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Abstract

We analytically describe satellite formation from
the spreading of a massive ring of solid particles ;
beyond the Roche radius, new moons coagulate
and migrate outwards because of gravitational in-
stability and the disk’s tides. We show that it
naturally produces either a satellite system with a
specific orbital architecture (that matches the Sat-
urnian, Uranian and Neptunian systems) or only
one massive satellite (in the Earth’s case). We
conclude that Uranus and Neptune, like Saturn,
had massive rings in the past, from which their
regular satellites formed, and that satellite forma-
tion from the spreading of a tidal disk is thus a
generic mechanism in the whole Solar System.

1. Introduction

Giant planets’ regular satellites have masses which
increase with their orbital radius, starting at a few
planetary radii, where the smallest bodies accu-
mulate (see Fig. 1a). Current models of satellite
formation, which start with an extended circum-
planetary gaseous disk[1, 2, 8], cannot explain this
peculiar characteristic structure.

Recently, we have shown that Saturn’s small
moons and mid-sized moons most likely formed
from the spreading of Saturn’s rings themselves
[3, 4]. Here, we describe analytically this process,
and show that it can be generalized to the ice gi-
ants, and the terrestrial bodies.

2. Satellite formation from the
spreading of a tidal disk

A tidal disk is a dynamically cold disk of solid par-
ticles, in which accretion is prevented by the tidal
forces from the central body. It extends to the
Roche radius rR beyond which, by definition, the

Figure 1: (a) Points : satellites masses versus or-
bital radius r. Vertical lines : planetary radii. The
masses increase with r, starting from 0 at a few
planetary radii, where the smallest bodies pile-up.
(b) Satellite to planet mass ratios, versus distance
to the Roche radius ∆ = (r−rR)/rR. A clear cor-
relation appears, which is very well fitted by our
model (dashed lines).

self-gravity dominates over the tides.
A disk spreads. Its viscosity increases with its

surface density [5], so that more massive disks
have a shorter life-time Tdisk.
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2.1. Continuous regime

The material that crosses rR forms a satellite, that
grows linearly while migrating away under the ac-
tion of the tides from the disk[7]. We call this the
continuous regime. It lasts as long as the outer
edge of the disk is within gravitational reach from
the satellite (that is 2 Hill radii). We find that
this lasts about 10 orbits.

2.2. Discrete regime

Then, a new satellite forms, that migrates out-
wards and it caught by the first one. Thus, the
first satellite keeps growing at the same rate, but
through steps. We call this the discrete regime. It
lasts about 100 orbits. In the end, the first satel-
lite is too far to accrete the newly formed satel-
lites, and migrates outwards with a constant mass
Md.

This critical mass decreases with Tdisk. For in-
stance, for the dense proto-lunar disk, this mass
is of the order of that of the Moon, so that we ex-
pect only one satellite to form around the Earth,
possibly with a smaller companion to be accreted
later (in agreement with [6]).

2.3. Pyramidal regime

Around giant planets, Md is small. Satellites
of mass Md are produced regularly, and migrate
away, with a speed decreasing with distance. So,
they approach each other and merge, forming
satellites of mass 2Md, regularly. The products of
these mergers migrate away, approach each other,
and merge again... We call this hierarchical merg-
ers history the pyramidal regime.

We show that at every generation, the normal-
ized distance of the merger to the outer edge of
the rings, ∆ = (r− rR)/rR) is multiplied by 25/9.
Thus, an orbital architecture settles, in which
the number density of satellites is proportional to
1/∆, and their masses are proportional to ∆9/5.
When the migration of the satellites is dominated
by tides from the planet and not from the tidal
disk (that is beyond ∆ = 0.58), then we find that
M ∝ r3.8.

This relation is plot in Fig. 1b. It matches the
distribution of the satellites of Saturn, Uranus,
and Neptune, and explains the pile-up of small
satellites around rR. This suggests that Uranus
and Neptune also had massive rings in the past,
from which their regular satellites were born.

3. Summary and Conclusions

We have analytically described satellite formation
from the spreading of a tidal disk, identifying
three different regimes that are successively en-
countered. This model is in very good agreement
with the satellite systems of Saturn, Uranus, Nep-
tune, the Earth and Pluto. This mechanism is
therefore generic, and we think that most regu-
lar satellites of the solar system were born from
massive rings.
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