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RESUMEN

En este trabajo se estudia la formacién del anillo G de Saturno considerando que
el satélite Egedn es la fuente de particulas de polvo. El polvo que forma el anillo se
produce por impactos entre los micrometeoroides interplanetarios que ingresan en la
magnetosfera Saturniana y la superficie de Egeén. Para explicar cémo se forma el anillo
se usa un modelo gravito-electrodindmico suponiendo que las fuerzas gravitacional y
electromagnética son las unicas fuerzas que modulan el comportamiento dindmico de
las particulas de polvo. Las soluciones del modelo muestran que existen regimenes
de confinamiento (captura) asi como regimenes de escape de polvo en la vecindad de
Egeon. Los regimenes de confinamiento contienen particulas de polvo de tamano micro
y nanométrico que forman una estructura anular alrededor de Saturno. El tamano del
radio de Larmor de las particulas micrométricas confinadas coincide con la extension
radial del anillo G.

ABSTRACT

In this paper we examine the formation of the Saturnian G ring by considering the
motion of dust launched from the surface of Aegaeon. Those particles are ejected from
the satellite surface by impacts between the interplanetary meteoroids and the satellite.
The gravito-electrodynamic model we use involves only two forces (gravitational and
Lorentz), and its solutions show the confinement (capture) and the escape regimes
of dust in the vicinity of Aegaeon. The results for the captured dust size show sub-
micron and nanometric dust populations. In addition, the Larmor radius of captured
dust particles near Aegaeon was calculated and the results are in good agreement with
the G-ring radial extent.

Key Words: meteorites, meteors, meteoroids — planets and satellites: individual (Sat-
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1. INTRODUCTION

The Saturnian G-ring was first detected by the spacecraft Pioneer 11 in 1979; its existence was confirmed by the
Voyager spacecraft (Throop & Esposito 1998) and it has been studied by the Cassini mission in the last decades.
This tenuous ring has a radial extent of ~1.0x10*km, and it has an inner boundary located at 1.65 x 10° km
from the center of the planet (Hedman et al. 2007; Porco et al. 2007; Hordnyi et al. 2009). The dust of this ring is
probably provided by the moonlet Aegaeon, which is prolate and shows a reddish dirty surface maybe contaminated
by comets or meteoroids. Aegaeon is embedded in a bright arc centered on the satellite’s orbit (Hedman et al. 2007,
2009a,b; Hordnyi et al. 2009); which is likely confined by the 7:6 corotation eccentricity resonance with the satellite
Mimas (Hedman et al. 2007).

Recent work has examined the formation of the G ring and its various structures (Hedman et al. 2010). In this
work an analytical model is used to examine the formation of the G-ring in order to look for confinement regimes
(capture) of dust particles, ejected from the Aegaeon’s surface, that remain in the vicinity of the satellite. We
consider dust particles coming from meteoroid impacts on the satellite surface.

The results show that dust particles in the confinement regimes could be part of G-ring dust populations. For
completeness the Larmor radii of trapped particles have also been calculated, and their size is comparable to the
G-ring’s radial extent.
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Fig. 1. The geometric configuration of the model.

2. THE ANALYTICAL MODEL

We use a gravito-electrodynamic model created by Mendis and Axford in order to study the dynamics of charged
micrometeoroids by planetary magnetospheres (Axford & Mendis 1974; Mendis et al. 1982, 1983; Northrop & Hill
1982; Hamilton 1993; Schaffer & Burns 1994; Maravilla et al. 1995a.b, 1996; Hordnyi 2000; Mitchell et al. 2003;
Maravilla & Flandes 2005; Hsu et al. 2012; Jontof-Hutter & Hamilton 2012). Starting from this model, dust particles
ejected from the Aegaeon surface describe a motion around Saturn on the equatorial plane.

These dust particles with a mass m get an electrostatic charge Qg once they are in the magnetospheric medium in
accordance with the current balance among the electron collection current, the ion collection current, the current due
to secondary electrons and the photoelectron emission current. These currents depend on the material parameters,
on the properties of the magnetospheric plasma, on the relative speed of the dust particles to the plasma, and on
the electrostatic potential of the dust particles (Hordnyi 1996).

The behavior of dust particles injected in the magnetospheric medium from the Aegaeonian surface is strongly
modulated by the electromagnetic and gravitational forces; on the other hand, it is weakly modulated by other
effects, like drag plasma and radiation pressure (Hill & Mendis 1979). In the Kronian system, Aegaeon is located
at 2.77 Rs (1 Rs = 6.0324 x 10* km) from the center of the planet and its orbit around Saturn has an inclination
of 0.0010° £ 0009°, and an eccentricity of 0.00024 £ 0.00023 (Hedman et al. 2010).

Dust particles ejected from the satellite surface are immediately charged in the magnetospheric medium. The
planet is considered to be a spherical body with a magnetic field produced by a centered dipole. Under that
assumptions (Figure 1), the equation of motion of a dust grain in the planetocentric inertial frame is:

Qo (E+va)—GMm

r, (1)

mr -
3

T
where M is the planetary mass, B = —Bg(R/r)32 is the magnetic field of Saturn, R is the planetary radius; m,
Qo and v are mass, electrostatic charge and the velocity of the dust particles respectively, G is the gravitational
constant and E is the co-rotational electric field given by:

E:_(sz)xB7 @)

with € = Q2 the planetary angular velocity, and ¢ the speed of light.

In equation (1), the electrostatic charge (Qp) is related to the grain surface potential ¢ which depends not only
on the physical properties of the particle, but also on the local plasma properties of the Saturnian magnetosphere.
The surface potential and its possible variations, are expected to be in the range —5V < ¢ < +5V (Horanyi 2000;
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Horanyi et al. 2009). In the inner magnetosphere of Saturn (<7 Rg) there are two regions where the grain surface
potential is expected to be positive (Kempf et al. 2005); therefore, in this work it is assumed that grains of all sizes
ejected from Aegaeon’s surface are instantaneously charged up to an equilibrium surface potential, which remains
constant throughout their motion and reaches the maximum magnitude; +5 V', once they are in the magnetospheric
medium.
From equations (1) and (2), the equation of motion is written as:
GM

i‘:%[—(ﬂxr)—f—v]xB—r—gr, (3)

which can be rewritten in a cylindrical coordinate system (f,é,é) considering that:

r=rr, V:I":i"f—i—rﬁ'é,
i = (i — r6?)7 + 1i(ﬁé)é (4)
B rdt '

Therefore, the equation of motion is:

. oo, 1d ‘A QuBoR? [ . . T GM .
2 20\
('I"—Ta )T-‘—;%(T 0)9——W (G—Q)T—;e — /]"2 r, (5)
for which the radial and angular components are the following:
o A —Q)-GM
i pgr = AO =) ZGM ; , (6)
r

d . Ar

S0%0) = -5, (7)
where, for simplicity, a parameter A = —QoBoR?/mc has been defined.

If the dust source (Aegaeon in this case) is located at a distance 7o from the center of Saturn, we integrate
equation (7) from rg to r in order to obtain the speed of the dust grain:

. A 1 A
92743'5—7_2(7"0’(100_7_())’ (8

where vgg = rof is the initial angular speed of the dust grain.

~—

Additionally, the radial component (equation 6) can be rewritten as:

dv, ., A0 (AQ+GM)
dr S r2 72 ’ (9)

Uy
considering that v, = dr/dt = 7, and ¥ = v,.dv,. /dr.

Now, by replacing 6 from equation (8) in the equation (9) we have:

dv, 2A% 34 A), 1 AN? (A +GM) (10)
— = —— + — - — — | - -
Urar rd 4 \0 00 ro 3\ 00l ro r2
Integrating from 7 to r and setting the parameter x = r/rg, equation (10) is written as follows:
A%2 (1 —2)?  2Avpe (1 —x 1—22 AQ+GM) (1 —=x
PSP o s L Y s B B ) )
ry X s x T o x

where v, = v,.(r9) is the initial radial speed of the dust grain.
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Fig. 2. The confinement (capture) and escape regimes for Aeg:eon xer/n

negatively (Qo < 0) and positively (Qo > 0) charged dust
particles. The shaded regions (orange color) in the plane
p-x correspond to regimes where real orbits can exist, and
the arrows indicate the dust grain movement direction. It
is shown where the Saturn’s surface and the ejection point
(Aegacon) are located.

Fig. 3. The confinement and capture regimes for positively
charged particles (Qo > 0 and p < 0) ejected from Aegaeon
surface. A and C represent, the dust confinement regimes
and B contains escaping dust grains.

2.1. Dust particles initial speed

Assuming that the dust particles are ejected at an initial distance rg, which corresponds to the distance from
the dust source (Aegaeon) to the center of Saturn, the magnitude of the initial speed of the dust particles (vg) can
be defined from the magnitude of the orbital speed of Aegaeon (ve1,) and the magnitude of the dust escape speed
from this satellite (v.).

The orbital speed of Aegaeon around Saturn at a distance rq, is given by:

KGM
Vorb = ) (12)
To

where K'=1 corresponds to the Keplerian velocity and M represents the planetary mass. On the other hand, the
grain escape speed v, from Aegaeon is given by:

2G My
Ra '’

with M, and R4 the mass and the radius of Aegaeon, respectively.

(13)

Ve =

Using the data for Saturn and Aegaecon', v, and v, are calculated considering that Aegacon follows a Keplerian
orbit. These velocities differ by four orders of magnitude, and so dust particles have enough energy to escape from
the Aegaeonian gravitational field. Since Aegaeon’s orbit speed (54,270 km/h) is much larger than the escape speed
from Aegaeon (1 km/h), we assumed that the dust grains are launched in the forward direction with the Kepler
speed of Aegacon (i.e. K=1).

As a consequence of this fact, dust particles move in the planetary equatorial plane (r,0) around Saturn (equa-
tion 12), where the components of the initial speed are given by:

1Central Bureau for Astronomical Telegrams, IAU, Circular No. 9023.
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GM
vor = 0, and vy =/ (14)
0

Replacing the grain speed (equation 14) in equation (11), the radial speed component is:

2 _ A2 (1-x)* 24 GM(I—JC)_GM(I—m2)+2(AQ+GM)(1—a:)
re  at re ro a3 ro x? To x

If p=AQ/GM, Ly = ro/R and o = GM/Q?R3, equation (15) becomes:

2(1 — = 9 o a?(1—-2)27 ,
() [ o

where p is a dimensionless parameter and represents the ratio between the electromagnetic force and the gravitational
force; meanwhile, L is called the Mcllwain parameter (or the magnetic parameter) that indicates the source ejection
distance from the center of the planet (McIlwain 1966).

vl = —
T x2

(@) -5

Since v?2 is a positive definite quantity, the radial expression from equation (16) is:
202 =z a Liax?
2 0 2 0
_ — <0.
a2 1—x (x L3/2>p+ o2 <0 (17)

Equation (17) is a quadratic in p and it can be expressed as F' = F(p,x) with the solutions p;(x) and pa(z).

According to our model, the radial velocity of the particle will be zero if & = 1. Thus, no particles can cross
Aegaeon’s orbit and = 1 forms another bound on the radial motion of any particle.

In this analysis we supposed that Aegaeonian dust grains are spherical (m = 4/37a®p), and, under the assump-
tion that Saturnian rings are mainly composed of water-group molecules (Cuzzi et al. 2009; Hedman et al. 2013;
Filacchione et al. 2013), we considered that dust grains are made of water ice (p = 1g/cm?®). The dust grains may
also be considered as a collection of isolated particles where the electrostatic charge is related to the grain surface
potential as Qp = a¢ (Mendis & Rosenberg 1994). As a result, the dimensionless parameter p and the dust grain
radius a (in pm) are related, i.e. p= AQ/GM (p = —QoBoR*Q/MGmec).

Equation (17) has two solutions associated with escape and confinement (capture) regimes in the Aegaeon
environment (Figure 2). Our model can accomodate particles with positive or negative charge (¢ = +5 volts) in
the Saturnian magnetospheric medium. Negatively charged dust particles (x < 1, p > 0) subject to gravity and
electromagnetic forces will move radially inwards; meanwhile, positively charged grains (x > 1, p < 0) will move
radially outwards. Negatively charged grains could be confined between Aegaeon’s orbit and the synchronous orbital
distance, while positively charged grains could be remain near to Aegaeon or escape to the magnetospheric medium.
As Aegaeon is located in the inner boundary of the G-ring, in this work we focus our analysis on the positively
charged dust particles because they could be associated to a ring-like structure and could be involved in an escape
regime. As a result, for positively charged particles (Qo > 0) it is posible to identify three different regimes (A, B
and C, see Figure 3) for which the radius size of dust particles is calculated using Saturnian planetary parameters:
M = 5668 x 10* g, R = 6.0268 x 10° cm, Q = 1.691 x 10~* rad/s, and By = 0.21 gauss. Finally, for positive
dust particles (¢ = +5V) the grain radius a (in pm) in terms of the dimensionless parameter p is calculated by the
mathematical expression:

.051
o = 20516 (18)
|p|

3. RESULTS AND DISCUSSION

Figures 2 and 3 show the solutions for equation (17) where three different regimes are well identified. In Figure 3,
A and C represent the confinement regimes; meanwhile, B represents the regime where dust particles can escape.

Regime A contains dust particles with size a > as (a2 = 0.08 um), regime B is created by dust particles in the
interval as > a > a; which corresponds to pa(z) < p < pi(z), and regime C includes dust particles with size a < a1
(a1 = 0.009 pm).
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TABLE 1

CONFINEMENT (A AND C) AND ESCAPE (B) REGIMES OF THE AEGAEONTAN
POSITIVE DUST PARTICLES RELATED TO THE G-RING

Escape regime

Regime Parameter Grain radius Velocity Time
D a(pm) v(km s~1) t(x10° s)
A > —0.45 > 0.08
B —045 <p< —34.82 0.08>a>0.009 2212<v<194 141>¢2>0.16
C < —34.82 < 0.009

The motion of dust particles in regime A can be described by the theory of adiabatic charged particle motion
(Northrop 1963). For those grains near the escape regime, the motion is partially modulated by the electromagnetic
force; meanwhile, the larger grains in this regime are gravitationally dominated. All dust particles within regime
A are distributed around Saturn as part of a tenuous ring-like structure that is radially extended from Aeageon to
the vicinity of E-ring.

Regime B corresponds to the region where the gravitational and electromagnetic forces have comparable influence
on the particle orbit; therefore, the dust particles dynamics is strongly influenced by the Lorentz force, which is
responsible for these grains’ escape from the Aegaeon vicinity. These grains travel across the magnetospheric
medium with velocities of the order of km s~! and they can interact with the energetic populations (ions and
electrons) of the Saturnian magnetospheric plasma.

All dust particles in regime C move in non-periodic electrodynamic orbits that will be smaller as p becomes very
large (in absolute value); then the particle excursions become smaller and the motion of the grains approximates
to an elliptical gyration over a guiding center (the adiabatic approximation), which drifts around the planet with a
speed close to the Saturnian co-rotational speed.

3.1. Confinement regions of Aegaeconian dust particles

From Figure 3, regimes A and C represent not only the locations where dust particles remain close to Aegaeon
(point of injection), but also the places where they could be feeding the magnetospheric space to form a ring-like
structure. Particles with a radius greater than 0.08 microns remain in regime A. These results are in good agreement
with the dust grains sizes detected by the Cassini instruments (1.0 gm to 10 pm, and even larger) that were reported
by Hedman et al. 2007.

Because dust grains in regime C are very small and can have sizes of the order of several molecules
(=~ tenths of nm), their motion is held up by the magnetic force and they can drift around Saturn with the
co-rotational speed.

An adiabatic approximation analysis for these dust particles (a < 0.009 pm and a > 0.08 pum) shows that the
Larmor radius (r;, = mvce/QoByg) is 71, < 4.13 x 10? km for small particles (a < 0.009 pm) in regime C, and it is
rr, > 3.20 x 10* km for particles a > 0.08 pm in regime A (Table 1).

From the last results, grains in regime A reach a radial extent beyond 1 x 10* km, which means that, G-ring is
located inside the region described by the Larmor radius of these dust particles.

For grains in regime C the Larmor radius is smaller than the G-ring radial extent, indicating that all these dust
particles are almost attached to Aegaeon orbit, forming part of the G-ring.

3.2. Dusty Regions

Although regimes A and C are associated with confinement of particles and regime B is related to escaping
grains, dusty material produced by impacts on Aegaeon is distributed around Saturn building the G-ring, and/or
it is sent to external magnetospheric regions.

It is also inferred from the results that dust particles in regime A could be part of G-ring and could be also
immersed in the Saturnian E ring (3-8 Rg) because of the size of the Larmor radius. Particles that reach the inner
E-ring could contribute to the sub-micron particle population there.

Dusty material in regime C could be the smallest dust population of the G-ring close to the Aegeonian satellite
forming part of its bright arc or/and perhaps it could contribute to create very small moonlets by an electrostatic
coagulation process.
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Dust grains in regime B (Figure 3) could be ejected from the Saturnian magnetosphere if they are in the interval
—0.45 < p < —34.82 that corresponds to 0.08 um > a > 0.009 pm. These positively charged grains could travel
and reach regions far from the Saturnian inner magnetosphere, because they are ejected with velocities in the range
134 km s™! < v < 119.4 km s~ !, which correspond to the escape time from the magnetospheric medium in the
interval 2.23 x 10° s > ¢ > 0.25 x 10° s (Table 1). Because of this, dust material in regime B could escape from the
neighborhood of Aegaeon and travel across the Saturnian magnetosphere.

According to Waite et al. (2006) the dust production rate by Enceladus is 93 kg s~!. Meanwhile, Giuliatti-
Winter et al. (2013) report that the dust production rate in the surface of Aegaeon is 5.9x107¢ kg s~1. Comparing
both results, the Aegaeconian dust particles are not a considerable contribution to the E-ring. Consequently, it
would be very difficult to identify which particles come from the G-ring.

4. CONCLUSIONS

Aegaeon provides sub-micron and nanometric dusty material to the G-ring. These dust populations remain near
to Aegaeon’s orbit (2.77 Rs). The dusty material emanating from the Aegaeonian surface is part of the G-ring and
could be a very small population of the E-ring where it could not be detected, in contrast with the E-ring dust

populations.
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