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Jupiter
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'IZMIRAN, Moscow, Russia, 2MPI for Solar System Research, Gottingen, Germany

Abstract Jupiter's tenuous dust ring system is embedded in the planet's inner magnetosphere,
and—among other structures—contains a very tenuous protrusion called the Thebe extension. In an
attempt to explain the existence of this swath of particles beyond Thebe's orbit, Hamilton and Kriiger
(2008), https://doi.org/10.1038/nature06886 proposed that the dust particle motion is driven by a shadow
resonance caused by variable dust charging on the day and night side of Jupiter. However, the model by
Divine and Garrett (1983), https://doi.org/10.1029/ja0881a09p06889 together with recent observations

by the Juno spacecraft indicates a warm and rather dense inner magnetosphere of Jupiter which implies
that the mechanism of the shadow resonance does not work. Instead, we argue that dust grains ejected
from Thebe due to micrometeoroid bombardment become the source of dust in the Thebe extension.

We show that large (grain radii of a few micrometers up to multi-micrometers) charged dust grains
having significant initial velocities oscillate in the Thebe extension. Smaller charged grains (with sub-
micrometer radii) ejected from Thebe do not spend much time in the Thebe extension and migrate into
the Thebe ring. At the same time, if such grains are ejected from larger dust grains in the Thebe extension
due to fragmentation, they continue to oscillate within the Thebe extension for years. We argue that
fragmentation of large dust grains in the Thebe extensions could be the main source of sub-micrometer
grains detected in the Thebe extension.

1. Introduction

Jupiter has a highly structured dust ring system that extends along the planet's equatorial plane. It consists
of the main ring, the halo, two gossamer rings, and the Thebe extension (Burns, 1984; Burns et al., 2004;
Showalter et al., 1987). This dust system was investigated by the space missions Voyager 1,2, Galileo, Cas-
sini, and New Horizons (Burns et al., 2004; Ockert-Bell et al., 1999; Owen et al., 1979; Porco et al., 2003;
Showalter et al., 2007; Smith et al., 1979; Throop et al., 2016) and also by telescopes in space (Hubble) and
from the Earth (Keck; de Pater et al., 1999, 2008; Showalter et al., 2008).

Usually it is assumed that the gossamer rings are formed by dust grains ejected from the surfaces of the
corresponding moons (Thebe and Amalthea) due to micrometeorite bombardment (Dikarev et al., 2006;
Krivov et al., 2002, 2003). Recently it has been argued that a supplementary mechanism of dust grain ejec-
tion from the polar regions of Thebe and Amalthea, that is, electrostatic lofting, contributes to the forma-
tion of the gossamer rings (Borisov & Kriiger, 2020). At the same time, the mechanism of the formation of
the Thebe extension is not so clear. Indeed, it is known that Jupiter's corotational radial electric field acts
on dust grains in the planet's inner magnetosphere (Horanyi & Burns, 1991). The corresponding electric
force for negatively charged grains in the gossamer rings is directed inwards (toward Jupiter) for radial
distances r > Rgynch, Where Ry = 2.27 R is the radius of the synchronous orbit, that is, the orbit at which
the angular frequency of a body orbiting Jupiter is equal to the angular frequency of Jupiter's rotation
(Ry = 71492 km is the radius of Jupiter). On the contrary, positively charged grains are pulled outwards by
this electric field (into the Thebe extension).

The sign and the magnitude of the electric charge on a dust grain in Jupiter's shadow are determined only
by the plasma parameters in the inner magnetosphere of Jupiter, and additionally on the sun-lit side by the
action of the solar UV radiation. Unfortunately, real plasma parameters of Jupiter's inner magnetosphere
are still not well-known. Earlier in the theoretical investigations devoted to dust grains dynamics in the
gossamer rings the authors often estimated the electron concentration in the inner magnetosphere of Jupi-
ter as of the order of N, ~ 1 cm™ or even less, and the electron temperature of a few electron volts, see, for
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example, Hamilton and Kriiger (2008) and Hordnyi and Burns (1991). In such a plasma environment, the
electric potential on dust grains on the sun-lit side can be positive, thus driving such charged dust grains
outwards. This mechanism was suggested by Hamilton and Kriiger (2008) to explain the formation of the
Thebe extension. At the same time, according to the well-known theoretical model of thermal plasma in
the inner magnetosphere of Jupiter by Divine and Garrett (1983), the electron concentration in the vicinity
of Thebe is predicted to be N, ~ 50cm=3 and the electron temperature T, ~ 45eV. This model is based on
Pioneer and Voyager data and was confirmed later by Garrett et al. (2005) (only slightly corrected). For such
large values of the electron concentration and temperature, the electric charges on dust grains are definitely
negative and rather high, both on the sun-lit side and in the planet's shadow. Furthermore, for such large
concentrations of thermal electrons the variation of the electric potential on the sun-lit side and in the
shadow of Jupiter should be almost negligible (as an example how the electric potential changes with the
growth of the plasma concentration see Horanyi & Burns, 1991, their Figure 5). As a result, assuming that
the Divine model is correct, the above-mentioned explanation of the Thebe extension does not work, and a
new physical mechanism for its formation has to be developed.

In relation with the model by Divine and Garrett (1983) two aspects should be emphasized. First, new ex-
perimental data obtained by the Juno mission at R ~ 10R; clearly demonstrate that the concentration of
ions grows rather quickly toward smaller distances from Jupiter (Kim et al., 2020). Second, it is expected
that later on (at the end of its mission) Juno will provide us with the real concentrations of charged particles
at R~ 3R;.

According to the experimental data, the Thebe extension is a very faint structure (dust concentration is
smaller than in the gossamer rings, see Burns et al., 1999; Kriiger et al., 2009; Ockert-Bell et al., 1999). This
means that possibly not all dust grains ejected from Thebe penetrate into the Thebe extension but only some
fraction. The radial range of the Thebe extension as seen in images (Ockert-Bell et al., 1999) comprises at
least approximately 0.64 R; (from the orbit of Thebe at 3.11 R; out to 3.75 R;) which is in agreement with in
situ dust measurements by the Galileo spacecraft (Kriiger et al., 2009).

In this article, we take into account that dust grains lofted from the moons' surface can have rather high
initial velocities. Velocities of the ejected dust grains and their directions of propagation were investigated
by various authors, for example, Eichhorn (1978), Gault et al. (1963), Koschny and Griin (2001), O'Keefe
and Ahrens (1985), and Sachse et al. (2015), and a recent review by Szalay et al. (2018). Laboratory measure-
ments together with numerical simulations were applied to obtain the distributions of masses, velocities,
and their directions as functions of a meteorite (micrometeorite) parameters. Various authors obtained
quite different maximum ejection speeds, ranging from approximately 700 — 800 m s~ up to 20kms~".

In addition to these so far inconclusive results based on laboratory measurements, another line of evidence
comes from in situ dust measurements in the Jovian system: Impact ejecta dust clouds were directly measured
at the Galilean moons (Kriiger et al., 1999, 2003). These tenuous clouds were detected in the vicinity of these
moons up to an altitude of approximately eight satellite radii. It implies that the particles must have been eject-
ed from the surfaces of these moons with speeds not too far below their escape speeds, which are in the range
of approximately 2.5 km s~!. Furthermore, the Galileo detector measured a very tenuous dust ring around the
planet in the region between the Galilean moons. These particles were interpreted (at least partially) as being
ejecta from these moons (Krivov et al., 2002). Therefore, they must have reached ejection speeds even exceed-
ing the escape speeds of the Galilean moons. Given that the surface properties of Amalthea and Thebe are
likely comparable (dirty ice), we assume similar ejection speeds also for these small moons.

In our calculations, we shall use some intermediate values of dust grains ejected velocities (a few kms™")
which are in the range of the escape speeds from the Galilean moons. Previously, while discussing dust
dynamics in the gossamer rings and Thebe extension, the role of a dust grain initial velocity was neglected.
Taking into account the initial velocity makes it possible to explain the penetration of some fraction of dust
grains ejected from Thebe into the Thebe extension. There are some peculiarities of the discussed process.
The ejected grain should have a significant initial velocity with the appropriate direction of propagation.
The most favorable situation appears when a given large dust grain is ejected from the surface of Thebe in
the direction of Thebe's instant azimuthal velocity or, more generally, the grain at the moment of ejection
has a significant velocity component in the direction of the instantaneous azimuthal speed of Thebe and the
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radial velocity directed into the Thebe extension. The discussed requirements are easily realized if Thebe
and a micrometeorite hitting the surface move toward each other with antiparallel speed vectors. Note that
in such case the relative velocity of two bodies can exceed 50km s~

According to our calculations dust grains with sizes of the order of several micrometers ejected with veloc-
ities ¥ > 1.5km ™! penetrate deep into the Thebe extension. At the same time, smaller grains (fraction of
a micrometer) penetrate into the Thebe extension only at the initial stage after ejection from Thebe. Later
on, their radial localization shifts more and more into the Thebe ring. That is why tiny grains appear in the
Thebe extension mainly due to some other mechanism. According to Burns et al. (2004) tiny dust grains are
produced in Jupiter's rings due to “sputtering of surrounding plasma and collisions with gravitationally fo-
cused interplanetary micrometeorites”. Later on Dikarev et al. (2006)—based on these ideas—developed the
model of two-stage dust delivery from satellites to planetary rings. According to this model large (multi-mi-
crometer-sized) dust grains ejected from the surfaces of the moons supply the rings with tiny dust grains
due to collisions between themselves and with other micrometeorites. Note that the influence of electric
charging on the dust grains dynamics was neglected in this model.

In this article, we argue that some parts of large (from a few micrometers up to multi-micrometer sizes)
electrically charged grains ejected from Thebe due to collisions with micrometeorites penetrate deep into
the Thebe extension. Smaller dust grains appear subsequently due to fragmentation of large grains in the
Thebe extension (caused by sputtering, mutual collisions, and collisions with micrometeorites or by electric
disruption). Note that small electrically charged dust grains ejected from Thebe migrate rather quickly into
the Thebe ring. At the same time, we show that similar grains that appear in the Thebe extension due to
fragmentation of large grains remain in the extension for years.

2. Basic Equations

In order to discuss the motion of dust grains in the equatorial inner magnetosphere of Jupiter, we use a
cylindrical coordinate system centered at Jupiter. Suppose that the z-axis is directed upwards while the
magnetic field lines of Jupiter are directed downwards. Two other coordinates are the radial coordinate in
the equatorial plane r and the angular coordinate 6. The equations of motion for charged dust grains in this
coordinate system were investigated earlier by Horanyi and Burns (1991). We present them in the following
form:

d*r q u

— =+ -Q-Q)-=

ar r2( 7) r? (1)
dQ dinr [ q >

— = (=+2Q).

dt dt (r3 +

Here Q = d0/dt is the angular frequency of the orbiting dust grain, Q; ~ 0.000176 s~ is the angular fre-
quency of Jupiter's rotation, g = ZQ HL,R;th, /Mgy, Q. is the Larmour frequency of electrons on the surface
of Jupiter, Qp. ~ 8.5 - 107 s}, m,, M, are the masses of an electron and a dust grain, respectively, Z = Q, /e
is the amount of elementary charges on a given dust grain, e is the charge of the electron, Q, is the charge on
adust grain, y = GM;, G = 6.68 - 1078 cm? g~! s72 is the gravitational constant, M; ~ 1.9 - 10% g is the mass

of Jupiter, and R, = 3.11 R; is the radial distance of Thebe's orbit from Jupiter.

Equation 1 describes the motion in the equatorial plane of Jupiter of a grain with the electric charge Q,
and mass M,. The magnetic field has a dipole form. It is assumed that the inner magnetosphere rigid-
ly corotates with the planet. Two forces—the gravitational force (term y/r?) and the electric force (term
q(Q — Q;)/r?)—determine the motion of a dust grain. Previously, the dynamics of a charged grain ejected
with zero initial velocity with respect to the moon was considered (see, e.g., Hordnyi & Burns, 1991). Here,
we discuss the more general and more realistic case that ejected grains have initial radial and azimuthal
velocities (Sections 3 and 5). This is quite natural because dust grains are ejected from the moon due to
micro-explosions caused by micrometeorite bombardment. It is important that some ejected grains have
higher initial azimuthal velocities than the azimuthal velocity of the moon. We show that such large dust
grains (with small ratio Q,/ M) have equilibrium orbits shifted outwards with respect to the orbit of the
moon (see Figures 1 and 3).
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Figure 1. Radial motion of a dust grain without electric charge. The horizontal axis gives the time in seconds and
the vertical axis the relative radial coordinate r/ Rr,. The initial radial velocity directed into the Thebe extension is
V.(t = 0) = 1.5kms~". The initial azimuthal velocity with respect to the azimuthal velocity of Thebe is V, = 2.2kms™".
The grain starts its motion at 7 = 0 from the orbit of Thebe.

Note that the electric charge on a dust grain Q, is not constant. Usually, dust grains lying on the surface of
the moon (Thebe in our case) have electric charges much smaller than the electric charges in equilibrium
in space (Borisov & Mall, 2006). That is why after ejection from the surface dust grains continue to acquire
electric charge approaching an equilibrium value Q.

Let us proceed with the second of Equation 1. It is convenient to seek for Q(7) in the form:

RZ
Q1) = Qi —". )
I
The equation for Q, takes the form:
4 __ a@ dr
dt R:, 12 dt’ ®

This equation can also be written in the equivalent form which is more convenient for an approximate solu-
tion in case of a changing charge q(¢):
dQ _ 1 d ( q ) _

1 da 1 dq
dt R%h dt

' 4
rR%h dt

r

If a dust grain starts its motion from the surface of Thebe with negligible velocity, the initial condition for
Q15 Q;(0) = Qp,, where Qr, ~ 0.000107 s~ is the angular orbital rotation frequency of Thebe. If the initial
azimuthal velocity V; in the system moving with Thebe is finite Q,(0) = Qm, + AQ, where AQ = Vj/ Ry As
a result the frequency Q takes the form:

R2 t t
Q) = @ + A 4+ L a0 —l/ Lda,, (5)
r2 rrlr], rtJy rdt

Here q(0) = ZoQuy. R%hme /Mg, Z,is the amount of electrons on a given dust grain lying on the surface of the
moon Z, = Qo/e, ro = R is the initial radial coordinate.

If the electric charge is constant, g = gy, the derivative is dg/dt = 0. In this case, we find:

R? « [ 1 1
Qn=Q—2 4+ (2~ ), 6
(1) = €0 Rl G- (6)
where Q, is the initial angular frequency. If the radial coordinate of a given dust grain r(r) changes more
significantly than the electric charge q(r) ( || > |4 ) then we receive an approximate solution which is

q
rdt qdt
more general than the result given in Equation 6:
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Here Q) = Qm, + AQ. With increasing time q(r) — gy, Where g is the equilibrium charge on a dust grain in
space. It follows from Equations 5 and 7 that for the moment s = 0 the frequency Q = Qm, + AQ, as it should
be. Note that the sign of g is positive for negatively charged grains because the magnetic field of Jupiter is
directed downwards.

It is easy to check that the expression for Q(r) given by Equation 5 is the solution of the second of Equa-
tion 1. As a result, we may conclude the following. First, the last term on the right-hand side of Equation 7
is positive for radial distances r less than the orbit of Thebe Rt,. Second, the smaller the variations| R, — r|,
the less significant is the influence of the electric charge on the angular frequency. For a rather large time
t >ty when Q(t) = QO we may designate QyR3, — gs/ Rt = J and express the angular frequency as:

x. ®)

an="2 4%
r r

It can be shown that our Equation 8 coincides with Equation 3b of Hordnyi and Burns (1991). But for a

smaller period of time 7 < #y, we may use a more general expression:
J 9@  q(0)—ga

Q) = ﬁ + 7 - r2—RTh

The frequency Q(r) given by Equation 9 can be substituted into the first Equation 1 to obtain an equation

describing the radial motion of a dust grain. Assuming as in the article by Horanyi and Burns (1991) that

the terms with the electric charge are small and retaining only the terms of the first order with respect to g,

we arrive at an approximate equation:

d’r _J? 3¢ 2q-g0)d  p+q

P T Rty B 2

©)

(10)

3. Neutral Dust Grain Dynamics

Let us introduce the dimensionless coordinate p = r/ Ry, instead of the radial distance r. If the electric
charge is negligible (¢q(r) — 0), Equation 10 describes the radial motion of a neutral dust grain:
d’p J? U
2 T pa T3 o
dt RThp3 Ryp ?

an

It can be shown with the help of Equation 11 that at the moment ¢ = 0 when p = 1the radial force is positive
if AQ > 0. With increasing p this force decreases and at p = p,, where p. = J2(Rmpu) ' it becomes equal to
zero. For larger distances p > p., this force is negative and it pulls dust grains radially inwards into the Thebe
ring.

Let us discuss the radial motion of a neutral dust grain analytically. It follows from Equation 11:

2 2

d 2 Q

(%) =5~ +m. a2
! Ryp P

where W, is added on the right-hand side of Equation 12 to include the correct value of the initial radial
velocity V;:
2 V2
Wo=Q - —f +—.
R, R

13)

From Equation 13, we find the maximal radial excursion pm. for a given dust grain:

2
QZ
Pmax = — 1/4 + ( 3# > + WO (14)
Ry, Wo R, Wo ¢

In Figure 1, we show the radial distance of a dust grain for an initial azimuthal ¥, = 2.2kms~! and radial
V, = 1.5km ™! velocities. The initial azimuthal velocity is taken in the direction of Thebe's orbital motion,
and the radial velocity is directed toward the Thebe extension. It can be seen that neutral dust grains with
such significant initial velocities propagate rather far outside of the Thebe orbit regardless of their size. In
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our case, the grain propagates up to pm.x = 1.52, which is equivalent to approximately 115,000 km. Accord-
ing to Figure 1, it takes a significant amount of time Ar ~ 22 hours for a neutral dust grain to penetrate
into the Thebe extension and to return to its initial radius p = 1. The maximum radial velocity reaches the
value Vpux &~ 6kms™". Note that such dynamics is valid for all neutral dust grains (with given initial veloci-
ties) regardless of their mass. The situation changes if we take into account that dust grains are negatively
charged and the ratio of the electric charge to mass O,/ M, varies significantly for grains with different sizes
a. Indeed, under equilibrium conditions the electric charge on a given dust grain with radius a is Q; = ¢ya,
while the mass of such grain is My = (47 /3)pausia®, Where ¢, is the electric potential in the medium, pyyy is
the dust density. The ratio Q,/ M, is inversely proportional to a?. Thus, the electric force influences more
significantly the motion of small dust grains. That is why the motion of neutral dust grains discussed in this
section can be considered as a good approximation for the dynamics of large multi-micrometer sized dust
grains. We will discuss the influence of the electric charge and mass on the dust grains dynamics in more
detail in the next sections.

4. Charging of a Dust Grain on the Surface of the Moon and in Space

In this section, we discuss charging of dust grains in the inner magnetosphere of Jupiter taking into account
the Divine model (Divine & Garrett, 1983). At the beginning, we estimate the initial electric charge on a
grain lying on the surface of the moon (Thebe). Then we consider the equilibrium charge on the same grain
ejected from the surface. At the end, we investigate how the electric charge on a given grain grows in time
after ejection from the moon.

The problem of dust grains charging was discussed in many articles, see, for example, Borisov and
Mall (2006), Goertz (1989), Havnes et al. (1987), Horanyi (1996), Whipple (1981), and Whipple et al. (1985).
‘We present some estimates for the typical electric charge on a dust grain with radius a lying on the surface
of the moon and also in space after ejection.

The process of dust grain charging is considered in the system of coordinates rotating with the magnetic
field. This means that there is no corotating electric field acting on electrons and ions but instead there
exists an azimuthal velocity component of a dust grain with respect to the plasma V, = R;(Qqs — Q,), where
R, is the radial distance of a dust grain from Jupiter, Q, is its angular velocity, Q, is the angular velocity of
the planet (and the magnetic field). In general, this velocity should be taken into account when discussing
dust grain charging by ions. Below it is shown that in our case the additional flux of ions associated with this
velocity is smaller than the well-known flux of ions in the vicinity of a grain (see, e.g., Goertz, 1989; Havnes
et al., 1987; Horanyi, 1996; Whipple, 1981; Whipple et al., 1985) that provides its charging. Hence, to a first
approximation the velocity V; can be neglected.

In order to calculate the equilibrium potential, we assume that far away from the moon electrons have a
Boltzmann distribution with the temperature T, and concentration N,:

N. v?
F, = exp| —— |, @15)
3 2
vy < Vi, >
where Vr, = /2T, /m. is the thermal velocity, and m, is the mass of an electron. Ions are assumed to have a
similar distribution:
N[ U2
fi= w2V3 - <_V_,2) (16)

where N; = N, = Ny is the plasma concentration, 7; is the temperature and V7, = 1/27T;/M; is the thermal
velocity of ions, M, is the mass of ions.

Our aim is to estimate the electric potential ¢ on the surface of the moon in a plasma that contains electrons
and ions with the distribution functions (Equations 15 and 16) far away from the surface. This potential
should be negative because the thermal speed of electrons is much higher than the thermal speed of ions
Vre > Vii. Let us introduce the Debye radius Rp = V. /Qp.. Here Qp, = (47’ N, /me)l/ % is the plasma fre-
quency, e is the charge of an electron. The Debye radius in the vicinity of Thebe according to the Divine
model is of the order of R; ~ 1 —2m.
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Electrons are retarded by the negative potential. Their concentration in the plasma with the potential ¢ is
N. = Noexp(e¢/T.) while the velocity distribution is still determined by Equation 15. The flux of electrons
on to the negatively charged surface according to Havnes et al. (1987) is:

P, = \/ereNoexp <@> . @17)
z T.

At the same time, the flux of ions onto the same surface is:

CD,' = \/EVT,'N() (1 - %> . (18)
n T;

Equating the fluxes of electrons and ions we find for the electric potential under equilibrium conditions and
equal temperatures T, = T;:

Vre
(1+ Fu(a))exp (Fy(@) = —=, (19)
Vri
where F,, = —egy, /T.. For equal temperatures of electrons and ions and heavy ions (M;/m, ~ 3 - 10*), the

electric potential on the surface is e¢, /T, ~ —3.6. The electric field above the surface of the moon is de-
scribed by the Poisson equation:
2
9 _ 4ze(Ne(p) — Ni(9)), (20)
dz?

where z is the coordinate across the surface of the moon. A detailed calculation of the surface electric field
can be found in Borisov and Mall (2006). According to this article, the characteristic length that determines
the electric field is L, ~ (3 — 4)Rp. So we estimate the vertical surface electric field as E; ~ (0.3+0.4) Vcm™.
This field is connected with the density ¢ of the electric charge on the surface that provides such electric
field E;, see Borisov and Mall (2006). Indeed, after integration of Equation 20 across the surface we arrive
at the relation:

%ho - % |—0 = 4zo. (21)
This equation allows us to estimate the charge on a dust grain with the radius a lying on the flat surface.
Taking into account that the cross-section of a dust grain is £ = za?, we find the electric charge on a grain
lying on the surface as Q, = 0.54% E,. For example, the grain with the radius a = 5 um lying on the surface
of the moon (Thebe) contains 5 to 6 electrons (Z = 5 — 6).

After ejection from the moon, a dust grain acquires additional negative electric charges until its potential ¢,
reaches an equilibrium value (which is achieved when the flux of electrons hitting a given grain becomes
equal to the flux of ions). It is more convenient to use the dimensionless parameter F = —e¢ /T, instead of
the potential ¢.

It is interesting that the electric potential determined above by Equation 19 in the vicinity of a grain can
accelerate ions up to the velocity V, ~ (=2e¢s/ M, )"/ toward a grain. This velocity comprises V, ~ 35kms™!
and it is higher than the thermal speed of ions (V, ~ 1.9 V7;). At the same time, the azimuthal velocity of
a dust grain with respect to the magnetic field (mentioned at the beginning of this section) in the vicinity
of Thebe is V) < 15kms~!. As a result, the flux of ions given by Equation 18 is significantly larger than the
flux @, associated with the azimuthal velocity V5, which provides additional charging mainly from one side
Oy = wa® NoV,.

Note that while calculating the electric potential we have not included the flux of secondary electrons. This
flux contains several parameters whose values are rather uncertain. For the same values of parameters that
were used earlier in relation with the inner magnetosphere of Jupiter (Hordnyi & Burns, 1991), we find
that the deviation of the surface potential from the one estimated above is only approximately 1.5 %. Taking
into account that the electric potential ¢, is connected with the equilibrium electric charge on a given dust
grain by the relation ¢ = Q4 /a, we are able to estimate the equilibrium electric charge on a dust grain
with radius a in space. This calculation shows that in the vicinity of Thebe a dust grain with radius a should
have the charge Q, = 3.6 aT. /e under equilibrium conditions. For a grain with radius ¢ = 5 um, the charge
isQs =~ 5-10°e(Z =5 - 10°). It should be mentioned that the electric charge on a grain lying on the surface
is proportional to the square of its radius while in space the equilibrium charge is proportional only to its
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Figure 2. Growth of the electric potential toward its equilibrium value in time on a given dust grain with the radius
a = 1 um after its ejection from Thebe at 1 = 0. On the horizontal axis time in dimensionless units /At is presented.

radius. Nevertheless, for « = 5 um the charge in space is approximately five orders of magnitude higher than
the charge on the same grain lying on the surface.

Now we need to investigate how the electric charge on a given dust grain changes in time. For this purpose,
we take into account the difference of the fluxes of electrons and ions that provide the growth of the electric
charge:
dQy
dt
This equation rewritten in terms of the dimensionless function F takes the form:

dF(a) _\2zVra < Vi >
= Y :

ar exp(=F(a)) - V_n(] + F(2)

= 4rad’e(®;(a) — D.(a)). (22)

(23)

d

The dimensionless potential F(a) grows in time approaching its equilibrium value F(a) ~ 3.6. With the
help of Equation 23, it is possible to estimate the characteristic period At of charging:

LR
\/EVTea

It follows form Equation 24 that the period At is inversely proportional to the radius of a grain. For a dust
grain with radius a = 1 um, this time is of the order of one second. Note that A describes the characteristic
period for the initial stage of charging. More accurately, the variation of the potential F(a) can be obtained
solving Equation 24 numerically. In Figure 2, we show the growth in time of the potential F(a) for the grain
size a = 1 um. On the horizontal axis the dimensionless time 7, = /At is given. It is seen that the process of
charging becomes slower and slower with time. It takes the time 15A¢ to achieve 0.7 Fy(a).

At (24)

5. Dust Grain Dynamics in the Thebe Extension

The dust grain dynamics after ejection from the moon with some finite initial velocity can be investigated
numerically. The radial displacement in time of the charged dust grains with different sizes ¢ = 5 um and
a = 0.3 um are calculated taking into account the equations of motion (see Section 2). The results are shown
in Figures 3 and 4. The initial azimuthal and radial velocities are V, = 2.2kms™' and ¥, = 1.5kms~! (the
same for both grains). The calculations are carried out based on the Divine model. It is seen that the heavy
charged dust grain penetrates rather deep into the Thebe extension (approximately 100,000 km). This result
qualitatively corresponds to the motion of a neutral dust grain (see Figure 1). Only the radial excursion
into the Thebe extension is somewhat smaller due to the action of the electric force. At the same time, the
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Figure 3. Radial oscillations in time of a charged dust grain with the radius a = 5 um ejected from Thebe. The
horizontal axis shows the time in seconds and the vertical axis the radial coordinate in dimensionless units r/ Ry
The initial radial velocity directed outwards is ¥, = 1.5 kms~' and the azimuthal velocity with respect to the azimuthal
velocity of Thebe is V, = 2.2kms~.

submicrometer dust grain at the beginning slightly penetrates into the Thebe extension and later on its
radial motion shifts into the Thebe ring. It is interesting to mention that the period of radial oscillations for
a smaller dust grain is much shorter than that for the larger one. Such an effect was not discussed before. It
happens because strong electric charging of a dust grain (that exists due to high plasma concentration and
temperature) influences the period of oscillations.

All calculations above were carried out assuming that dust grains (small and large) were ejected from the
surface of Thebe. Now we suppose that a small dust grain appears in the Thebe extension due to fragmenta-
tion of a larger dust grain (e.g., in collision with a micrometeoroid). In Figure 5, we present one such exam-
ple. A dust grain with the size a = 0.3 um is released at ¢t = 0 from a large grain in the vicinity of r = 1.22 R.
It is assumed that the small grain is ejected with the radial velocity V,(r = 0) = 2.8 kms~! and the angular
frequency Q(¢ = 0) = 0.000078 s~".

|

0.98
0.96
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0.92

Il

| PRI O AN O PR Y PR W A
40000 v 60080 v 80066 leOOV)O v 120000

t,s

Figure 4. The same as in Figure 3, except that the radius of a dust grain is a = 0.3 um.
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Figure 5. Radial oscillations of a small dust grain (¢ = 0.3 um) ejected at ry = 1.22 R, with the initial radial velocity
equal to the corresponding velocity of a large dust grain V,(t = 0) = 2.8 kms~.. The initial azimuthal frequency
Q(r = 0) = 0.000078 s~! coincides with the angular frequency of a large dust grain located at o = 1.22 Ryy,.

In contrast to the results presented in Figure 4, this small dust grain does not migrate into the Thebe ring but
continues to oscillate in the Thebe extension. In the equilibrium state, the oscillations take place between
r1 = 0.96Rm, and r, < 1.22Ryy. This is a new result because earlier it was found that the stationary orbit of
dust grains should be shifted inwards from the moon due to the action of the electric field, see, for example,
Horanyi and Burns (1991). Such distinction appears because of the different initial conditions.

To better understand the situation, we have calculated the potential describing the radial motion of a small
dust grain with a constant electric charge:

de\’
<dt) =U@)+W. (25
Here U (¢) is the potential:
Qe Qg (11 2 11\, u+aQ
U _ _ 7% _ 0q <___)_q_<__ ) w’
O=35 el 5) mE\i5) R (26)

where & = r/ R, € is the initial angular frequency Q, = Q(r = 0), & is the initial radial position of a given
dust grain, W, is a constant added in Equation 25 to provide the correct initial velocity.

In Figure 6, we present the potential U, (&) = U (&) + W, for a dust grain starting from & = 1.22 with the
angular frequency Qy = 0.000078 s~!. The dust grain oscillates between r; ~ 0.96 R, and r, ~ 1.22 Ry, which
corresponds to the results of the numerical computations presented in Figure 5.

6. Discussion and Conclusion

We have suggested a mechanism for the filling of the Thebe extension by dust grains. Our calculations are
based on the Divine model which assumes that thermal plasma in the inner magnetosphere of Jupiter is
rather warm and dense, i.e., at the orbit of Thebe T, = 45 eV and N, = 50 cm™. As a result the equilibrium
electric potential on dust grains in the Thebe extension should be high, ¢ ¥ —162 V, and the total elec-
tric charge on a micrometer-size grain is of the order of O, ~ 10%¢. Due to such high values of the poten-
tial and the electric charge, dust grains orbiting Jupiter are almost insensitive to the solar UV radiation at
the sunlit side of the planet. Hence, the mechanism of shadow resonances as suggested by Hamilton and
Kriiger (2008) does not work under these conditions.

According to our analysis, the dynamics of strongly charged small dust grains (fraction of a micrometer)
in the vicinity of Thebe's orbit can be quite different depending on the initial conditions. Small dust grains
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Figure 6. Distribution in space of the potential U for a small dust grain (¢ = 0.3 pum) with an equilibrium electric
charge. The initial velocities are the same as in Figure 5. On the horizontal axis the dimensionless coordinate r/ R, is
given. The region with U > 0 corresponds to the range of radii where the dust grain oscillates.

ejected from Thebe even with a rather high radial velocity only slightly penetrate into the Thebe extension
and later on gradually migrate into the Thebe ring. Examples of radial oscillations for grains with different
masses are presented in Figures 3 and 4. At the same time, negatively charged small grains starting their
motion in the Thebe extension remain there for a long time oscillating between two turning points r; and
r2. The corresponding example is presented in Figure 5. The positions of these turning points depend on the
initial conditions with which a given small grain starts its motion (radial position and initial velocities). For
example, if a small grain (a = 0.3 um) starts from a large dust grain due to fragmentation at ro = 1.22Rm,
with the radial velocity and the azimuthal frequency which coincide with the corresponding parameters of
alarge grain (V, = 2.8 kms™!, Qy = 0.000078 s71), it oscillates in the equilibrium case between r; ~ 0.96 R,
and r» ~ 1.22 Rm,. This means that such grain penetrates rather deep into the Thebe extension (up to ap-
proximately 50,000 km).

Our results have a quite clear physical meaning. Assume that an additional moon U orbits Jupiter at some
distance Ry > Rry. At the moment ¢ = 0, a small dust grain is ejected from this moon and begins to move
with some negative electric charge. It was shown by Horanyi and Burns (1991) that negatively charged
grains ejected outside the synchronous orbit of Jupiter oscillate at radial distances slightly less than the orbit
of the moon. In our case, a large dust grain plays the role of an additional moon. As shown in Figure 5, if the
angular velocity of a small dust grain coincides with that of a large grain (the moon U), after some time it os-
cillates at radial distances slightly less than the instant radial distance of the large grain at t = 0. Only at the
beginning due to its finite initial radial velocity, the small grain makes somewhat larger radial excursions.
As for large grains, they are weakly influenced by the corotating electric field due to the small ratio of their
electric charge to mass O,/ M,. At the same time, it is important to note that we have considered the case
when large dust grains were ejected from Thebe with a non-zero velocity component parallel to the angular
velocity of Thebe. This additional velocity stems from the ejection of the particles from Thebe's surface. Due
to this, equilibrium orbits for such grains are shifted toward larger radial distances which is supported by
numerical modeling (see Figures 1 and 3).

As mentioned before, the equilibrium electric charge on a dust grain in the Thebe extension should be high.
Hence, the local electric field in the vicinity of such a grain is also high. After ejection of a grain from the
surface the electric charge and the electric field grow in magnitude, approaching their equilibrium values
(see Figure 2). If a large grain is porous it might disintegrate into smaller fragments in case the electric force
becomes strong enough (i.e., the electrostatic stress exceeds the tensile strength), see, for example, Bohn-
hardt and Fechtig (1987) and Stark et al. (2015). Rather crude estimates confirm that the electric disruption
could be efficient in filling the Thebe extension with small dust grains. Note that such a process should
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operate also in the gossamer rings. The other sources of small dust grains in the Thebe extension are plasma
sputtering, mutual collisions of large grains, and their collisions with micrometeorites. All these processes
are slow in comparison with the electric disruption. Note that due to electric disruption tiny grains (hun-
dreds and tens of nanometer) could appear, see Bohnhardt and Fechtig (1987) and Stark et al. (2015). This
means that not only Io is a source of tiny grains in the inner magnetosphere of Jupiter (as it was discussed by
Griin et al., 1998) but also electrostatic disruption of rather large negatively charged dust grains can occur
in the vicinity of Thebe's and Amalthea’s orbits about Jupiter.

So far, the measurements by the Juno spacecraft probe the Jovian magnetosphere only down to R ~ 10R;,
showing that the ion concentrations strongly increase toward Jupiter (Kim et al., 2020). In the future, Juno
will hopefully provide us with measurements of charged particles much closer to Jupiter that will allow us
to better constrain the physical processes driving dust particle motion in the Thebe extension.
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data we are referring to in the manuscript have been published elsewhere and the appropriate references
are given in the text.

References

Bohnhardt, H., & Fechtig, H. (1987). Electrostatic charging and fragmentation of dust near P/Giacobini-Zinner and P/Halley. Astronomy
and Astrophysics, 187(1-2), 824-828.

Borisov, N., & Kriiger, H. (2020). Electrostatic lofting of dust grains from the surfaces of Thebe and Amalthea. Planetary and Space Science,
183, 104556. https://doi.org/10.1016/].pss.2018.06.005

Borisov, N., & Mall, U. (2006). Charging and motion of dust grains near the terminator of the moon. Planetary and Space Science, 54,
572-580. https://doi.org/10.1016/j.pss.2006.01.005

Burns, J. A. (1984). Planetary rings. Advances in Space Research, 4, 121-134. https://doi.org/10.1016/0273-1177(84)90016-4

Burns, J. A., Showalter, M. R., Hamilton, D. P., Nicholson, P. D., de Pater, 1., Ockert-Bell, M. E., & Thomas, P. C. (1999). The formation of
Jupiter's faint rings. Science, 284, 1146-1150. https://doi.org/10.1126/science.284.5417.1146

Burns, J. A, Simonelli, D. P., Showalter, M. R., Hamilton, D. P., Porco, C. C., Esposito, L. W. & Throop, H. (2004). Jupiter's ring-moon
system. In Bagenal, F., Dowling, T. E., McKinnon, W. B. (Eds.), Jupiter: The planet, satellites and magnetosphere (Vol. 1, pp. 241-262).
Cambridge University Press.

de Pater, 1., Showalter, M. R., Burns, J. A., Nicholson, P. D., Liu, M. C., Hamilton, D. P., & Graham, J. R. (1999). Keck infrared observations
of Jupiter's ring system near Earth's 1997 ring plane crossing. Icarus, 138, 214-223. https://doi.org/10.1006/icar.1998.6068

de Pater, I., Showalter, M. R., & Macintosh, B. (2008). Keck observations of the 2002-2003 Jovian ring plane crossing. Icarus, 195, 348-360.
https://doi.org/10.1016/j.icarus.2007.11.029

Dikarey, V. V,, Krivov, A. V., & Griin, E.. (2006). Two stages of dust delivery from satellites to planetary rings. Planetary and Space Science,
54,1014-1023. https://doi.org/10.1016/j.pss.2006.05.014

Divine, N., & Garrett, H. B. (1983). Charged particle distributions in Jupiter's magnetosphere. Journal of Geophysical Research, 88, 6889—
6903. https://doi.org/10.1029/JA088iA09p06889

Eichhorn, G. (1978). Primary velocity dependence of impact ejecta parameters. Planetary and Space Science, 26, 469-471. https://doi.
0rg/10.1016/0032-0633(78)90068-5

Garrett, H. B., Levin, S. M., Bolton, S. J., Evans, R. W., & Bhattacharya, B. (2005). A revised model of Jupiter's inner electron belts: Updating
the Divine radiation model. Geophysical Research Letters, 32, L04104. https://doi.org/10.1029/2004GL021986

Gault, D. E., Shoemaker, E. M., & Moore, H. J. (1963). Spray ejected from the lunar surface by meteoroid impact. In NASA Tech. Note
d-1767.

Goertz, C. K. (1989). Dusty plasmas in the solar system. Reviews of Geophysics, 27, 271-292. https://doi.org/10.1029/rg027i002p00271

Griin, E., Kriiger, H., Graps, A., Hamilton, D. P., Heck, A., Linkert, G., et al. (1998). Galileo observes electromagnetically coupled dust in
the Jovian magnetosphere. Journal of Geophysical Research, 103, 20011-20022. https://doi.org/10.1029/98je00228

Hamilton, D. P., & Kriiger, H. (2008). Jupiter's shadow sculpts its gossamer rings. Nature, 453, 72-75. https://doi.org/10.1038/nature06886

Havnes, O., Goertz, C. K., Morfill, G. E., Griin, E., & Ip, W. (1987). Dust charges, cloud potential, and instabilities in a dust cloud embedded
in a plasma. Journal of Geophysical Research, 92(A3), 2281-2288. https://doi.org/10.1029/JA092iA03p02281

Horanyi, M. (1996). Charged dust dynamics in the solar system. Annual Review of Astronomy and Astrophysics, 34, 383-418. https://doi.
org/10.1146/annurev.astro.34.1.383

Horanyi, M., & Burns, J. A. (1991). Charged dust dynamics: Orbital resonance due to planetary shadows. Journal of Geophysical Research,
96, 19283-19289. https://doi.org/10.1029/91ja01982

Kim, T. K., Ebert, R. W,, Valek, P. W., Allegrini, F., McComas, D. J., Bagenal, F., et al. (2020). Survey of ion properties in Jupiter's plasma
sheet: Juno JADE-I observations. Journal of Geophysical Research, 125(4), €27696. https://doi.org/10.1029/2019JA027696

Koschny, D., & Griin, E. (2001). Impacts into ice-silicate mixtures: Crater morphologies, volumes, depth-to-diameter ratios, and yield.
Icarus, 154, 391-401. https://doi.org/10.1006/icar.2001.6707

Krivov, A. V., Kriiger, H., Griin, E., Thiessenhusen, K.-U., & Hamilton, D. P. (2002). A tenuous dust ring of Jupiter formed by escaping
ejecta from the Galilean satellites. Journal of Geophysical Research, 107, E1. https://doi.org/10.1029/2000JE001434

Krivov, A. V., Sremcevi¢, M., Spahn, F., Dikarey, V. V., & Kholshevnikov, K. V. (2003). Impact-generated dust clouds around planetary satel-
lites: Spherically-symmetric case. Planetary and Space Science, 51, 251-269. https://doi.org/10.1016/s0032-0633(02)00147-2

BORISOV AND KRUGER

12 of 13


https://doi.org/10.1016/j.pss.2018.06.005
https://doi.org/10.1016/j.pss.2006.01.005
https://doi.org/10.1016/0273-1177(84)90016-4
https://doi.org/10.1126/science.284.5417.1146
https://doi.org/10.1006/icar.1998.6068
https://doi.org/10.1016/j.icarus.2007.11.029
https://doi.org/10.1016/j.pss.2006.05.014
https://doi.org/10.1029/JA088iA09p06889
https://doi.org/10.1016/0032-0633(78)90068-5
https://doi.org/10.1016/0032-0633(78)90068-5
https://doi.org/10.1029/2004GL021986
https://doi.org/10.1029/rg027i002p00271
https://doi.org/10.1029/98je00228
https://doi.org/10.1038/nature06886
https://doi.org/10.1029/JA092iA03p02281
https://doi.org/10.1146/annurev.astro.34.1.383
https://doi.org/10.1146/annurev.astro.34.1.383
https://doi.org/10.1029/91ja01982
https://doi.org/10.1029/2019JA027696
https://doi.org/10.1006/icar.2001.6707
https://doi.org/10.1029/2000JE001434
https://doi.org/10.1016/s0032-0633(02)00147-2

I ¥ell . .
MA\I Journal of Geophysical Research: Space Physics 10.1029/2021JA029654

ADVANCING EARTH
AND SPACE SCIENCE

Kriiger, H., Hamilton, D. P., Moissl, R., & Griin, E. (2009). Galileo in situ dust measurements in Jupiter's gossamer rings. Icarus, 203,
198-213. https://doi.org/10.1016/j.icarus.2009.03.040

Kriiger, H., Krivov, A. V., Hamilton, D. P., & Griin, E. (1999). Detection of an impact-generated dust cloud around Ganymede. Nature, 399,
558-560. https://doi.org/10.1038/21136

Kriiger, H., Krivov, A. V., Srem¢evi¢, M., & Griin, E. (2003). Galileo measurements of impact-generated dust clouds surrounding the Gali-
lean satellites. Icarus, 164, 170-187. https://doi.org/10.1016/s0019-1035(03)00127-1

Ockert-Bell, M. E., Burns, J. A., Daubar, L. J., Thomas, P. C., Veverka, J., Belton, M. I. S., & Klaasen, K. P. (1999). The structure of Jupiter's
ring system as revealed by the Galileo imaging experiment. Icarus, 138, 188-213. https://doi.org/10.1006/icar.1998.6072

O'Keefe, I. D., & Ahrens, T. J. (1985). Impact and explosion crater ejecta, fragment size, and velocity. Icarus, 62(2), 328-338. https://doi.
0rg/10.1016/0019-1035(85)90128-9

Owen, T., Danielsen, G. E., Cook, A. F., Hansen, C., Hall, V. L., & Duxbury, T. C. (1979). Jupiter's rings. Nature, 281, 442-446. https://doi.
0rg/10.1038/281442a0

Porco, C. C., West, R. A., McEwen, A., Del Genio, A. D., Ingersoll, A. P, Thomas, P., et al. (2003). Cassini imaging of Jupiter's atmosphere,
satellites, and rings. Science, 299, 1541-1547. https://doi.org/10.1126/science.1079462

Sachse, M., Schmidt, J., Kempf, S., & Spahn, F. (2015). Correlation between speed and size for ejecta from hypervelocity impacts. Journal
of Geophysical Research, 120(11), 1847-1858. https://doi.org/10.1002/2015JE004844

Showalter, M. R., Burns, J. A., Cuzzi, J. N., & Pollack, J. B. (1987). Jupiter's ring system: New results on structure and particle properties.
Icarus, 69, 458-498. https://doi.org/10.1016/0019-1035(87)90018-2

Showalter, M. R., Cheng, A. F., Weaver, H. A., Stern, S. A., Spencer, J. R., Throop, H. B., et al. (2007). Clump detections and limits on moons
in Jupiter's ring system. Science, 318, 232-234. https://doi.org/10.1126/science.1147647

Showalter, M. R., de Pater, I, Verbanac, G., Hamilton, D. P., & Burns, J. A. (2008). Properties and dynamics of Jupiter's gossamer rings from
Galileo, Voyager, Hubble, and Keck images. Icarus, 195, 361-377. https://doi.org/10.1016/j.icarus.2007.12.012

Smith, B. A., Soderblom, L. A., Johnson, T. V., Ingersoll, A. P., Collins, S. A., Shoemaker, E. M., et al. (1979). The Jupiter system through the
eyes of Voyager 1. Science, 204, 951-972. https://doi.org/10.1126/science.204.4396.951

Stark, C. R., Helling, C., & Diver, D. A. (2015). Inhomogeneous cloud coverage through the Coulomb explosion of dust in substellar atmos-
pheres. Astronomy and Astrophysics, 579, A41. https://doi.org/10.1051/0004-6361/201526045

Szalay, J. R., Poppe, A. R., Agarwal, J., Britt, D., Belskaya, I., Horanyi, M., et al. (2018). Dust phenomena relating to airless bodies. Space
Science Reviews, 214(5), 98. https://doi.org/10.1007/s11214-018-0527-0

Throop, H. B., Showalter, M. R., Dones, H. C. L., Hamilton, D. P., Weaver, H. A., Cheng, A. F., et al.. (2016). New horizons imaging of Jupi-
ter's main ring. In Aas/division for planetary sciences meeting abstracts (48, p. 203.01).

Whipple, E. C. (1981). Potentials of surfaces. Reports on Progress in Physics, 44, 1197-1250. https://doi.org/10.1088/0034-4885/44/11/002

Whipple, E. C., Northrop, T. G., & Mendis, D. A. (1985). The electrostatics of a dusty plasma. Journal of Geophysical Research, 90(A8),
7405-7413. https://doi.org/10.1029/JA090iA08p07405

BORISOV AND KRUGER

13 of 13


https://doi.org/10.1016/j.icarus.2009.03.040
https://doi.org/10.1038/21136
https://doi.org/10.1016/s0019-1035(03)00127-1
https://doi.org/10.1006/icar.1998.6072
https://doi.org/10.1016/0019-1035(85)90128-9
https://doi.org/10.1016/0019-1035(85)90128-9
https://doi.org/10.1038/281442a0
https://doi.org/10.1038/281442a0
https://doi.org/10.1126/science.1079462
https://doi.org/10.1002/2015JE004844
https://doi.org/10.1016/0019-1035(87)90018-2
https://doi.org/10.1126/science.1147647
https://doi.org/10.1016/j.icarus.2007.12.012
https://doi.org/10.1126/science.204.4396.951
https://doi.org/10.1051/0004-6361/201526045
https://doi.org/10.1007/s11214-018-0527-0
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1029/JA090iA08p07405

	Formation of the Thebe Extension in the Ring System of Jupiter
	Abstract
	1. Introduction
	2. Basic Equations
	3. Neutral Dust Grain Dynamics
	4. Charging of a Dust Grain on the Surface of the Moon and in Space
	5. Dust Grain Dynamics in the Thebe Extension
	6. Discussion and Conclusion
	Data Availability Statement
	References


