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ABSTRACT

The p and v rings of Uranus form a secondary ring-moon system with the satellites Puck, Mab, Portia, and Rosalind. These rings are
tenuous and dominated by micrometric particles, which can be strongly disturbed by dissipative forces, such as the solar radiation
pressure. In the region of these rings, the solar radiation force and the planetary oblateness change the orbital evolution of these dust
particles significantly. In this work, we performed a numerical analysis of the orbital evolution of a sample of particles with radii of
1, 3, 5, and 10 um under the influence of these perturbations, combined with the gravitational interaction with the close satellites.
As expected, the Poynting-Robertson component of the solar radiation force causes the collapse of the orbits on a timescale between
3.1 x 10° and 3.6 x 10° years, while the radiation pressure causes an increase in the eccentricity of the particles. The inclusion of
Uranus’s oblateness prevents a large variation in the eccentricity, confining the particles in the region of the rings. The encounters
with the close satellites produce variations in the semimajor axis of the particles, leading them to move inward and outward within
the ring region. These particles can either remain within the region of the rings or collide with a neighbouring satellite. The number
of collisions depends on the size of both the particles and the satellites, and the radial width of the ring. For the time span analysed,
the percentage of particles that collide with a satellite varies from 43% to 94% for the v ring, and from 12% to 62% for the u ring. Our
study shows that all collisions with Portia and Rosalind have the value of impact velocity comparable to the escape velocity, which
could result in the deposition of material onto the surface of the satellite. Collisions between Puck and particles larger than 1 ym
also occur at an impact velocity comparable to the value of the escape velocity. The exception is Mab, which is hit by particles with
velocities several times larger than the escape velocity. These collisions are energetic enough to eject material and supply material to

the u ring. However, only a few particles (3%) collide with the surface of the satellite Mab at such a velocity.
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1. Introduction

Until 1977, the only known planet surrounded by rings
was Saturn. In this year, during the occultation of the star
SAO 158687, four narrow rings around Uranus were discovered
(Elliot et al. 1977), and further observations from Voyager II
found six more rings and faint dust bands between the rings
(Smith et al. 1986). The € ring orbits at 51 149 km (2 R,), the
outer edge of the main ring system.

Showalter & Lissauer (2006) obtained several images with
long exposure times of the Uranian system using the Hubble
Space Telescope (HST), which discovered two rings, u and v,
which represented a secondary ring-moon system orbiting out-
side the main rings. Both rings are very faint and their radial pro-
files, defined in terms of the brightness of the ring as a function
of the distance from the planet’s centre, show a distinguished
triangular profile. Their orbits are closely related with satellites:
the peak, which corresponds to the distance from the planet’s
centre of maximum normal value of //F (measurement of the
brightness of the ring that would be observed from a perpendic-
ular point of view), of u ring is almost aligned with the orbit of
the satellite Mab, while the inner edge of the ring coincides with
the orbit of Puck. The v ring peak does not match the orbit of
any satellite, but the ring orbits between the satellites Rosalind
and Portia. Figure 1 shows a schematic view of the u and v rings
and the closest satellites. The radial extension of each ring is
represented by shadow areas, and the solid lines correspond to
the orbits of Puck, Mab, Rosalind, and Portia. All distances are
represented in units of Uranus’ radius (R;,), and the solid line at

Fig. 1. Schematic view of the secondary ring-moon system of Uranus.
The solid lines correspond to the satellites orbits and the rings are rep-
resented by shadow areas. The planet (shadow area until 1 R;,) and the
€ ring are also indicated. All distances are scaled in units of Uranus’
radius (Rp).

2 R, indicates the position of the € ring, the outermost ring of the
main system.

The u and v rings are radially wide and predominantly for-
ward scattering, indicating that they are dominated by micro-
metric dust (de Pater et al. 2006). Dust particles can be disturbed
by several non-gravitational forces, such as the solar radiation
force, the solar tidal, and the planetary oblateness. These forces
are much weaker than the gravity force of the planet. However,

Article published by EDP Sciences


http://dx.doi.org/10.1051/0004-6361/200911886
http://www.aanda.org
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911886&pdf_id=1
http://www.edpsciences.org

846

they change the orbital energy of the particle, which can be im-
portant to its long-term evolution.

In this paper, we analyse the orbital evolution of a sample of
dust particles, located at the secondary ring system of Uranus,
affected by the solar radiation pressure, the oblateness of the
planet, and the gravitational perturbations of the satellites. In
Sect. 2, we analyse the strength of the solar radiation pressure
and the oblateness of the planet, and in Sect. 3, we describe
the numerical method. The effects of these perturbations on the
ring particles and the orbital evolution of them are analysed in
Sects. 4 and 5, respectively. Section 6 deals with the collisions
between the particles and the satellites. Our final conclusions are
presented in the last section.

2. Force parameter

Hamilton & Krivov (1996) presented a way to compare the
strength of the perturbation forces using dimensionless param-
eters that depend on the dust particles’ semimajor axis, and the
physical properties of the dust and the planet. Following their
notation, we calculated the values of the solar tidal (A), oblate-
ness (W), and radiation pressure (C) parameters. The solar tidal
parameter A is defined as
3 ng

4n’ M
where ny is the mean motion of the planet around the Sun and n
is the mean motion of the particle.

The parameter W, which describes the strength of the plane-
tary oblateness, is written as

3 (RVn
W=sn(=) 2, @
2 al n
where J, denotes the second zonal harmonic coeflicient, R is the
radius of the planet, and a is the semimajor axis of the particle.

The ratio o of the radiative force to the planets’ gravity of a

particle with radius r and density p is
Fqa

GMgcpr’

In this equation, Qp is the radiation pressure coefficient, F is

the incoming solar flux at the planet, GM; is the planet’s gravi-

tational constant, and c is the speed of light.

Using the previous definition of ¢, the perturbation caused
by radiation pressure is written as

3
g = ZQpr 3)

C= 70 4)

All of these parameters were calculated for a dust particle
around Uranus, and the results are presented in Fig. 2.

As can be seen in Fig. 2, the solar tide is relevant to particles
located faraway from the planet (>50 R}), thus it can be safely
ignored in the region of the y and v rings. On the other hand,
for these rings the effects of radiation pressure and oblateness
are appreciable and must be taken into account. In the follow-
ing sections, we present our results for a numerical study of the
evolution of a sample of particles disturbed by the gravitational
effects of the closest satellites to each ring, the solar radiation
pressure, and the oblateness of Uranus.

2.1. Solar radiation force

Most of the planetary ring systems are coplanar to the orbital
plane of the planet, that is, the inclination i of the ring particle is
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Fig. 2. Parameters values as a function of the distance of the planet: A
(solar tide), W (planetary oblateness), and C (radiation pressure). The
vertical bars denote the radial extent of the u and v rings. We assumed a
spherical grain with radius of 1 ym and uniform density of 1.0 g cm™.

i <y, where 7y is the obliquity of the planet (Hamilton 1993). In
these cases, the problem can be treated as bidimensional, when
the Sun and the ring particle are located in the same plane.

Although Uranus’s dusty rings describe equatorial orbits,
the obliquity of Uranus is 97.8° (Murray & Dermott 1999).
Therefore, this problem requires a three-dimensional approach,
since the Sun and the ring particle do not share the same orbital
plane.

For a particle that describes an orbit around a planet with
obliquity y, the components of the solar radiation force, in a
Cartesian inertial frame centred on the planet, can be written as
(Mignard 1984)

r 2
MS S X X X X
F, = ’8G2 cos(nst)—(x—) (2+U—)—(b+v—)}, 5)
o | Fsp c c c c
r 2
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where ry, is the module of the Sun-planet vector, and (x;, ys, Zs)
are the components of ry,. The components of the velocity of the
particle are (v, vy, U;), and (v, Uys, V) are the components of
the velocity of the planet around the Sun. In these equations, the
term independent of the velocities is called the radiation pres-
sure (RP hereafter) and the remaining terms correspond to the
Poynting-Robertson drag (PR drag).

If we assume that a spherical particle obeys geometrical op-
tics, the parameter 8 defined earlier as the ratio of the radiation
force to the solar gravitational force can be written as (Burns
et al. 1979)

(®)
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where Q;, the radiation pressure coeflicient, is assumed to be
equal to the unit to represent the value of an ideal material.

3. Numerical simulations

We performed a numerical study of the evolution of a sample of
particles located at the u and v rings influenced by the gravity
field of Uranus, the solar radiation force, and the gravitational
perturbation of the closest satellites.

The numerical integrations were carried out using the
variable timestep Bulirsch-Stoer algorithm from the Mercury
package (Chambers 1999). The Mercury package allows the in-
clusion of a user-defined force such as Egs. (5)—(7). It can also
handle the case of a non-spherical central body including terms
for the multipole expansion of the gravity field. We restricted our
analysis to the first term of the expansion (J,) for Uranus, a rea-
sonable approximation when higher terms of the expansion are
at least two orders of magnitude smaller.

In our model, the planet is in a circular orbit around the Sun,
thus ng is constant, as well as the solar flux. We did not take
into account the reflection from the planet, when the contribu-
tion of this effect was at least an order of magnitude weaker
than those produced by the direct radiation (Hamilton & Krivov
1996). For the same reason, we ignored the effects of the grain
rotation (Yarkovsky effect).

The semimajor axis (a), eccentricity (e), inclination (i), peri-
centre (w), ascending node (), and the radius of the satellites
used in the numerical simulations are listed in Table 1. All or-
bital elements were derived from Showalter & Lissauer (2006),
and the density of all satellites was assumed to be 1.3 g cm™,
equivalent to those for the satellite Miranda. Table 2 (adapted
from Showalter & Lissauer 2006) summarizes the information
for the p and v rings orbital radii. The rings were assumed to
be in circular and equatorial orbits. Uranus’s parameters used in
the numerical simulations (radius, mass, semimajor axis, and J,
coefficient) were derived from Murray & Dermott (1999).

The gravitational effects of the other satellites of the Portia
family were not taken into account since these satellites are small
and far from the u and v rings.

No information has so far regarding the particle size distri-
bution of the u and v rings. Since de Pater et al. (2006) showed
that these rings are dominated by micrometric dust, we assumed
spherical particles of size 1, 3, 5, and 10 ym with density of
1 g cm™3 (pure solid ice). For each ring, an ensemble of 10000
particles of each size were radially and azimuthally distributed
within the ring region. The initial conditions of the particles were
chosen following a random normal distribution.

Each particle was numerically integrated for a time span of
1000 years. When the distance between the particle and a satel-
lite was less than the satellite’s radius, a collision was detected.
In this case, the particle is removed from the system and the im-
pact parameters (position and velocity) were recorded.

4. Solar radiation force and planetary oblateness
effects

Firstly, we analysed the effects of each component of the solar
radiation force on the orbital elements of the particle, and how
accounting for the planetary oblateness modified these effects.
As expected, if the oblateness of the planet is not taken into
account, the radiation pressure component causes a variation of
a few kilometres in the semimajor axis and induces large varia-
tions in the eccentricity of a dust particle. Figure 3 shows how
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Table 1. Satellite orbital elements and physical parameters used in the
numerical simulations.

Mab Puck Rosalind  Portia
a (km) 97735 86004 69926 66097
e (x1073) 2.54 0.39 0.58 0.51
i(®) 0.134 0.321 0.093 0.18
w(°) 240.30  331.88 257.28 84.41
Q(°) 350.74  199.48 157.64 77.71
r (km) 12 81 36 70
Table 2. The y and v rings radii.
Ring Inneredge Outeredge Peakradius Width
(km) (km) (km) (km)
u 86 000 103 000 97700 17 000
v 66 100 69900 67300 3800

RP changes the eccentricity of four particles with identical ini-
tial conditions but different sizes. Figure 3a shows the evolution
in the eccentricity of particles located at the u ring, and Fig. 3b
for those particles at the v ring.

The overall behaviour of the eccentricity variation caused by
the radiation pressure component for both y and v rings is the
same. For larger particles, the period of oscillation is approxi-
mately equal to the orbital period of the planet (~84 years). The
concavities seen in Fig. 3 are related to a highly inclined Uranus’
equatorial plane. A local minimum appears approximately at the
half of the orbital period of the planet, as the Sun crosses the ring
plane.

It can be seen that the eccentricity of the 1 um particle
reaches a value higher than 0.5, which is enough to cause a colli-
sion with the € ring. Before colliding with the main ring system,
the particles of the ¢ and v rings should cross the orbits of sev-
eral satellites of the Portia family and may collide with one of
these satellites.

In contrast to the radiation pressure, the Poynting-Robertson
component causes no secular change in the eccentricity. The
main effect of the PR drag is a decrease in the semimajor axis
caused by the energy loss experienced by the particle. A 1 um
particle initially located at a = 97 500 km (approximately at the
peak of the u ring) decays 23 km in about 100 years, while the
variation in the semimajor axis of a 10 um particle is roughly
2 km (Fig. 4). If we assume a constant decay rate, the time until
the orbits collapse varies from 3.1 x 10° to 3.6 x 10° years, de-
pending on the size of the particle. Burns et al. (1979) provide an
analytical expression to calculate the lifetime of a circumplane-
tary particle in an equatorial orbit and the values derived from
our numerical simulations are accurate to about 5% for particles
of all sizes.

The next step was to analyse the effects of the solar radiation
force and a non-spherical central body. The oblateness of Uranus
adds a short-period variation in the semimajor axis disturbed by
the Poynting-Robertson component, although the decay rate re-
mains the same (Fig. 5).

The effect of the oblateness is more evident in the eccen-
tricity of the particle under the effects of the radiation pressure
component. Figure 6 shows the variation in the eccentricity for
particles of different sizes and identical initial conditions as pre-
sented in Fig. 3a. A comparison between Figs. 3a and 6 shows
that the oblateness causes a “damping” in the eccentricity varia-
tion.
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Fig. 3. Evolution of the eccentricity due to the radiation pressure com-
ponent for ring particles with identical initial conditions: a) for the u
ring and b) for the v ring.

The decrease in the amplitude is enhanced as the distance
to the planet decreases, when the rate of precession can be de-
scribed by an inverse square law (cf. Eq. (9)). The reduction is
more evident for the v ring particles. Figure 7a and b illustrates
the variation in the eccentricity for 1 ym and 10 um sized parti-
cles of the v ring with the same initial conditions as the particles
shown in Fig. 3b.

This decrease in the eccentricity keeps the particle within the
region of the rings. A similar process occurs in the Saturn’s F-
ring, where the damping in the eccentricity avoids the particles
leaving the ring region (Sfair et al. 2009).

The effects of the planetary oblateness on a particle, already
disturbed by the solar radiation pressure, can lead to different
outcomes. For dust particles located close to Phobos and Deimos
(Mars’ satellites), the oblateness of the planet enhances the vari-
ation in the eccentricity produced by RP component (Hamilton
& Krivov 1996), while for those particles at the ring system
of Neptune (Foryta & Sicardy 1996) and Saturn (Sfair et al.
2009) the effect is the opposite. The values of the eccentricity
are “damped” when the planetary oblateness is considered.

The damping in the eccentricity occurs when the precession
due to the oblateness is faster than the planet’s mean motion.
In this case, the forced eccentricity induced by the radiation
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Fig. 4. Evolution of the semimajor axis due to the PR drag for 1 ym and
10 um sized particles of y ring with identical initial conditions. Aa = 0
corresponds to the initial semimajor axis of the particle.
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Fig. 5. Evolution of the semimajor axis under the effects of the PR drag

and the planetary oblateness. The initial conditions of the particles are
the same as in Fig. 4.
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Fig. 6. Evolution of the eccentricity due to the radiation pressure and
the planetary oblateness (J, term) for those particles located at the u
ring. The initial conditions are identical to those presented in Fig. 3a.

pressure has insufficient time to develop fully and tends to dis-
appear (Mignard 1984).

The period of oscillation also changes and becomes shorter.
The period of the eccentricity is modulated by the coupling of
three frequencies: ng, @, and a short-period frequency related to
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Fig. 7. Evolution of the eccentricity due to the radiation pressure com-
ponent and the planetary oblateness for v ring particles. The size of the
particles are a) 1 um and b) 10 um, and the initial conditions are the
same as in Fig. 3b.

the inclusion of the J, term, where 7o is the pericentre precession
rate, which can be written as (Murray & Dermott 1999)

2
i = EJzn(E) . ©)
2 a
The time rate of @ varies from 1.87 to 8.86 degrees per year
for the innermost and outermost particles, respectively. These
values agree fairly well with those obtained by means of numer-
ical simulations.

5. Orbital evolution

In addition to the effects of the solar radiation pressure and the
oblateness of Uranus, the dust ring particles are also perturbed
by the closest satellites. The u ring particles are perturbed by the
satellites Puck and Mab, and the v ring particles suffer the gravi-
tational effects of Portia and Rosalind. Because of the large num-
ber of particles analysed, we present some representative plots of
the 1 um and 10 um sized particles.

Figures 8 and 9 show the evolution of the semimajor axis
of two u ring particles. In each plot, the y-axis represents the
semimajor axis displacement from its initial value as a function
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Fig.8. Temporal evolution of the semimajor axis of two 1 um sized
particles located in u ring under the effects of the solar radiation force,
the planetary oblateness, and the satellites Puck and Mab. In a) the par-
ticle collides with Puck after 635 years. The outer and inner edges of
the ring are located at 5485 km and —11 515 km, respectively; the parti-
cle represented in b) remains within the ring region for the time span of
1000 years. The outer and inner edges of the ring are located at 5027 km
and —11970 km, respectively. In each plot, Aa = 0 corresponds to the
initial semimajor axis of the particle.

of time (x-axis). All particles were integrated for a time span of
1000 years, unless a collision occurs.

The amplitude of the variation in the eccentricity, caused by
the gravitational perturbation of the satellites, is O(107%). It is,
at least, two orders of magnitude smaller than the variation pro-
duced by the RP component. Therefore, the evolution of the ec-
centricity is dominated by this component of the solar radiation
force. The eccentricity can reach values higher than 0.01. Such
values are high enough to cause close encounters with the satel-
lites, which cause sudden variations (jumps) of the semimajor
axis. The 1 um particles exhibit amounts of these axis large vari-
ations, sometimes of hundreds of kilometres (Fig. 8), while the
majority of the 10 um particles exhibit “jumps” of a few kilo-
metres (Fig. 9). Even those particles initially faraway from the
neighbourhood of the satellites can experience close encounters
with them, especially small particles, which are more sensitive
to the effects of the radiation pressure.

In the cases shown in Figs. 8 and 9, the particles have dif-
ferent orbital evolution. The variation in the semimajor axis of
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Fig. 9. Temporal evolution of the semimajor axis of two 10 um parti-
cles located in u ring under the effects of the solar radiation force, the
planetary oblateness, and the satellites Mab and Puck. The particle rep-
resented in a) collides with Mab after 950 years. The outer and inner
edges of the ring are located at 8700 km and —8300 km, respectively.
The particle represented in b) survived within the ring region for the
time span of 1000 years. The outer and inner edges of the ring are lo-
cated at 1392 km and —10 708 km, respectively.

the particles, due to close encounters with the satellites, in com-
bination with the eccentricity oscillation, allow the orbit of the
particle to cross the orbit of the satellite, leading to an eventual
collision. For example, the semimajor axis of the particle repre-
sented in Fig. 8 has a variation larger than 300 km, implying that
a collision with Puck will occur in ~360 years.

A similar behaviour was found for the v ring particles.
Figures 10 and 11 show the evolution of the semimajor axis of
four v ring particles, orbiting an oblate Uranus, affected by the
solar radiation force and the gravitational perturbations of Portia
and Rosalind.

As expected, the strength of the planetary oblateness is
stronger in the v ring region (Fig. 2), which makes the eccen-
tricity damping more effective. However, even a small a varia-
tion in the eccentricity leads to close encounters with one of the
satellites (Fig. 10). Some 10 um sized particles of the v ring un-
dergo deviations of some hundreds of kilometres in semimajor
axis (Fig. 11a), as a consequence of the proximity with Portia
and Rosalind.

The global behaviour of the representative sample of the par-
ticles with 3 um and 5 pum sizes do not differ from the cases
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Fig. 10. Evolution of the semimajor axis of 1 um particles of the v ring
disturbed by the solar radiation force, planetary oblateness, and gravi-
tational influence of Portia and Rosalind. In a) the particle collides with
Portia after 80 years. The outer and inner edges of the ring are located
at 682 km and —3118 km, respectively. The particle represented in b)
collides with Rosalind in approximately 690 years. The outer and inner
edges of the ring are located at 3053 km and —747 km, respectively.
In each plot, Aa = 0 corresponds to the initial semimajor axis of the
particle.

presented here. The eccentricity varies according to the com-
bination of the J, term and the RP component. The close en-
counters between the particle and the satellite produce variations
(jumps) in the semimajor axis within the ring region.

6. Collisions between satellites and particles

Since the oblateness prevents the overstated increase in the ec-
centricity, the complete ensemble of particles remains within the
region of the rings for the time span of 1000 years. However,
some particles cross the orbit and can collide with the close satel-
lite. Tables 3 and 4 summarize the number of collisions between
the particles and the satellites in the numerical simulations. N,
is the percentage of the particles that collide with the satellite,
T is the mean time of the collision, and v is the mean impact
velocity.

For both rings, the percentage of the number of collisions
(Ng,) and the mean time (7') exhibit a correlation with the size
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Fig.11. The same as Fig. 10 for 10 um particles. The particle repre-
sented in a) collides with Portia in 125 years. The outer and inner edges
of the ring are located at 3053 km and —747 km, respectively. The par-
ticle represented in b) survived inside the ring region for the time span
that we analysed. The outer and inner edges of the ring are located at
1541 km and —2259 km, respectively.

of the particle. This is because of the different values of the ec-
centricity, produced by the effect of the RP component. Small
particles, which are more sensitive to this effect, exhibit large
variations in their eccentricity. The orbits of 1 um sized parti-
cles cross a broad region of the ring, increasing the probability
of collision with a close satellite.

By comparing both ring systems, we can verify that the
particles located at the v ring have a shorter lifetime. After
1000 years, 94% of the 1 um sized particles collided with Portia
or Rosalind. Meanwhile, the number of collisions with Puck and
Mab is roughly 60% of the total number of particles. This dif-
ference is caused mainly by the radial extension of the v ring,
which is ~4.5 times narrower than the u ring. All particles that
did not suffer any collision with the satellites remained within
the region of the rings.

The number of collisions with the satellites Portia and Puck
depends, primarily, on the size and location of the satellites.
The decrease in the semimajor axis, due to the PR drag, in-
creases the collision between the satellites, located close to the
inner edge of the ring, and the particles. Portia and Puck are
both larger than the satellites Mab and Rosalind. It can be seen
from Table 1 that Puck is ~7 larger than Mab, which increases

the superficial area of Puck and consequently the probability
of collision with the particles. More than 50% of the u ring
particles collide with Puck.

When a particle hits the surface of the satellite, it may be ab-
sorbed or it can produce dust ejecta. At the time of the collision,
we computed the relative velocities of the satellite and the parti-
cle, which allows us to calculate the impact velocity. The impact
velocity is a reliable measurement of the energy carried by the
particle. Depending on the impact velocity, the particle can be
absorbed or dust ejecta can be produced.

The escape velocities (vesc) of Puck, Mab, Portia, and
Rosalind are approximately 70 m s, 10 ms™', 60 m s~!, and
30 m s, respectively. Most of the collisions where ¥ > ve can
generate ejecta debris that can escape from the parent satellite.
The fate of these debris depends strongly on the size of the satel-
lite and the geometry during impact. Tables 3 and 4 show that
most of the values of the impact velocity of the ring particles are
comparable to the escape velocity of the satellite. Collisions that
could produce dust ejecta are those between 1 um sized particles
and the satellites. All dust particles that collide with Mab have
v > vesc. However, this means of suppling dust particles to the
ring is insufficient, since the number of collisions is less than 3%
of the total amount of analysed particles.

7. Final discussion

We have performed a numerical analysis to determine the or-
bital evolution of a sample of dust particles, located at the u and
v rings, under the combined effects of the solar radiation force,
the oblateness of Uranus, and the gravitational perturbation of
the closest satellites.

Each component of the solar radiation force is responsible
for a distinctive effect in the orbit of the particle. The semimajor
axis of the particles decays due to PR drag, and the RP com-
ponent causes large variations in the eccentricity. The effects on
the semimajor axis of the particles does not change considerably
when the oblateness of Uranus is taken into account. However,
the damping of the eccentricity, due to the J, term, keeps the
particles within the region of the rings and prevent the collision
with the € ring.

The close encounters with the satellites induce sudden vari-
ations in the semimajor axis of the particles, although the par-
ticles still do not leave the ring region. Consecutive encounters
increase the probability of collisions between the particles and
the satellites, especially for 1 um particles, which are more sen-
sitive to the effects of RP component. The number of collisions
and the mean time of the collision depend on both the size of the
particle and the width of the rings.

The total number of collisions is higher for the inner satel-
lites Puck and Portia. All collisions with Portia and Rosalind
have an impact velocity comparable to the value of the escape
velocity, which could deposit material onto the surface of the
satellite. Collisions between Puck and particles larger than 1 um
also have an impact velocity comparable to the value of the es-
cape velocity. However, the impact velocity of those 1 um par-
ticles that collide with Puck is almost seven times higher than
the escape velocity. Further analysis is required in order to ver-
ify whether these collisions can produce dust ejecta. Only a few
particles (3%) hit the surface of the satellite Mab at a velocity
that can cause the ejection of material in the y ring.

Other mechanisms of dust production, such as bombardment
by micrometeoroids, will have to be introduced to explain the
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Table 3. Results of the collision between  ring particles and the close satellites (Mab and Puck) after 1000 years.

Particle size Puck Mab

(um) Ng T (years) v(ms™') Ng T (years) 0 (ms™!)
1 60 154 468 2 443 718

3 17 113 182 3 474 379

5 12 151 162 3 445 354
10 9 189 158 3 454 344

Table 4. Results of the collision between v ring particles and the close satellites (Rosalind and Portia) after 1000 years.

Particle size Rosalind Portia

(um) Ng T (years) v(ms™)) Ng T (years) o (ms7!)
1 42 31 164 52 12 163

3 23 131 73 31 120 88

5 19 147 69 29 176 80

10 16 196 58 27 234 79

origin of the micrometric particles in the p and v rings. This
study is under investigation.
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