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COLLISIONAL DISRUPTION THEORY
• Collisional erosion of small moons  
        Soter 1971; Pollack, Summers and Baldwin 1973 
• Post-Voyager: Catastrophic disruptions of icy moon(s) 
       Shoemaker 1982; Smith et al. 1982; Harris 1984  
• Charnoz et al. 2009 destruction during the LHB - but the rings are 4 Gyr old
IDEA:

• Rings have a mass comparable to Mimas 
• Mimas-sized moon (ring parent) within the Roche zone destroyed in a collision  
     with an ecliptic comet - Single event?  Recent? 

PROBLEMS:
• Rings are nearly pure ice while inner moons are about 60/40 ice/rock 
• How do you form or move a Mimas inside of the Roche zone and keep it there? 
• How (im)probable is a catastrophic collision? 



COLLISIONAL DISRUPTION THEORY

MODIFIED COLLISION SCENARIO
• Differentiated Mimas-sized ring parent moon located just outside Roche zone  
• Held in place by 4:2:1 MMR with Enceladus and Dione  
• Incomplete disruption unbinds icy mantle leaving rocky core 
• Icy proto-ring spreads viscously  
• Inner migrating debris becomes the rings 
• Outer migrating debris re-accretes onto rocky core becoming Mimas 
• Mimas exchanges angular momentum with new rings migrates outwards rapidly 
• Ring parent mass = mass of Mimas + mass of Rings = 1.5x Mimas? 
• Ring parent J  = J of Mimas + J of Rings  
• Disruption time T ~ 35 Gyr so P(t<200 Myr)~0.5% - 3-sigma event
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Saturn system without rings

Watch on youtube: google “dubinski Saturn youtube”



















Hypothetical  
Ring Parent Moon

M = 2MMimas (1.5 MMimas?)
a = 140000 km





























Comet

vi = 44 km/s

R = 22 km

Mi = 10�3MMimas

Origin 
• Oort Cloud 
• Kuiper belt (more likely)

7 < vi < 40 km/sv1 ⇡ 3 km/s











Simulation begins 
Moon: 10M particles 
Comet: 50K particles 
Particle radius: 
  
Collisional N-body code 
Hard-sphere EOS 

rp = 1.0 km





Head-on Impact! 
(extreme case)





















Expanding cloud of debris

NOTE: individual particles are rendered larger for visibility











































Debris spreads along orbit 
P = 14.8 h











Zoom in on collision remnant after one orbit 
Blue: ice 

    Red: rock

In this case, icy mantle is unbound completely.  Some rock is also released. 
In lower energy impacts, the rocky core remains completely intact.
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Orbital phase mixing/collisional dissipation 
Rapid evolution 
Proto-ring settles and spreads on timescale of weeks 
Collisional cascade likely but not simulated

� ⇡ 0.5 km/s

























Icy proto-ring straddling the Roche radius

Remnant with rocky core



Some collisional debris migrates inward 
to become Saturn’s ring system



Remnant accretes ring debris 
Migrates outward

relatively easy to find simulation parameters that preserve a rocky core while liberating an icy mantle.305

The remnant acts as a new seed for the re-accretion of debris to form a new moon which one expects to clear
out the debris within its orbital radius within a timescale as short as 103 years (Crida and Charnoz, 2012). The long
term evolution of a collision remnant embedded within a newly formed ring should be followed to find scenarios that
will produce a Mimas of the right size while some of the debris moves into the Roche zone. One expects the newly
formed Mimas to experience resonant interactions with the particles in the spreading ring. The resulting torques lead310

to outward migration with the orbital radius a reaching its current value with a timescale:
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where ⌃ is the surface density of the ring, ⌦ is the orbital frequency and r is the radius of the outer edge of the ring
(Goldreich and Tremaine, 1982). From these simulations, the initial central surface density after settling down into a
thin ring is ⌃ ⇡ 5000 kg/m2. With the ring’s outer edge at r = 140000; km and the current radius of Mimas’ orbit
at a = 185400; km lead to a migration timescale of ⌧migration = 120 Myrs. Since the mass of the ring and Mimas are315

comparable, the outward migration of Mimas will result in a back reaction from the ring which will cause it to spread
inward more rapidly than expected from collisional viscous e↵ects alone and its mean surface density will decline
as the ring spreads to the current estimated value of ⌃ = 1000 kg/m2 for the B ring. This sets a more conservative
timescale of a few times ⌧migration because of the inverse dependence on ⌃. Lainey et al. (2017) recent value for
Saturn’s tidal dissipation factor k2,S /QS ⇡ 1.6 ⇥ 10�4 predict a tidal migration time of a Mimas from a = 140000320

km to its current orbital radius in only 450 Myr. More detailed dynamical calculations of this system are required but
the timescale for moving Mimas out from the edge of the rings to its current position in a few hundred million years
consistent with the assumption of a recent formation time for the rings.

5. Discussion

The mechanism responsible for the creation of Saturn’s rings is intertwined with the origin and subsequent dy-325

namical evolution of Saturn’s icy mid-sized moons. In this section, we discuss some of the implications for the Saturn
system from the proposed collisional disruption mechanism.

5.1. The age of Mimas
The scenario proposed in this paper suggests a coeval origin of Saturn’s rings and Mimas within the past few hun-

dred million years. This is contrary to the conventional view that Mimas formed primordially with Saturn and the other330

inner mid-sized icy moons more than 4 billion years ago. The heavily cratered surface of Mimas is consistent with a
very old age based on measurements of the size distribution of craters if they originate from objects on heliocentric
orbits (Zahnle et al., 2003). However, measurements of the libration of Mimas by the Cassini images (Tajeddine et al.,
2014) are at odds with a primordial origin. If Mimas formed primordially, one expects it to be either a homogeneous
or di↵erentiated body in hydrostatic equilibrium but direct measurement of libration show anomalies inconsistent with335

these states. Two explanations that can explain the anomaly are 1) an internal ocean or 2) a non-hydrostatic ellipsoidal
rocky core. We have shown that an icy ring can form from the partial disruption of a di↵erentiated ring parent moon
leaving behind a rocky core that subsequently re-accretes to become Mimas while being pushed out to its current
position through a combination of resonant interactions with the ring and tidal dissipation. It seems plausible that the
post-impact disturbed remnant rocky core would not have time to relax to hydrostatic equilibrium and so support this340

hypothesis as the origin for the anomalous libration. Recent models of the thermal, structural and orbital evolution
of Mimas are also consistent with a late, layered formation scenario similar to the one proposed here (Neveu and
Rhoden, 2017).

5.2. Mean motion resonances and the heating of Enceladus
The ring forming scenario has a further implication that may help in understanding another puzzle in Saturn’s345

system of moons: the heat source of Enceladus endogenic activity. Spencer et al. (2006) have measured the current
heat output from Enceladus as 5.8± 1.9 GW which is much larger than the heat input expected from either radiogenic
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~ 200 Myr



 200 Myr?

Saturn Today

HST Image Oct-1997

Mimas



Collision vrel (km/s) QD (105 J/kg) Mremnant,i/MMimas Ring ice fraction
rear-end 11.2 0.3 1.02 1.0
side-on 22.4 1.2 0.74 1.0

head-on 44.2 4.9 0.16 0.91

Table 2: The mass of the comet is mcomet = 3.75 ⇥ 1016 kg = 5 ⇥ 10�4mmoon and it is 100% ice. The remnant mass is measured at the end of the
simulation. The rocky core remains intact for the rear-end and side-on collisions while about half of the rocky core in the head-on collision ends up
in the ring. One expects the remnant to accrete some of the mass of the nascent ring as it spreads. The optimal impact energy for creating Mimas
with the right mass is somewhere between 1.2 � 4.9 ⇥ 105 J/kg. The rear-end collision produces a remnant that is greater than the mass of Mimas
and can be excluded as a plausible scenario.

velocity to explore the disruption process for comparison to hydrodynamics calculations. During the impact and
disruption, the particle collisions are elastic and non-dissipative with a coe�cient of restitution ✏ = 1. We are in215

e↵ect using the rubble-pile code as a proxy to model a nearly incompressible dense fluid following a hard-sphere EOS
rather than an actual collection of boulders bouncing o↵ of each other at low relative velocities in a non-destructive
but dissipative manner. For ✏ ⇡ 0.1 � 0.9, as is often used in simulations of asteroid collisions, we determine in
simulations that hypervelocity impacts dissipate energy at an artificially high rate and e↵ectively quench disruption.
For elastic collisions, we find in the end that the total energy of the system is conserved to within 1% for our choice of220

timestep. In rubble-pile simulations, the heating manifests itself as an increase in the velocity dispersion and decrease
in particle number density as the hard-sphere “gas” absorbs the energy. After the disruption and dispersal of the mass
along a ring, we use a coe�cient of restitution ✏ < 1 to follow the dissipative evolution of the ring over 30 orbits when
relative collision velocities are much smaller.

From the scaling relation of Movshovitz et al. (2015), one expects Q⇤D = 1.36 ⇥ 105 J/kg for the ring parent225

moon model. We used 5 relative velocities between 11-44 km/s in steps of 21/2⇥ and 4 comet masses ranging from
0.94 � 7.5 ⇥ 1016 kg in steps of 2⇥ corresponding to impact energies per unit mass ranging from QD = 0.015 �
3.8 ⇥ 106 J/kg. In each case, we followed the collision well past the impact and partial unbinding of mass to the
re-accretion of material into a bound body. We estimated the mass of the bound remnant using a friends-of-friends
particle grouping method similar to algorithms used in finding halos in cosmological simulations. Figure 3 plots the230

collision energy per unit mass QD versus the remnant bound mass for the di↵erent comet:moon mass ratios. The
plot shows a grouping of simulations near the predicted value of Q⇤D = 1.36 ⇥ 105 J/kg and a remnant mass of 50%
of the initial mass. The implication is that rubble pile simulations with hypervelocity impacts reproduce the results
of hydrodynamic simulations of disruption. More complex hydrodynamic simulations should be done eventually to
validate these findings but this set of experiments gives us confidence that the use of rubble piles in this context is a235

reasonable approximation.

4. Ring parent moon disruption in orbit about Saturn

We now proceed to simulate the disruption of the ring parent moon modeled as a Roche ellipsoid in orbit about
Saturn. Saturn’s gravitational field is modeled as a background potential within the N-body code. The potential is
represented as a spherical harmonic expansion using Saturn’s mass and zonal harmonics from Table 3 of Jacobson et al.240

(2006) to quadrupole order. We examine three representative collisional scenarios where the comet impacts the moon
within the orbital plane from the rear-end (trailing face), side-on and head-on (leading face) directions corresponding
to di↵erent relative velocities and impact energies (Table 2). Figures 4 and the accompanying animation present the
result of the head-on simulation and illustrate the disruption after impact and the ring formation process.

In all cases, the comet is obliterated on impact and deposits its energy in a point-like explosion on the surface of the245

target moon. The impact ejecta escapes the moon and spreads out along the orbit (Figure 5). In the head-on collision,
the moon is almost completely disrupted and the impact ejecta leads the orbit ending up on eccentric trajectories with
apogees larger than the initial orbital radius. After one orbit, only 8% of the mass remains in a bound object composed
of about half of the original rocky core with all of the icy mantle liberated to form a ring (Fig. 6).

In the side-on and rear-end collisions, a significant fraction of the icy mantle becomes unbound but the rocky core250

remains intact with an icy mantle in remnants which contain a mass of 37% and 51% of the original moon respectively
(0.74 and 1.02 ⇥ the mass of Mimas). The remnant bound mass depends on the impact energy as shown in collisional

8

Results from 3 simulations



Ring Parent, Enceladus and Dione in MMR 4:2:1 

Orbital evolution after destruction of ring parent moon 
Prior to destruction tidal heating of Enceladus is >100X larger 

If                                the situation is more extreme…k2/QS = 1.6⇥ 10�4



NEXT STEPS

• With a precise mass of the rings, the detailed parameters can be constrained  
• Ring parent: mass, composition, orbital radius 
• Comet: mass range, impact energy, probability of impact 
• Hydro-code simulations needed 
• Simulation of cold accretion for Mimas and ring spreading 
• Is a young Mimas compatible with the observed cratering and internal structure? 
• In situ analysis by a lander or sample return mission for Mimas and other icy moons 
    to determine age 


