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ABSTRACT

Context. The discovery that the centaur (10199) Chariklo possesses a ring system opens questions about their origin.

Aims. We here asses the plausibility of different scenarios for the origin of the observed ring system.

Methods. We first consider the possibility that the material of the ring originated in the disruption of a satellite that had reached a
critical distance from the centaur. We discuss the conditions for the putative satellite to approach the centaur as a consequence of tidal
interaction. A three-body encounter is also considered as a transport mechanism. In addition, we study the case in which the ring is
formed by the ejecta of a cratering collision on the centaur and we constrain the collision parameters and the size of the resulting
crater of the event. Finally, we consider that the ring material originates from a catastrophic collision between a background object
and a satellite located at a distance corresponding to the the current location of the ring. We compute the typical timescales for these
scenarios.

Results. We estimate that in order to be tidally disrupted a satellite would have had to be larger than approximately 6.5 km at
the location of the rings. However the tidal interaction is rather weak for objects of the size of outer solar system bodies at the
ring location, therefore we considered other more effective mechanisms by which a satellite might have approached the centaur.
Collisonal scenarios are both physically plausible for the formation, but semianalytical estimations indicate that the probability of the

corresponding collisions is low under current conditions.
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1. Introduction

The remarkable discovery of a ring system around (10199)
Chariklo (Braga-Ribas et al. 2014), naturally raises a number
of questions about their origin and the formation environment
of small bodies in the outer solar system, since rings have been
known so far to exist only around the four largest planets.

(10199) Chariklo is the largest known centaur, similar in size
to 2002 GZ32 (Duffard et al. 2014b). The centaur orbit is be-
tween those of Saturn and Uranus, its semimajor axis is 15.8 AU
and its current eccentricity is 0.175, with an effective radius of
approximately 124 km + 9 km, (Duffard et al. 2014a) and a geo-
metric albedo of 0.035 + 0.011 (Fornasier et al. 2013).

The ring system has two components of widths 3 km and
7 km, separated by a gap of about 8 km and they are located
between 391 km and 404 km from the centaur and their estimated
mass is equivalent to that of a body of 1 km radius with density
of 1 g - cm™3 (Braga-Ribas et al. 2014).

It has been concluded (Duffard et al. 2014a) that the dimming
of the centaur between 1997 and 2008 and the gradual decreas-
ing of water ice features from the spectra are due to the changing
view geometry of the rings. This implies that the rings are pri-
marily composed of water ice. The steepness of the ocultation
profile at the edges of the rings, the existence of the gap, as well
as their short estimated spreading lifetime of only 10*yr strongly

suggest that the rings are confined by kilometer-sized shepherd
satellites (Braga-Ribas et al. 2014).

Further observations (Sicardy et al. 2014) revealed that the
rings may have an azimuthal structure, that can be attributed to
an eccentric shape of the rings, which implies that the orbits of
the ring particles are precessing rigidly. Using a model where
differential precession is compensated for by the self gravity of
the ring (Chiang & Goldreich 2000), Pan & Wu (2016) have es-
timated the mass of the rings. Nevertheless, it has been put for-
ward that shepherd satellites do play a fundamental role in keep-
ing apsidal alignment (Papaloizou & Melita 2005) and therefore
this mass estimate may need to be revised. Furthermore, it is
difficult to envisage the origin of the shepherd satellites in a for-
mation scenario driven by cometary-like activity, as put forward
by those authors.

It has also been suggested that the rings originated in the
disruption of a parental centaur during a close encounter with
one of the giant planets (Hyodo et al. 2016), which should have
taken place at about 2 planetary radii. This scenario can success-
fully explain not only the dynamical origin of the rings, but also
their composition, since the material is extracted from the ice-
rich mantle of the incoming body.

On the other hand, detailed dynamical simulations show that
the centaur ring system is stable (Araujo et al. 2016) under close
encounters with the giant planets that (10199) Chariklo experi-
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enced in its past history, which did not occur at distances smaller
that about 10 planetary radii.

In the following sections, we discuss several possible forma-
tion mechanisms that might explain the presence of the rings. We
have studied the conditions to disrupt a satellite in the neighbor-
hood of the centaur, as well as different orbital transport mech-
anisms to that location. We have also considered the possibility
that the rings have originated in either a cratering collision on
the centaur, or in a catastrophic collision on a satellite located
where the rings are, and we have also estimated the probability
of these events in the lifetime of typical centaurs. In the last two
sections we discuss our results and lay out our conclusions.

2. Roche limit of (10199) Chariklo

For a spherical satellite, the classical Roche limit, d, in which
the self-gravity of the satellite is equal to the tidal force of the
primary (the centaur, in our case) is given by (see for example
Murray & Dermott 1999)

M)1/3’ W

d=R(3

m

where R; is the radius of the satellite, M is the mass of the
centaur and m the mass of the satellite.

It is interesting to compare the value of the Roche limit d
with the so called Roche zone or Hill’s radius, dy, which is the
distance to the corresponding L; and L, Lagrange equilibrium
points in the restricted three-body problem,

M o\3
3MO ’

dy = a( @)
where a is the semimajor axis of the orbit of the satellite. In the
case of (10199) Chariklo is approximately dy ~ 2.5 103km.

We note that the shape of (10199) Chariklo seems to be very
close to that of an ellipsoid of revolution with semiaxes A = B =
117 km and C = 122 km (Braga-Ribas et al. 2014; Duffard et al.
2014a). Therefore its mass can be approximated as:

4
M = —npAZC,
3
where p is the unknown density of Chariklo. If we assume that
the satellite is also a symmetric ellipsoid of revolution with axes
A = B and Cyg, its mass, m, can be written as:

m= pXAze
where p; is the density of the satellite and € is defined as:
47
€= ?%,

where the sphericity factor, 7y, is:
— C‘Y
Vs = A
Values of y, between 0.1 and 1.0 can be considered realistic, as
these values correspond to lightcurve amplitudes of 0.4mag’s,
which is the largest value observed for fast-rotator asteroids
(Warner et al. 2009).

Hence, to account for the non spherical shape of both bodies,
we write:

5 13
e (3)7A2C) , 3)
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Regime Delta
Weak 1378 (£)7 (2)”
Strong | 1.I9R (1%)1/3 (1 + 1)10)_1/3

Table 1. Disruption distance, A, according to Dobrovolskis (1990), for
not tidally locked icy bodies.

where ¢ = p/p;.

In Figure 1 we plot the values of d (the Roche limit distance),
for (10199) Chariklo as a primary, as a function of y, for various
values of ¢. Note that the values of d are asymptotic for values of
v, larger than ~ 1.6. For d to be in the range where the rings are
observed today, both those parameters take remarkably extreme
values.

2.1. Disruption distance

Now we shall also consider the fact that the satellite material
most probably possesses a non negligible tensile and/or shear
strength, in order to estimate the size that an object can posses
without being tidally disrupted. We work out the splitting dis-
tance, A, depending on the strength regime and its rotational
state (Dobrovolskis 1990). We consider a spherical satellite with
radius R, and density p; orbiting (10199) Chariklo, with mean
radius R and density p. Depending on the pressure at the center
of the body, given by

po = 2/3 7GRy,

the Weak regime occurs when the tensile strength, 7, is in the
regime T < po, and the Strong regime when T > p,. We assume
a value of the tensile strength, T = 0.88 p, (Davidsson 1999)
(density must be in L.S units, to get T in Pa). We follow Dobro-
volskis (1990) and, since we are interested in the low limits of
distance d, we assume that the body is not tidally locked. In that
case the disruption distance for icy materials is given in Table 1,
where we have assumed that the shear-strength of ice, S follows
the approximate expression: S = 37 (Dobrovolskis 1990).

Figure 2 shows the values of the splitting distance, A, for
the two different strength regimes described above, as a function
of the satellite radius, in a case in which the satellite and the
centaur densities are both equal to 1 g - crn ™3, where we note that
the radius of an object has to be larger than about 6.5 km to be
broken up at the location of the rings of (10199) Chariklo.

The validity of this result can be checked against the results
of Holsapple & Michel (2008) who computed limiting distances
considering material strength, parameterized at different friction
angles as well as tidal and centrifugal forces. We deduce from
Figure 4 in that article, that if the disageggated satellite is Ry ~
3 km and is tidally locked, i.e. its intrinsic rotation period is equal
to its orbital period, then the limiting distance, d’, is independent
of the friction angle and is given by:

& 13
B
Rcy p

where Rcy and p are the mean radius and the density of the of the
centaur. For a satellite with no intrinsic rotation, this condition
occurs for a physical radius of Ry ~ 2 km, i.e. for this satellite’s
size the splitting distance is located at one centaur’s radii when
both densities are equal (Figure 6, Holsapple & Michel 2008).
For d’ to be located at the current location of the rings, the ratio
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of the densities should take an unrealistic value of,

ps 1
Jel T 40
On the other hand, we also deduce that an object with a simi-

lar density to that of the centaur would have to have a radii in the
range 4 km < Ry < 7 km and low-friction angle to disagreggate
atd’ =~ 3.6 X Rcy, where the rings are located at present (Figures
4 and 6, Holsapple & Michel 2008), which confirms the result
obtained with the model of Dobrovolskis (1990).

3. Tidal effects

In this section we discuss the orbital decay that is due to the tidal
interaction produced by a body of the size of (10199) Chariklo
on a putative satellite.

We apply the Darwin-MacDonald approximation for the
tidal potential, which only considers the terms with the lowest
degree on cosy and R;/r, where y is the angle formed by the
position vector, r, and the x — y plane. We also assume the clas-
sical expression of lag-angle subtended at the center of mass of
the centaur between the direction of its tide-raised bulge and the
longitude of the satellite, /, that is sin(2/) = 1/Q, where Q is
the quality factor of the centaur. Hence, the rate of change of
the semimajor axis of the satellite that is due to the tides raised
by the centaur, can be estimated following (Murray & Dermott
1999)

“

, . 3ky m (Ren\’
a = sign(wcy — n) (—) .

ZQQCH a-n M a

Here, we assume that the spin of (10199) Chariklo and the
satellite have the same sense; a is the semimajor axis of the orbit
of the satellite, n = \/GM/a?3 is the local orbital frequency in the
satellite-centaur two-body problem, Ry is the mean radius of
the centaur, wcy its intrinsic rotation frequency, Qcy its quality
factor and k, its Love number. We estimate the value of k; as
(Murray & Dermott 1999):

15
(I+@
The effective rigidity f of the object is estimated as (Murray
& Dermott 1999):

ko

1%
H = ogaT’

where p is the mean rigidity of the material and g(A) the
acceleration of gravity on its surface (Murray & Dermott 1999).
We choose u = 4 N-m~2, which is typical of an icy body, and we
obtain ky = 1.6 - 10—4, for p = 1 g - cm™3. We assume a typical
value for icy solar system minor bodies of Qcgy = 100 (Table 4.1
Murray & Dermott 1999).

From Equation 4, we estimate the time of travel 7, between
two semimajor axes a, and aj, that is due to the tides raised on
the centaur, as

. 2
T2 = sign(wcy — n) E Cr (a?/z _ “%3/2)7

=5 (2) ) (Vaw, )

&)

where

For orbital decay to occur, the satellite must be inside a syn-
chronous orbit. On one hand, using the quoted parameters of
the centaur, the orbital period of the ring particles of (10199)
Chariklo is approximately 20As (see Figure 3), which means
that, for the orbit to evolve inward the rotational period of
(10199) Chariklo should be —or should have been at the time of
the formation of the rings— longer than that value. On the other
hand, a shorter intrinsic rotational period of about 7hs, corre-
sponding to a double-picked light curve, has been determined
for the centaur by Fornasier et al. (2013), using SOAR (4m) data
from five non-consecutive nights. The synchronous orbit would
then be located at about 676km from the centaur, i.e. beyond the
location of the rings. Therefore, the orbital evolution of a hypo-
thetical satellite located where the rings are observed at present,
would tend to expand its orbit.

We nevertheless consider the case in which the rotation rate
of the centaur may have been slower when the tidal interaction
with the satellite started. Taking the final distance, a, as the
mean location where the rings are observed today, we compute
the timescale necessary to reach this distance as a consequence
of the semimajor axis decay due to the tidal interaction with the
centaur. In Figure 4 we plot this timescale as a function of the
starting distance (which we assume to be larger than 500 km) for
different values of the radius of the satellite and its density. This
timescale is shorter than the age of the solar system if the ra-
dius of the satellite is larger than 10 km. For the semimajor axis
change to have a considerable evolution in the typical dynamical
lifetime of a centaur, we find that the satellite would have had to
be larger than 200 km.

We also consider the orbital evolution caused by the tides
raised by the centaur on a hypothetical satellite. When we apply-
ing the same approximation as above, the semimajor axis change
is estimated as

3k2<5>a.nﬂ(&)i

2aQy m ©

a = sign(ws — n)
a
where wg is the intrinsic rotation rate of the satellite, Ry its
physical radius, Qs = Qcy = 100 its quality factor and k,(S), its
Love number, which is estimated in a similar way as previously
described for k,, where satellite parameters are used. Now, we
estimate the time of travel , 7], between two semimajor axes
locations a, and a;, due to the tides raised on the satellite as:

(N

/ . 2 ’
T, = sign(ws — n) e Cy (a;3/2 _ a}3/2),

A I N EUAN By
=3 [kz(S) (M)[ GMRg)'

In Figure 5 we plot 7}, as a function of the initial orbital
semimajor axis for different sizes of the satellite. We assume that
ws < n such that the orbital evolution occurs inward. The satel-
lite density is assumed to be equal to 1 g - cm™>, but we note that
plausible changes of this parameter do not alter the conclusion
substantially. The values of 7, are about one order of magni-
tude higher than 77, and on the order of the lifetime of a centaur
if its physical radius is larger than 100 km. Therefore we con-
clude that the tidal interaction is effective in bringing a satellite
to a distance to the centaur where it can be disrupted, only if
the satellite size is similar to that of the centaur itself and it is
spinning more slowly.

where
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4. Three-body encounter

Tidal interaction is not the only mechanism capable of bringing
a body within the breakup distance to (10199) Chariklo. A three-
body encounter between a centaur and two field objects could be
the cause for one or both of them to reduce its relative energy
with respect to the centaur and become gravitationally bound.
The bound object can become the origin of the rings if its cap-
tured orbit occurs at a distance where tidal forces can disagreg-
gate it. To evaluate the plausibility of this mechanism, here we
shall consider a very simple model for the three-body encounter
between a centaur of mass, My, and two field objects, a and b
(see Figure 7, with masses m, and m,, and radii, R, and Ry, all
assumed to have spherical shape and 1 g - cm™3 density, that suf-
fer a completelly inellastic collision resulting in a single merged
body.

Neglecting the mutual gravitational energy between bodies a
and b, the energy before the collision, £, is given by:

1 1
E = zmava2 + 5mp(Va + AV,)? (®)
_ GM@ma _ GMemb (9)
T rp
_ GMCHma _ GMCHmb (10)
YCHa YCHb

where r, and r, are the heliocentric distances of bodies a and
b, rcuq and reyp and their distances with respect to the centaur.
While the energy after the collision, E», is,

GMo(mg +my,)  GMcy(mg + my)

1 2
E, = z(ma +my) - Vf - ren

and the conservation of the linear momentum, gives:

mp
Vf = Va +

AV,
mgy + nmy,

The energy dissipated in the collision is AE = E, — Ej.

The gravitational energy changes with respect to the Sun and
the centaur during the collision are negligible because the dis-
tances are practically unchanged. Therefore we can write:

2
I m 2

AE f

2m, +my

The final orbit of the merged body is bound to the centaur at
a final distance, ay, therefore we can write,

24 (mg +mp)” = 5 AV, my.

D

If ay = agings, the radii of the bodies taking part into the colli-
sion are related by:

2
5 3 [[arives AV,
Ro=R, \/(WH -

We find that, for this set of assumptions, the transport is pos-
sible when the largest body has a radius of R, = 6.5 km and it
is hit at a relative velocity of 3 km/s by a smaller body of radius
R, = 330m. Given its size, the largest body would not disrupt, as
we estimated in section 2.1.

12)
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5. Collision with the nucleus of (10199) Chariklo

Our goal is to evaluate the possibility that the mass observed in
the rings of (10199) Chariklo, originated as ejecta from a colli-
sion on the surface of the centaur. We use the scaling expression
from Housen & Holsapple (2011) to estimate the velocity, v,,
and the mass, m.(v > v,), of the material ejected with velocity
v > v,, as a function of the distance to the center of the crater, x,
corresponding to an impact in the gravity regime:

LN T .
m,(v > v,) = 4 p, [(c) ”1] 13)
vy1=1/p p
_ N 2
Ve(x) - Cl Vr |:A1 (p;) ] (1 an) > (14)

where R = (A2C)'3,v =04,k =03,p=03,n =12,
C; = 0.55, and np = 1.3 are constants related to the icy nature of
the body, and, A; is the radius of the impactor.

We investigated which combination of distance to the cen-
ter of the crater, x, physical radii and velocity of the impactor
would produce ejecta with velocities in a range such that their
final orbits would correspond to the ring system currently ob-
served, and which amount of ejected mass, M.}, is set in orbit in
that location, that is,

-GM -GM 1 , —-GM
i Y 15
20, ~ R RV < o, (15)
My~ Mgs = M@y >v)—M©y>v,) (16)

where a, and a; are the currently observed limits of the ring
system, v, and v;, the corresponding orbital velocities, assuming
circular orbits, M(v > v,) and M(v > v;) the mass ejected with
velocities higher than the corresponding limit values of the ring
system and Mg is the order of magnitude of the mass of the ring.
We also investigated how much ejected mass remains bound to
the centaur in these cases.

In Figure 8 we plot of the combinations of impactor radii
and velocity that satisfy the conditions set in Eq. 16, for each
favorable pair, the corresponding values of ejected mass, M.,
crater radius and mean ejection distance from it, and < x > is
coded in color. The radius of the impactor is computed assuming
a density of p; = 1 g - cm™ and we find that values that render
favorable events are in a range between 200 m and 1 km.

We also provide the corresponding plots for all the mass that
remains gravitationally bound to the centaur (right column). In
all cases the mass originates at about 1/3 of the diameter of the
crater, the closest regions to the center of impact where the mate-
rial is not compressed into the target and it is able to escape. The
mass that remains in bound orbits and the mass that falls back
onto the surface of the centaur is between 2 and 3 orders of mag-
nitude larger than the ejected mass that is estimated to remain in
bound orbit at the currently observed location of the rings.

The past occurrence of such a collisional event could be eas-
ily corroborated, if the surface of (10199) Chariklo were ob-
served at high resolution, because the crater in which the rings
would have had originated the rings would be in 20 — —50 km in
diameter.

We can calculate the probability of such an event by scaling
to Chariklo the number of impacts computed by Levison et al.
(2000), which give a value of nygy = 3.4107*yr~! for planets
Neptune and Uranus, while we obtain ney = 2.21078yr71.
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Therefore this event would be very unlikely at the current lo-
cation of the body, given that the typical dynamical lifetime of a
centaur is ~ 107 yr (Horner et al. 2004). We note that if the col-
lision rates in the outer solar system were an order of magnitude
higher, as derived from recent observations of impacts on the
giant planets (Hueso et al. 2013), the probability of this event
would be marginally plausible over the dynamical lifetime of
(10199) Chariklo as a centaur. This object very likely originated
in the trans-Neptunian belt and if that event were produced un-
der current conditions, the number of required impacts per year
that would be needed to produce rings as observed, ncyry, may
be estimated as

nepry ~ tAPPICR - R)") = 1.3 x 1072 yr!, (17)

where P; = 1.2910722 km=2 yr~! is the intrinsic probability
of collision of trans-Neptunian objects in present-day conditions
(Dell’Oro et al. 2013), R; = 0.2 km and R, = 1.6 km are the
minimum and maximum radii of impactors that can transfer just
enough mass to the observed location, as previously determined.
The size distribution of TNOs at small sizes is fairly unknown,
therefore we choose a typical steady-state size distribution cor-
responding to ¢ = 3,5 (Dohnanyi 1969; O’Brien & Greenberg
2005; Campo Bagatin & Benavidez 2012), which should be a
good approximation to the real situation unless any wavy behav-
ior in the distribution at small sizes is present (Campo Bagatin
et al. 1994), and C = 4.710* is a normalizing constant corre-
sponding to the number of objects larger than 1 km (Petit et al.
2008).

We also note that the mean relative velocity in the trans-
Neptunian region v,.(TN) = 1.65 km - s~! (Dell’Oro et al. 2013)
is similar to the required velocities computed above.

Therefore, we conclude that it is highly unlikely that this
type of event occurred in present-day conditions in the trans-
Neptunian belt, during the age of the solar system.

6. Catastrophic impact on a previously existent
satellite of (10199) Chariklo

The total mass of the ring has been estimated to be similar to that
of a kilometer-sized object of density 1 g - cm™ (Braga-Ribas
et al. 2014). In this section we therefore calculate the likelihood
that the rings of (10199) Chariklo originated in a catastrophic
impact between a field object and a satellite of the centaur of
radius a; = 1 km.

According to Benz & Asphaug (1999) the mass of the largest
remnant M after a catastrophic collision with (10199) Chariklo
is related to the the incident kinetic energy K; per unit mass of
the target as

K; 1

= -5 -1+ =,
o 2
where My, is the mass of the centaur’s satellite, s = 0.6
for ice for 3 km/s impacts. We consider an analytical depen-
dence of Q" with the target radius, Rs,,, as given by Benz & As-

phaug (1999), which is valid in both the gravity and the strength
regimes,

Mg
MSar

(18)

RS‘”)a + (19)

0" (Rsu) = 00 (T22) + By (’fjm)b

Constants for icy targets at 3 km/s are —Qp = 1.0 107 erg/g,
B = 12erg-cm®/g, a = —0.39 and b = 1.26 and we consider
only the case of a satellite density p;, = 1g - cm™>. In the range
of sizes involved, this expression coincides with that obtained by
numerical simulations of asteroid collisions, which give a value
of b = 1.3 (Leinhardt & Stewart 2009), and yield similar results.
The mass of the impactor is taken as

4 3

m; = gﬂPiAi,
where A; is its mean radius and p; its bulk density. The threshold
catastrophic collision is defined when % = % From this, we
can estimate that the radius A; of a projectile capable of disrupt-
ing the satellite of mass My, , —in an impact at a relative velocity

v; =3 km/s —is:

« 1/3
Q (RSaz)MSaI ] ) (20)

_ 3
o 2npiyi vl2
In Figure 6 , we plot the radius of the impactor that produces
a catastrophic collision as a function of the radius of the target,
Chariklo’s satellite in our case. The value of the impact velocity
is approximated to be the sum of the typical orbital relative ve-
locity and the escape velocity from the centaur, v; = v,+3 km/s.
We estimate that the radius of an impactor that will catas-
trophically disrupt a 3 km satellite is A; ~ 200m, if the bulk
density of the target and the impactor are 1 g - cm™.
Since the collisional cross section of the satellite is approxi-
mately 107* times that of (10199) Chariklo, the estimated num-
ber of collisions with a satellite would be

=12 -1
ngar = 10 yr s

making this event extremely unlikely in the region where the
centaur’s orbit is at present. On the other hand, if we estimate the
number of such events, ng,, in the present-day trans-Neptunian
belt, we obtain,

nsa ~ TAG,,PICATT =32 x 107 yr!,

where Ag,, = 3 km is the radius of the satellite and A; = 200m,
which implies that this type of collision is extremely rare in the
current trans-Neptunian belt.

7. Discussion

In the context of the remarkable discovery of a ring system about
the centaur (10199) Chariklo, the first question that arises is
whether the rings lie inside or outside the corresponding clas-
sical Roche limit. We find that locating the Roche limit at about
3.3 centaur radii, where the rings are observed, implies rather
extreme physical properties for the disrupted satellite: its den-
sity woul have to be 1/3 that of the primary.

We considered various realistic models for the disruption dis-
tance of an object about the centaur that lead us to conclude that
an icy body with a radius of about 6.5 km or larger (Holsapple
& Michel 2008; Dobrovolskis 1990), would disaggregate at the
ring location. The minimum amount of mass available after the
disaggregation of a satellite enough to explain: a) the rings, b) the
shepherd satellites capable of confining the system and c¢) an ob-
ject which would clear the observed gap, corresponds to an ob-
ject of approximately 4 km radius. Therefore a very large amount
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of mass would have been lost from the system. If the loose mate-
rial originated after the disruption did not fell between the shep-
herds, it would be swept away as a result of Pointing-Robertson
or viscous drag in a timescale of 10°yr to 10%yr (Braga-Ribas
et al. 2014).

Even if both collision scenarios studied in Sec. 5 and 6 are
physically plausible, the estimated timescales are longer than the
dynamical lifetime of centaurs, assuming typical impact proba-
bilities taken form the literature (see for example (see for exam-
ple Levison et al. 2000).

If the presently observed rotation period of Chariklo ~ 7 hr
is primordial, the tidal interaction would have produced the ex-
pansion of the orbit. The corotation period at the current ring lo-
cation is ~ 20 hr and —even if the centaur spin were slower than
that, tidal evolution would be too slow to produce the approach
of a small satellite to its breakup distance. By means of a very
simple model, we showed that a three-body encounter can be an
effective mechanism to bring a field object of radius ~ 300m to
its splitting distance, where the rings are observed today. It must
be noted that using Equation 18, the collision assumed in our
simple model is perfectly ineastic and results in the merger of
the two bodies.

8. Conclusions

We estimate that the occurrence of a cratering collision on
(10199) Chariklo or a catastrophic collision on a small satellite
are very rare in the lifetime of a centaur. A remarkable change on
our understanding of the trans-Neptunian population is needed
such that these events become plausible. For instance, the flux
of incoming objects from the trans-Neptunian region should be
an order of magnitude larger than what currently estimated [e.g.
Hueso et al. (2013)]. A ring-forming collision in the primordial
more massive trans-Neptunian belt might be a possible alterna-
tive.

If the ring system originated in a tidal disruption, we find that
the parent body should have been approximately 6.5 km. The
disgregation of such an object produces a considerable excess
with respect to the currently estimated mass. We also note that
if the disrupted body were rotating faster than about 5 hr or its
shape were considerably oblated, then the size of the satellite
could have been much smaller (Davidsson 2001), which would
avoid the problem of the excess of mass.

The dynamical mechanism that transported the disrupted ob-
ject to that distance was most probably not tidal and it might
have beeen associated with a multiple encounter, although more
detailed modeling is necessary on this specific issue.

Regarding the composition of the rings, if the material orig-
inated from a collision on the body of (10199) Chariklo, then
they would have came from its outer crust and would most prob-
ably be composed of water ice (Hyodo et al. 2016). as observed
(Duffard et al. 2014a). If the material of the rings comes form
a disrupted satellite -either tidally or collisionally, then we must
conclude that this body was composed mainly of water ice. On
the other hand, the ring particles are in constant physical inter-
action with each other, therefore it is expected that their surface
are constantly rejuvenated and so, the effects of cosmic irradia-
tion are rapidly masked.
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Fig. 1. Location of the Classical Roche limit, d, for (10199) Chariklo as
a primary as a function of y, for various values of ¢ (see text for details).
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Fig. 2. Splitting distance from (10199) Chariklo as a function of the
satellite radius for two different strength regimes under the assumptions
of Dobrovolskis (1990).
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Fig. 3. Relative location of the synchronous orbit and the location of the
rings.
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Fig. 4. Tidal-evolution travel timescale, 71,, due to the tides raised on
the centaur, as a function of the starting distance assumed to be larger
than 500 km, for different values of the radius of the satellite and its

density.
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Fig. 6. Radius of the impactor that produces a shattering collision at a
relative velocity of 3 km - 57!, as a function of target radius. We assume
that the density of both the impactor and the target satellite is 1g - cm™.
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Fig. 7. Three body encounter sketch. A perfectly inelastic collision be-
tween field objects a and b dissipate enough energy such that the com-
bined object end up in orbit around the centaur.
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Fig. 8. Classed post plots of ejected mass, against impact relative veloc-

ity and size of the impactor. The constraint exists is that that the ejection
velocities are in the range given by condition 16.
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