3
Same Table as Table 2 but for a Polynomial Fit of Degree 3 With the Four Best Coefficients for '™ /®™

X jS ) jus j2 R>x100  RMSE
Req € 2-30R;
rm/em  0.55(2-1073)  —0.55(4-1073)  0.10(4-107%)  —2.54-1073(1-107°) 73.4 0.099

improving the coefficient of multiple determination is the term Req2 sin . with coefficient p,,. The resulting
coefficients for the fit of I'™ /®™ are given in Table 3. The fourth coefficient p,, increases substantially the
value of the coefficient of multiple determination R* from a value of 43.5% to 73.4% and decreases by the
same factor the RMSE residuals.

The coefficients in Tables 2 and 3, together with equations (25) and (26), provide new approximate formulae,
valid well into the typical Jovian middle magnetosphere and including the orbit of Ganymede, for the bounce
and bounce-averaged drift periods.

For a charged particle of mass m and velocity v, or equivalently with kinetic energy E and rest energy E, =
mc?, we write the bouncing period TZUP at Jupiter, in a manner similar to Thomsen and Van Allen (1980),
and in units of seconds, as

E+E,

VEE + 2E,)

J 2 . P .
7P ~0.954 Req (1.15 - 0.29sin @y — 0.04R,, sin ey ) , (28)

where we substituted v by fc in equation (25) and used the identity p = |/E (E + 2E,)/ (E + E, ). Note
that the leading constant in equation (28) is in seconds, the kinetic and rest energies, E and E, have to be
in the same units, and the other terms in parentheses are dimensionless. A note of caution is issued here
when using this approximation, as the value of the polynomial in parentheses might become negative for
sufficiently large equatorial distance R,, and large pitch angle a,g, a clear limitation of the approximation.

It is therefore important to apply the formula within its described region of validity in (Req, aeq) space.

Similarly, the bounce-averaged drift period rjiuP in hour units is

Jup E+ EO |Z|
%~ 127267 —2 %
d E(E +2Ey) R, (29)

. B o -3p2 o -1
(0.55 — 0558in agq + 0.10R, sin arq — 2.54 - 10 R, sin Ueg)™ s

where we substituted ymyv? in equation (26), using the identity ymgv? = E (E + 2E,) / (E + E, ), and where
Z = q/e is the charge number, for example, Z = —1 for electrons (drifting westward in the frame of the
rotating planet), and Z = 1 for protons (drifting eastward in the frame of the rotating planet). Note that the
leading constant in equation (29) is in hour MeV, and the kinetic and rest energies, E and E, have to be
expressed in MeV in this case. The strength of Jupiter's equatorial magnetic field used is By = 428,000 nT.

As pointed out in section 1, studies that involve charged particle dynamics calculation such as ring current
modeling (Brandt et al., 2008; Carbary et al., 2009), ENA dynamics (Carbary & Mitchell, 2014), energetic
particle injection dynamics (Mauk et al., 2005; Paranicas et al., 2007, 2010), and weathering processes by
charged particle bombardment (Nordheim et al., 2017, 2018) would definitely benefit from the expressions
for the bounce and drift period presented here, since they reflect the significant influence of more realistic
nondipolar field structure.

It is also important to note that fZeq denotes the true equatorial distance in the magnetodisk normalized to
R; and can be mapped to the equivalent dipole L*-shell as shown in the lower panels of Figure 1.

5. Trapped Motion Properties in Kronian Magnetodisk

Here we use the output of our magnetic field model for a standard Kronian disk configuration where the
magnetopause is located at Ry, = 25Rg, where Saturn equatorial radius is Ry = 60,268 km, and with a
hot ion population characterized by the index K;, = 2 x 10° Pa m T~! (Achilleos, Guio, & Arridge, 2010).
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Figure 5. Same figure panels as in Figure 1 for the standard Kronian disk calculated with the UCL/AGA magnetodisk
model.

Figure 5 shows the differences in the geometry of the dipole and the magnetodisk fields for Saturn in a
similar way to Jupiter presented in Figure 1. Note how the stretching of the magnetodisk is less pronounced
for Saturn than Jupiter, a factor as large as ~1.8 for Saturn versus ~3 for Jupiter. The last closed field line in
the magnetodisk model at R,; = 25R corresponds to the dipole field line with L* ~ 14.7.

For R,y 2 15 Ry, the field line stretching does not increase as rapidly, as seen by the inflection point at
L* ~ 8.9 indicated as a vertical dashed line in the panels, and is an effect of the outer boundary imposed
in the model at the magnetopause within which the magnetic field is confined. For that reason we will
only consider equatorial distances R,, S 16 R, well into the middle magnetosphere, including the orbit of
Rhea at ~8.74 Ry, to calculate the dimensionless functions ® and I'/®. This range represents a regime of
purer magnetodisk structure as previously considered for the case for Jupiter. We also aim to study the near
magnetopause field topology of Saturn in a future investigation.

X [deg] A™ [deg]

[deg]

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
R, [Rg] R, Ry

Figure 6. Same figure as Figure 2 with latitude for mirror point but for the Kronian system.
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Figure 7. Same figure as Figure 3 with the dimensionless bounce integral ® but for the Kronian system.

The calculations of the functions in equations (17)-(20) were carried over the intervals 2-16 R for R, and
16-72° for a,. Similarly to Jupiter, the minimum pitch angle value 16° corresponds to a particle mirroring
at the planet's surface (loss cone angle) while the maximum value corresponds to particles mirroring at
latitudes <5°.

Figure 6 presents the latitude of the mirror points A,, for Saturn similarly to the case of Jupiter in Figure 2.
Note how, like Jupiter, even for small distances ~4 R, the latitude of mirror point of the magnetodisk /l$
deviates significantly from the dipole case, reflecting the stretching and confinement toward the equator of
the field lines.

The small jump seen in A7 at ~8 Ry is a minor artifact due to a similar discontinuity in the UCL/AGA mag-
netodisk model as for Jupiter and corresponds to the inner edge of the hot plasma distribution, clearly visible
in the modeled azimuthal current density (see, for instance, Achilleos, Guio, & Arridge 2010; Achilleos,
Guio, Arridge, Sergis, et al. 2010; Achilleos, 2018).

As in Jupiter's case, Figures 7 and 8 present the dimensionless integrals ® and I'/® for the dipole and the
magnetodisk fields calculated with equation (17) and equations (20)-(22) and the mirror latitudes shown
in Figure 6 for both the dipole and the magnetodisk. Note how ®™ in Figure 7 presents very similar char-
acteristics to the case of Jupiter in Figure 3. In particular, the value of @™ drops for large values of R, and
aq- This is due again to the significant decrease of A, with increasing R., reflecting the equatorial confine-
ment of the plasma. In the case of Saturn, though, ®™ drops by a factor as large as ~2.5 compared to ®¢, a
moderate factor compared to the factor of ~8 for Jupiter. The average value of the ratio ®/®™ for the data
presented in Figure 7 is ~1.5, compared to ~2.5 for Jupiter.

rYe¢

[deg]
[deg]

«
eq

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Req [RS] Req [RS]

Figure 8. Same figure as Figure 4 with the dimensionless bounce-averaged drift integral I'/® but for the Kronian
system.
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Table 4

Same Table as Table 1 but for the Dipole Field Simulation of the Kronian System in Figure 5

X j j28 R% %100 RMSE

Req € 2-16Rg
@4 1.27 (7-107°) —0.54 (10 - 107°) 99.9 0.0035
rd/od 0.35(8-107°) 0.15(1-107°) 100.0 0.00045

Similarly to the Jupiter case, we note that the integral ™ /®™ for the magnetodisk (right panel in Figure 8)
is larger than its dipole counterpart I'!/®¢ (left in same figure), meaning smaller drift period for the mag-
netodisk than the dipole field. In the case of Saturn, the drift period is smaller by a factor as large as ~1.5,
moderate compared to the factor of ~2.2 for Jupiter, and an average factor ~1.2 is found for the data in
Figure 8, compared to ~1.6 for Jupiter. It is worth noting that the broad maximum in the integral I'™ /®™
for of Jupiter around ~20-24 R, (right panel in Figure 4), is not so clear in the case of Saturn (right panel in
Figure 8), due to the discontinuity artifact in the magnetodisk model around 8Rg. Nevertheless, a weak local
maximum can be seen for large pitch angle and around equatorial distance ~13 Rq. This distance is close to
the distance at which the north-south field AB,, produced by the magnetodisk current, changes sign (e.g,
Achilleos, Guio, & Arridge, 2010).

Finally, we followed the same methodology introduced in section 4 for Jupiter and computed analytic
approximations of ® and I'/® for the Saturn case for the equatorial range of distances indicated.

We first validated the dipole case at Saturn (Table 4) and note the complete agreement of the coefficients p,
and p,, , the coefficients of multiple determination and the RMSE residuals with the Jupiter case in Table 1.

The fitted coefficients py, and py; of equation (27) for the estimates Pym and Prm qm for the magnetodisk
case are then summarized in Tables 5 and 6.

As seen at Jupiter, the fit of Prm om is poor for the wide equatorial range considered, 2-16 Rg and improves
by reducing the upper boundary to 12 Ry as seen in Table 5.

The same method used in section 4 to improve the fit of the bounce-averaged drift integral was carried out
for Saturn, and the resulting coefficients are summarized in Table 6. Note the improvement reflected by a
coefficient of multiple determination of 84.9% compared to 16.5% for the total range of equatorial distance
and even 58% for the reduced range.

Table 5
Same Table as Table 2 but for the Magnetodisk Field Simulation of the Kronian System in Figure 5
2
b'¢ Y Y Y R%x 100 RMSE
Req € 2-16Rg
om 1.25(8-107%) —-0.49 (1-1073) —0.04 (8 -107°) 96.3 0.041
rm/om 0.44 (2-1073) 0.21(3-1073) —-8.67-1073(2-107%) 16.5 0.082
Req € 2-12Rg
ol 1.26 (4-107%) —0.41(8-107%) —0.06 (6 -107°) 99.0 0.019
rm/om 0.41(1-1073) 0.08 (2-1073) 0.02(1-107%) 58.6 0.047
Table 6
Same Table as Table 3 but for the Magnetodisk Field Simulation of the Kronian System in Figure 5
2
X Jr ju ju jus R*x100  RMSE
Req € 2-16Rg
/o™  044(7-107%)  -025(2-1073)  0.12(3-107%)  -7.18-1073(2-107°) 84.9 0.035
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Figure 9. (left panel) The ratio of curvature to total azimuthal drift angular velocity for a dipole field defined in
equations (20)-(22). (right panel) Same quantity for the Jovian magnetodisk field presented in Figure 1. Black lines
correspond to isocontours of the same percentage value in I',/T".

Similarly to Jupiter, the coefficients in Tables 5 and 6 together with equations (25) and (26) provide new
approximate formulae, valid well into the typical Kronian middle magnetosphere and including the orbit of
Enceladus, for the bounce and drift periods of a charged particle.

For a charged particle of mass m and velocity v, or equivalently with kinetic and rest energies, E and E,,, we

can write similarly to Thomsen and Van Allen (1980), the bouncing period rlfat expressed in second units:

E+E,
VEE + 2E,)

and the bounce-averaged drift period rsat

o > 0.804 R.y(1.25 — 0.49sin &y — 0.04R sin ), (30)

in hour units:

E+E, |Z|
B(E +2Ey) Ry, (31)
(0.44 — 0.255in agq + 0.12R,y sin aq — 7.18 - 10°R sinagg) ™.

rjat ~ 44.71

As for the case of Jupiter in equation (29), kinetic and rest energies in equation (31) have to be in MeV units.
The strength of Saturn's equatorial magnetic field used is B = 21,160 nT.

Note the similarity of order for the bounce and drift periods at Jupiter (equations (28) and (29)) and Saturn
(equations (30) and (31)), especially the cross term Ry sin ay. These magnetodisk formulae, however, com-
pared to the reference values of the dipole case, indicate a stronger deviation from dipole field for Jupiter than
Saturn. This comparison indicates the differences in the magnetodisk field geometry at these planets and
therefore differences in their respective ring current densities. Such differences can be traced to the differ-
ences in plasma source rate (mass loading), an order of magnitude less for Enceladus in the Kronian system
compared to Io for Jupiter (Vasylinas, 2008). But, although the plasma source rate from Enceladus at Sat-
urn is an order of magnitude smaller (in absolute terms) than that from Io at Jupiter, suggesting the current
density and thus the magnetodisk field geometry should be very different, the values of the dimensionless
mass input rate (scaled to relevant planetary parameters) are more comparable (Vasylifias, 2008).

6. Curvature and Gradient Drift Contribution

Finally, we examine the respective contributions of the field curvature and the magnetic field strength gra-
dient to the total longitude change over a bounce period A¢ (proportional to I'). These longitudinal changes
are respectively denoted A¢, (proportional to the integral ') and A¢, (proportional to the integral I';) and
were introduced in equations (6), (10), and (20) in section 1.

In Figure 9 we compare the percentage of the total drift velocity due to curvature, as a function of R, and
aeq, fOr the dipole case (left) and the magnetodisk (right) at Jupiter. For the dipole field (left panel), the drift
contribution is not a function of Ry, as expected, and for a,; < 45° the curvature drift dominates as 4,
becomes larger, while for a4 > 45° the gradient drift dominates as the motion becomes more confined to
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Figure 10. Same figure as Figure 9 but for the Kronian magnetodisk field presented in Figure 5.

the equator. The magnetodisk field exhibits the same behavior as the dipole for R, < 7Ry, as expected (see
Figure 1), butfor R, > 7.6R; the curvature drift largely dominates, even at large pitch angle. This behavior
arises from the larger equatorial curvature of the magnetodisk. Note that, once again, the artifact seen at ~7.6
Ry, similar to the functions @™ and I'™ /®™, is due to a discontinuity in the UCL/AGA Jovian magnetodisk
model that corresponds to the inner edge of the hot plasma distribution as discussed in the previous section.

It is quite remarkable that for R,; > 20R;, and independently of the pitch angle a4, the drift velocity v,
is entirely due to the curvature of the field line, implying that the drift motion is entirely driven by the

curvature of the magnetic field in this region of the Jovian magnetodisk.

Figure 10 presents the same quantities as Figure 9 but for the case of Saturn. As pointed out for Jupiter,
the artifact seen in this case at ~8 Ry is also due to a discontinuity in the UCL/AGA magnetodisk model
that corresponds to the inner edge of the hot plasma distribution at Saturn. As in the case of Jupiter, the
azimuthal drift at Saturn becomes dominated by curvature drift as R,; > 8Rg and for larger pitch angle.
But unlike Jupiter, at Saturn the regime where the drift is entirely controlled by the curvature of the field is
never reached.

The generally larger slopes of the I'7'/I™ isocontours in the Jovian model reflect the more intense ring
current and larger field curvature in Jupiter's magnetosphere, compared to the Saturn system. This is further
illustrated in Figure 11, which shows the much greater curvature «, for the field lines of the outer equatorial
Jovian model (right middle panel) compared to Saturn (right lower panel).

In order to further highlight the differences in the curvature and magnetic gradient contributions to the
total drift in the Jovian and Kronian magnetospheres, Figure 11 presents the magnetic gradient inverse
length scale VB/B (left panels), and the curvature ¥ = 1/R, (right panels), entering in equations (8) and (9),
respectively. Note that all panels have the same color scales to facilitate the comparison. Superimposed on
each panel are a selection of field lines (white solid lines), and the field line associated to the discontinuity
corresponding to the inner edge of the hot plasma distribution (yellow dotted line).

The two upper panels present the dipole case at Jupiter. As explained in section 1, when deriving equation
(11) from equation (9) in a curl-free field, the contributions to the azimuthal drift from the magnetic gradient
VB/B and the curvature ¥ = 1/R, terms are identical by definition. This is confirmed in the two upper pan-
els. The middle and lower panels present the Jovian and Kronian magnetodisks, respectively. Note how the
structure of the magnetic gradient inverse length scale is similar at Jupiter and Saturn overall. The curvature
for the field lines is also of the same order for Jupiter and Saturn for distances up to ~16 R;. As described by
Achilleos, Guio, and Arridge (2010) and Vasylifias (2008), even though the absolute value of the ring current
is much larger at Jupiter, the normalized ring current in both systems is comparable, even slightly larger at
Saturn. The normalization factor for the current density is Bp /(Rpu,). In the outer equatorial Jovian model,
that is, for R,; > 25R;, on the other hand, the curvature is much more pronounced than for Saturn.

Note that Figure 11 can also be used to check the validity of the guiding center approximation for a particle
with given energy, by checking that its gyroradius is, at all times, smaller than both the radius of curvature
1/x and the gradient length scale B/VB. This will be the object of a separate study.
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Figure 11. Comparison of the magnetic gradient inverse length scale (left panels) and curvature (right panels), in
normalized unit Rp~1, in cylindrical coordinates. The upper panels are for a dipole field at Jupiter, the middle panels
for the Jovian magnetodisk field, and the lower panels are for the Kronian magnetodisk field. The white contours
represent field lines equidistant at the equator, while the yellow dotted line represents the field line at the discontinuity
seen in Figures 9 and 10.

7. Conclusion

We have presented a formalism to calculate the bounce and the bounce-averaged azimuthal drift periods
in the guiding center approximation for an arbitrary magnetic field, and we have applied the formalism to
nominal models of Jupiter and Saturn's magnetodisks generated by the UCL/AGA magnetodisk model.

We have derived, for the first time, analytic expressions for the bounce and the bounce-averaged azimuthal
drift periods for the average Jovian and Kronian magnetodisk structure, analogous to expressions for a
dipole field, but where additional terms in the polynomial expansion in Req and sin a, have been intro-
duced to account for the disc structure. These expressions, valid well into the Jovian and Kronian middle
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magnetosphere, represent an improvement over the global use of a pure dipole field, which has been
extensively employed in previous literature.

Further studies would be needed to check the sensitivity of the coefficients of the polynomial expan-
sion to different configurations of the Jovian and Kronian magnetospheres (compressed and expanded
states) and thus how the solar wind and suprathermal population state influence the bounce and the
bounce-averaged azimuthal drift periods. Even so, the formulae presented here are still applicable for a
typical field configuration.

Other useful studies would include comparison of the results of the guiding center approximation calcu-
lation in this paper against results from particle tracing simulations. In particular, the investigation of the
limits to which the adiabatic invariants are conserved and thus characterization of the range of validity
(in terms of particle energy, for instance) of the approximate formulae presented in this paper. In a future
extension of this work, we also aim to include the effects of centrifugal force on particle motion, which are
expected to be more pronounced at particle kinetic energies comparable to or smaller than the change in
centrifugal potential along their trajectories.

References

Achilleos, N. (2018). The nature of Jupiter's magnetodisk current system. In A. Keiling, O. Marghitu, & M. Wheatland (Eds.), Electric
currents in geospace and beyond, Washington DC American Geophysical Union Geophysical Monograph Series (Vol. 235, pp. 127-138).
Achilleos, N., Arridge, C. S., Bertucci, C., Guio, P., Romanelli, N., & Sergis, N. (2014). A combined model of pressure variations in Titan's
plasma environment. Geophysical Research Letters, 41, 8730-8735. https://doi.org/10.1002/2014GL061747

Achilleos, N., Guio, P., & Arridge, C. S. (2010). A model of force balance in Saturn's magnetodisc. Monthly Notices of the Royal Astronomical
Society, 401, 2349-2371. https://doi.org/10.1111/j.1365-2966.2009.15865.x

Achilleos, N., Guio, P., Arridge, C. S., Sergis, N., Wilson, R. J., Thomsen, M. F., & Coates, A.J. (2010). Influence of hot plasma pressure on
the global structure of Saturn's magnetodisk. Geophysical Research Letters, 37, L20201. https://doi.org/10.1029/2010GL045159

Arridge, C. S., Khurana, K. K., Russell, C. T., Southwood, D. J., Achilleos, N., Dougherty, M. K., et al. (2008). Warping of Saturn's
magnetospheric and magnetotail current sheets. Journal of Geophysical Research, 113, A08217. https://doi.org/10.1029/2007JA012963

Baumjohann, W., & Treumann, R. A. (1996). Basic space plasma physics. London: Imperial College Press.

Birmingham, T.J. (1982). Charged particle motions in the distended magnetospheres of Jupiter and Saturn. Journal of Geophysical Research,
87, 7421-7430. https://doi.org/10.1029/JA087iA09p07421

Brandt, P. C., Paranicas, C. P., Carbary, J. F., Mitchell, D. G., Mauk, B. H., & Krimigis, S. M. (2008). Understanding the global evolution of
Saturn's ring current. Geophysical Research Letters, 35, L17101. https://doi.org/10.1029/2008 GL034969

Carbary, J. F., & Mitchell, D. G. (2014). Keogram analysis of ENA images at Saturn. Journal of Geophysical Research: Space Physics, 119,
1771-1780. https://doi.org/10.1002/2014JA019784

Carbary, J. F., Mitchell, D. G., Krupp, N., & Krimigis, S. M. (2009). L shell distribution of energetic electrons at Saturn. Journal of Geophysical
Research, 114, A09210. https://doi.org/10.1029/2009JA014341

Caudal, G. (1986). A self-consistent model of Jupiter's magnetodisc including the effects of centrifugal force and pressure. Journal of
Geophysical Research, 91, 4201-4221.

Connerney, J. E. P., Acuna, M. H., & Ness, N. F. (1981a). Modeling the Jovian current sheet and inner magnetosphere. Journal of Geophysical
Research, 86, 8370-8384. https://doi.org/10.1029/JA086iA10p08370

Connerney, J. E. P., Acuna, M. H., & Ness, N. F. (1981b). Saturn's ring current and inner magnetosphere. Nature, 292, 724-726. https://doi.
0rg/10.1038/292724a0

Gledhill, J. A. (1967). Magnetosphere of Jupiter. Nature, 214, 155-156. https://doi.org/10.1038/214155a0

Guio, P., & Achilleos, N. (2020). Jovian and Kronian magnetodisc field and guiding centre dynamics of trapped particles data. Zenodo,
Retrieved from https://doi.org/10.5281/zenodo.3749390

Hamlin, D. A., Karplus, R., Vik, R. C., & Watson, K. M. (1961). Mirror and azimuthal drift frequencies for geomagnetically trapped particles.
Journal of Geophysical Research, 66, 1-4. https://doi.org/10.1029/JZ066i001p00001

Kivelson, M. G. (2015). Planetary magnetodiscs: Some unanswered questions. Space Science Review, 187, 5-21. https://doi.org/10.1007/
$11214-014-0046-6

Kvélseth, T. O. (1985). Cautionary note about R2. The American Statistician, 39(4), 279-285. https://doi.org/10.2307/2683704

Lejosne, S. (2014). An algorithm for approximating the L* invariant coordinate from the real-time tracing of one magnetic field line between
mirror points. Journal of Geophysical Research: Space Physics, 119, 6405-6416. https://doi.org/10.1002/2014JA020016

Lew, J. S. (1961). Drift rate in a dipole field. Journal of Geophysical Research, 66, 2681-2685. https://doi.org/10.1029/JZ066i009p02681

Mauk, B. H,, Saur, J., Mitchell, D. G., Roelof, E. C., Brandt, P. C., Armstrong, T. P., et al. (2005). Energetic particle injections in Saturn's
magnetosphere. Geophysical Research Letters, 32, L14S05. https://doi.org/10.1029/2005GL022485

Nordheim, T. A., Hand, K. P., & Paranicas, C. (2018). Preservation of potential biosignatures in the shallow subsurface of Europa. Nature
Astronomy, 2, 673-679. https://doi.org/10.1038/s41550-018-0499-8

Nordheim, T. A., Hand, K. P., Paranicas, C., Howett, C. J. A., Hendrix, A. R., Jones, G. H., & Coates, A. J. (2017). The near-surface electron
radiation environment of Saturn's moon Mimas. Icarus, 286, 56-68. https://doi.org/10.1016/j.icarus.2017.01.002

Northrop, T. G., & Birmingham, T. J. (1982). Adiabatic charged particle motion in rapidly rotating magnetospheres. Journal of Geophysical
Research, 87, 661-669. https://doi.org/10.1029/JA087iA02p00661

Oztiirk, M. K. (2012). Trajectories of charged particles trapped in Earth's magnetic field. American Journal of Physics, 80, 420-428. https://
doi.org/10.1119/1.3684537

Paranicas, C., Mitchell, D. G., Roelof, E. C., Mauk, B. H., Krimigis, S. M., Brandt, P. C., et al. (2007). Energetic electrons injected into Saturn's
neutral gas cloud. Geophysical Research Letters, 34, L02109. https://doi.org/10.1029/2006GL028676

Paranicas, C., Mitchell, D. G., Roussos, E., Kollmann, P., Krupp, N., Miiller, A. L., et al. (2010). Transport of energetic electrons into Saturn's
inner magnetosphere. Journal of Geophysical Research, 115, A09214. https://doi.org/10.1029/2010JA015853

GUIO ET AL.

17 of 18


https://doi.org/10.1002/2014GL061747
https://doi.org/10.1111/j.1365-2966.2009.15865.x
https://doi.org/10.1029/2010GL045159
https://doi.org/10.1029/2007JA012963
https://doi.org/10.1029/JA087iA09p07421
https://doi.org/10.1029/2008GL034969
https://doi.org/10.1002/2014JA019784
https://doi.org/10.1029/2009JA014341
https://doi.org/10.1029/JA086iA10p08370
https://doi.org/10.1038/292724a0
https://doi.org/10.1038/292724a0
https://doi.org/10.1038/214155a0
https://doi.org/10.5281/zenodo.3749390
https://doi.org/10.1029/JZ066i001p00001
https://doi.org/10.1007/s11214-014-0046-6
https://doi.org/10.1007/s11214-014-0046-6
https://doi.org/10.2307/2683704
https://doi.org/10.1002/2014JA020016
https://doi.org/10.1029/JZ066i009p02681
https://doi.org/10.1029/2005GL022485
https://doi.org/10.1038/s41550-018-0499-8
https://doi.org/10.1016/j.icarus.2017.01.002
https://doi.org/10.1029/JA087iA02p00661
https://doi.org/10.1119/1.3684537
https://doi.org/10.1119/1.3684537
https://doi.org/10.1029/2006GL028676
https://doi.org/10.1029/2010JA015853

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA027827

Roederer, J. G. (1970). Dynamics of geomagnetically trapped radiation. New York: Springer.

Roederer, J. G., & Zhang, H. (2014). Dynamics of magnetically trapped particles. Berlin: Springer-Verlag.

Roussos, E., Andriopoulou, M., Krupp, N., Kotova, A., Paranicas, C., Krimigis, S. M., & Mitchell, D. G. (2013). Numerical simulation of
energetic electron microsignature drifts at Saturn: Methods and applications. Icarus, 226, 1595-1611. https://doi.org/10.1016/j.icarus.
2013.08.023

Sorba, A. M., Achilleos, N. A., Guio, P., Arridge, C. S, Sergis, N., & Dougherty, M. K. (2018). The periodic flapping and breathing of Saturn's
magnetodisk during equinox. Journal of Geophysical Research, 123, 8292-8316. https://doi.org/10.1029/2018JA025764

Thomsen, M. F., & Van Allen, J. A. (1980). Motion of trapped electrons and protons in Saturn's inner magnetosphere. Journal of Geophysical
Research, 85, 5831-5834. https://doi.org/10.1029/JA085iA11p05831

Tsyganenko, N. A. (1998). Modeling of twisted/warped magnetospheric configurations using the general deformation method. Journal of
Geophysical Research, 103(A10), 23,551-23,564. https://doi.org/10.1029/98JA02292

Van Allen, J. A., Mcllwain, C. E., & Ludwig, G. H. (1959). Radiation Observations with Satellite 1958¢. Journal of Geophysical Research, 64,
271-286. https://doi.org/10.1016/j.icarus.2017.01.002

Vasylifias, V. M. (2008). Comparing Jupiter and Saturn: Dimensionless input rates from plasma sources within the magnetosphere. Annal
Geophysicee, 26, 1341-1343. https://doi.org/10.5194/angeo-26-1341-2008

Walt, M. (2005). Introduction to geomagnetically trapped radiation. Cambridge, UK: Cambridge University Press.

GUIO ET AL.

18 of 18


https://doi.org/10.1016/j.icarus.2013.08.023
https://doi.org/10.1016/j.icarus.2013.08.023
https://doi.org/10.1029/2018JA025764
https://doi.org/10.1029/JA085iA11p05831
https://doi.org/10.1029/98JA02292
https://doi.org/10.1016/j.icarus.2017.01.002
https://doi.org/10.5194/angeo-26-1341-2008

	Trapped Particle Motion in Magnetodisk Fields
	Abstract
	1. Introduction
	2. Generalized Formulation of Particle Motion
	3. Trapped Motion Properties in Jovian Magnetodisk
	4. Analytical Approximations of  and /
	5. Trapped Motion Properties in Kronian Magnetodisk
	6. Curvature and Gradient Drift Contribution
	7. Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


