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ABSTRACT

The recent discovery of the 2003 ELg; collisional family in the Kuiper belt by M. Brown and collaborators is
surprising because the formation of such a family is a highly improbable event in today’s belt. Assuming Brown
et al.’s estimate of the size of the progenitors, we find that the probability that a Kuiper belt object was involved
in such a collision since primordial times is less than roughly 0.001. In addition, it is not possible for the collision
to have occurred in a massive primordial Kuiper belt because the dynamical coherence of the family would
not have survived whatever event produced the currently observed orbital excitation. Here, we suggest that the
family is the result of a collision between two scattered-disk objects. We show that the probability that a collision
occurred between two such objects with sizes similar to those advocated in Brown et al. and that the center of
mass of the resulting family is on an orbit typical of the Kuiper belt can be as large as 47%. Given the large
uncertainties involved in this estimate, this result is consistent with the existence of one such family. If true,
this result has implications far beyond the origin of a single collisional family, because it shows that collisions
played an important role in shaping the dynamical structure of the small body populations that we see today.

Key words: Kuiper Belt — solar system: formation

1. INTRODUCTION

Recently, Brown et al. (2007, hereafter BBRS) announced the
discovery of a collisional family associated with the Kuiper belt
object (KBO) known as (136108) 2003 ELg, (hereafter referred
to as ELg;). With a diameter of ~1500 km (Rabinowitz et al.
2006), ELg,; is the third largest known KBO. The family so
far consists of ELg; plus seven other objects that range from
150 to 400 km in diameter (BBRS; Ragozzine & Brown 2007,
hereafter RB07). Their proper semimajor axes (a) are spread
over only 1.6 AU, their eccentricities (e) differ by less than 0.08,
and their inclinations (i) differ by less than 1.5° (see Table 1).
After correcting for some drift in the eccentricity of ELg; and
1999 OY; due to Neptune’s mean motion resonances, this
corresponds to a velocity dispersion of <150 m s~! (RB07).
BBRS estimates that there is only a one in a million chance that
such a grouping of objects would occur at random.

Based on the size and density of ELg; and on the hydrody-
namic simulations of Benz & Asphaug (1999), and assuming
an impact velocity of 3 km s~!, BBRS estimate that this family
is the result of an impact between two objects with diame-
ters of ~1700 km and ~1000 km. Such a collision is surprising
(M. Brown 2006, personal communication), because there are so
few objects this big in the Kuiper belt that the probability of the
collision occurring in the age of the solar system is very small.

Thus, in this paper we investigate the circumstances under
which a collision like the one needed to create the EL¢; family
could have occurred. In particular, in Section 2 we look again
at the idea that the larger of the two progenitors of this family
(the target) originally resided in the Kuiper belt and carefully
determine the probability that the impact could have occurred
there. We show that this probability is small, and so we have
to search for an alternative idea. In Section 3, we investigate
a new scenario where the ELg; family formed as a result of a
collision between two scattered-disk objects (hereafter SDOs).
The implications of these calculations are discussed in Section 4.
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2. THE KUIPER BELT AS THE SOURCE OF THE TARGET

In this section, we evaluate the chances that a KBO roughly
1700 km in diameter could have been struck by a ~1000 km
body over the age of the solar system. There are two plausible
sources of the impactor: the Kuiper belt itself and the scattered
disk (Duncan & Levison 1997, hereafter DL97; see Gomes
et al. 2008 for a review). We evaluate each of these separately.

2.1. The Kuiper Belt as the Source of the Impactor

We start our discussion with an estimate of the likelihood
that a collision similar to that described in BBRS could have
occurred between two KBOs over the age of the solar system.
Formally, the probability (p) that an impact will occur between
two members of a population in time 7 is

p = NiNuti(Ri + R)’@. M
where N is the number of objects, R is their radii, and the
subscripts i and ¢ refer to the impactors and targets, respectively.
In addition, o is the mean intrinsic impact rate which is
the average of the probability that any two members of the
population in question will strike each other in any given year
assuming that they have a combined radius of 1 km. As such,
o0 is only a function of the orbital element distribution of the
population. For the remainder of this subsection we append the
subscript kk to both p and o to indicate that we are calculating
these values for Kuiper belt—Kuiper belt collisions.

To evaluate Equation (1), we first use the Bottke et al. (1994)
algorithm to calculate the intrinsic impact rate between each
pair of orbits in a population. The average of these rates is Q.-
Using the currently known multi-opposition KBOs, we find
that gz = 1.8 x 10722 km™2 yr~'. However, this distribution
suffers from significant observational biases, which could,
in principle, affect our estimate. As a check, we apply this
calculation to the synthetic Kuiper belts resulting from the
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Table 1
Orbital Elements of the Known ELg; Family as Supplied by the Minor Planet
Center on 2007 July 20

Name a e i
(AU) (deg)
2003 ELg; 433 0.19 282
1995 SMss 41.7 0.10 27.1
1996 TOg¢ 432 0.12 275
1999 OY3 44.1 0.17 242
2002 TX390 432 0.12 259
2003 OP3, 433  0.11 27.2
2003 UZ;;7  44.1 0.13 274
2005 RR43 43.1 0.14 285

formation simulations by Levison et al. (2008). These synthetic
populations are clearly not affected by observational biases,
but may not represent the real distribution very well. As
such, although they suffer from their own problems, these
problems are entirely orthogonal to those of the observed
distribution. We find values of gy between 1.5 x 1072 and 1.6 x
10-22 km~2 yr~!. The fact that the models and observations give
similar results gives us confidence that our answer is accurate
despite the weaknesses of the data sets we used. We adopt a
value of g = 1.7 x 10722 km =2 yr 1.

Next, we need to estimate N; and N;. Roughly 50% of
the sky has been searched for KBOs larger than 1000 km
in radius, and two have been found: Pluto and Eris (Brown
et al. 2005a; Brown & Schaller 2007). Thus, given that almost
all of the ecliptic has been searched, let us assume that there
are three such objects in total. Recent pencil beam surveys have
found that the cumulative size distribution of the Kuiper belt
is N(>R) o« R~3® for objects the size of interest here (Petit
et al. 2006). Thus, there are roughly five objects in the KBOs
consistent with BBRS’s estimate of the size of the target body
(R; = 850 km) and ~40 impactors (R; = 500 km). Plugging
these numbers into Equation (1), we find that the probability
that the impact that formed the ELg; family could have occurred
in the current Kuiper belt is only 2.5 x 10~ over the age of the
solar system.

In the above discussion, we are assuming that the Kuiper belt
has always looked the way we see it today. However, it (and
the rest of the trans-Neptunian region) most likely went through
three distinct phases of evolution (see Morbidelli et al. 2007 for
areview).

1. At the earliest times, KBOs had to have been in an
environment where they could grow. This implies that the
disk had to have been massive (so collisions were common)
and dynamically quiescent (so collisions were gentle and
led to accretion; Stern 1996; Stern & Colwell 1997a;
Kenyon & Luu 1998, 1999). Indeed, numerical experiments
suggest that the disk needed to contain tens of Earth masses
of material and have eccentricities of significantly less than
0.01 (see Kenyon et al. 2008 for a review). In what follows
we refer to this quiescent period as Stage I.

2. The Kuiper belt that we see today is neither massive nor
dynamically quiescent. The average eccentricity of the
Kuiper belt is ~0.14 and estimates of its total mass range
from 0.01 Mg (Bernstein et al. 2004) to 0.1 Mg (Gladman
et al. 2001). Thus, there must have been some sort of
dynamical event that significantly excited the orbits of the
KBOs. This event was either violent enough to perturb
>99% of the primordial objects onto planet-crossing orbits
thereby directly leading to the Kuiper belt’s small mass
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(Morbidelli & Valsecchi 1997; Nagasawa & Ida 2000;
Levison & Morbidelli 2003; Levison et al. 2008), or excited
the Kuiper belt enough that collisions became erosional
(Stern & Colwell 1997b; Davis & Farinella 1997; Kenyon
& Bromley 2002, 2004). It was during this violent period
that most of the structure of the Kuiper belt was established.
As we discuss below, the Kuiper belt’s resonant populations
might be the only exception to this. Indeed, the inclination
distribution in the resonances shows that these populations
either formed during this period or post-date it (Hahn &
Malhotra 2005). It is difficult to date this event. However,
there has been some work that suggests that it might be
associated with the late heavy bombardment (LHB) of the
Moon, which occurred 3.9 Gy ago (Levison et al. 2008). In
what follows we refer to this violent period as Stage I1.

3. Since this dramatic event, the Kuiper belt has been rela-
tively quiet. Indeed, the only significant dynamical changes
may have resulted from the gradual decay of intrinsically
unstable populations and the slow outward migration of
Neptune. As discussed in more detail in Section 3, this mi-
gration occurs as a result of a massive scattered disk that
formed during Stage II. It might be responsible for creating
at least some of the resonant structure seen in the Kuiper
belt (Malhotra 1995; Hahn & Malhotra 2005). This migra-
tion continues today, although at an extremely slow rate.
We refer to this modern period of Kuiper belt evolution as
Stage I1I.

Perhaps the simplest way to resolve the problem of the low
probability of an ELg,-like collision is to consider whether this
event could have occurred during Stage I, when the Kuiper belt
may have been 2-3 orders of magnitude more populous than
today (see Morbidelli et al. 2007 for a review). Increasing the
N; and N, in Equation (1) by a factor of 100—1000 would not
only make a collision like the one needed to make the ELg;
family much more likely, but it would make them ubiquitous.
Indeed, this explains why many large KBOs (Pluto and Eris,
for example) have what appear to be impact-generated satellites
(e.g., Canup 2005; Brown et al. 2005b).

However, the fact the we see the ELg; family in a tight
clump in orbital element space implies that if the collision
occurred during Stage I, then whatever mechanism molded
the final structure of the Kuiper belt during Stage II must
have left the clump intact. Three general scenarios have been
proposed to explain the Kuiper belt’s small mass: (i) the Kuiper
belt was originally massive, but the strong dynamical event
in Stage II caused the ejection of most of the bodies from
the Kuiper belt to the Neptune-crossing region (Morbidelli
& Valsecchi 1997; Nagasawa & Ida 2000), (ii) the Kuiper
belt was originally massive, but the dynamical excitation in
Stage II caused collisions to become erosive* and thus most
of the original Kuiper belt mass was ground to dust (Stern &
Colwell 1997b; Davis & Farinella 1997; Kenyon & Bromley
2002, 2004), and (iii) the observed KBOs accreted closer to
the Sun, and during Stage II a small fraction of them were
transported outward and trapped in the Kuiper belt by the
dynamical evolution of the outer planets (Levison & Morbidelli
2003; Levison et al. 2008).

Scenario (ii) cannot remove objects as large as the EL¢; pre-
cursors because the collisions are not energetic enough. In-
deed, in order to get this mechanism to explain the Kuiper

4 Recall that by definition most of the collisions that occurred during Stage T
were accretional.
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belt’s small mass, almost all of the original mass must
have been in objects with radii less than ~10 km (Kenyon
& Bromley 2004). Thus, in this scenario, the number of
~500 km objects present at early epochs is no different than
what is currently observed. Thus, this scenario cannot solve our
problem. Scenarios (i) and (iii) invoke the wholesale dynamical
transport of most of the Kuiper belt. While, this can remove
most of the targets and impactors, the dynamical shakeup of the
Kuiper belt would obviously destroy the coherence of the family.
This is due to the fact that any dynamical mechanism that could
cause such an upheaval would cause the orbits of the KBOs
to become wildly chaotic, and thus any tight clump of objects
would spread exponentially in time. From these considerations
we conclude that the collision that created the ELg; family could
not have occurred between two KBOs (see Morbidelli 2007, for
further discussion).

2.2. The Scattered Disk as the Source of the Impactor

In this section we evaluate the probability that the larger
progenitor of the ELg; family was originally found in the Kuiper
belt, but the impactor was a member of the scattered disk. For
reasons described above, the family-forming impact must have
occurred some time during Stage III when the main dynamical
structure of the Kuiper belt was already in place. However,
the scattered disk is composed of trans-Neptunian objects that
have perihelia near enough to Neptune’s orbit that their orbits
are not stable over the age of the solar system (see Gomes
2008, for a review). As a result, they are part of a dynamically
active population where objects are slowly diffusing through
orbital element space and occasionally leave the scattered disk
by either being ejected from the solar system, evolving into
the Oort cloud, or being handed inward by Neptune, thereby
becoming Centaurs.

Therefore, unlike the Kuiper belt, the population of the
scattered disk has slowly been decreasing since its formation
and this decay is ongoing even today. It is an ancient structure
(Morbidelli et al. 2004; Duncan et al. 2004) that was probably
constructed during Stage II, and thus has slowly evolved and
decayed in number during all of Stage III. DL97 estimated that
the primordial scattered disk’ may have contained roughly 100
times more material at the beginning of Stage III than we see
today. We need to include this evolution in our estimate of the
collision probability.

The above requirement forces us to modify Equation (1).
In particular, since we have to assume that the number of
Kuiper belt targets (N,) has not significantly changed since the
beginning of Stage III (Duncan et al. 1995),

ot = (Ry + R 6 N, / Ni(t)dr. %)

where the subscript sk refers to the fact that we are calculating
these values for SDO-KBO collisions. In writing Equation (2)
in this manner, we are assuming that the scattered disk orbital
element distribution, and thus gy, does not significantly change
with time. In all the simulations discussed below, we find that
this is an accurate assumption.

Assuming that the size distribution of SDOs does not change
with time, we can define f(f) = N;(¢)/N;o, where N; is the
number of impactors at the beginning of Stage III. As a result,

5 In what follows, when we refer to the “primordial scattered disk” we mean
the scattered disk that existed at the end of Stage II and at the beginning of
Stage III.
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[ Ni(t) dt in Equation (2) becomes N;q [ f dt. Now, if we define
f = [ fdt, then py takes on the same form as in Equation (1):

Psk = Nio N 1(R; + R,)* 0. A3)

We must rely on dynamical simulations in order to estimate
f(¢) and 7. In addition, our knowledge of the orbital element
distribution (and thus gy ) of SDOs is hampered by observational
biases on a scale that is much worse than exists for the Kuiper
belt because of the larger semimajor axes involved. Thus, we
are required to use dynamical models to estimate o, as well.
For this purpose, we employ three previously published models
of the evolution of the scattered disk.

1. LD/DL97: Levison & Duncan (1997) and DL97 studied
the evolution of a scattered disk whose members originated
in the Kuiper belt. In particular, they performed numerical
orbital integrations of massless particles as they evolved
from Neptune-encountering orbits in the Kuiper belt. The
initial orbits for these particles were chosen from a previous
set of integrations whose test bodies were initially placed
on low-eccentricity, low-inclination orbits in the Kuiper
belt but then evolved onto Neptune-crossing orbits (Duncan
et al. 1995). The solid curve in Figure 1 shows the relative
number of SDOs as a function of time in this simulation.
After 4 x 10° yr, 1.25% of the particles remain in the
scattered disk. We refer to this fraction as f; (see Table 2).
Note that f; is equivalent to f(4 Gy). In addition, we find
that 7 = 1.9 x 10% yr in this integration.

2. DWLDO04: Dones et al. (2004) studied the formation of the
Oort cloud and dynamical evolution of the scattered disk
from a population of massless test particles initially spread
from 4 to 40 AU with a surface density proportional to
r~3/2_For the run employed here, the initial rms eccentricity
and inclination were 0.2 and 5.7°, respectively. Also, we
restricted ourselves to use only those objects with initial
perihelion distances < 32 AU. The dotted curve in Figure 1
shows the relative number of SDOs as a function of
time in this simulation. For this model f; = 0.63% and
f=23.9x10% yr.

3. TGMLOS: Tsiganis et al. (2005, hereafter TGMLO0S) pro-
posed a new comprehensive scenario—now often called
“the Nice model”—that reproduces, for the first time, many
of the characteristics of the outer solar system. It quantita-
tively recreates the orbital architecture of the giant planet
system (orbital separations, eccentricities, inclinations;
Tsiganis et al. 2005). It also explains the origin of the
Trojan populations of Jupiter (Morbidelli et al. 2005) and
Neptune (Tsiganis et al. 2005; Sheppard & Trujillo 2006),
and the irregular satellites of the giant planets (Nesvorny
et al. 2007b). Additionally, the planetary evolution that is
described in this model can be responsible for the early
Stage II evolution of the Kuiper belt (Levison et al. 2008).
Indeed, it reproduces many of the Kuiper belt’s characteris-
tics for the first time. It also naturally supplies a trigger for
the LHB of the terrestrial planets that occurred ~3.9 billion
years ago (Gomes et al. 2005).

TGMLOS envisions that the giant planets all formed within
~15 AU of the Sun, while the known KBOs formed in a
massive disk that extended from just beyond the orbits of the
giant planets to ~30 AU. A global instability in the orbits
of the giant planets led to a violent phase of close planetary
encounters (Stage II). This, in turn, caused Uranus and
Neptune to be scattered into the massive disk. Gravitational
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Figure 1. The fraction of scattered-disk objects remaining in a simulation as a
function of time. The solid curve shows the results from LD97 and DL97. The
dotted curve shows the results from DWLDO04. The gray curve shows TGMLOS.
Time is measured from the beginning of Stage III.

interactions between the disk and the planets caused the
dispersal of the disk (some objects being pushed into the
Kuiper belt; Levison et al. 2008) and forced the planets to
evolve onto their current orbits (see also Thommes et al.
1999, 2002). After this violent phase (i.e. at the beginning
of Stage III), the scattered disk is massive. As in the other
models above, it subsequently decays slowly due to the
gravitational effects of Neptune. The gray curve in Figure 1
shows the relative number of SDOs as a function of time
in TGMLO5’s nominal simulation.® We set t = 0 to be the
point at which the orbits of Uranus and Neptune no longer
cross. For this model f; = 0.41% and 7 = 1.5 x 108 yr.

Once the behaviors of f(¢) are known for the various models,
all we need in order to calculate Equation (3) is N;o, which, we
recall, is the initial number of 1000 km diameter impactors
in the scattered disk, and os. To evaluate N;y, we need to
combine our dynamical models with observational estimates
of the scattered disk. The most complete analysis of this kind
to date is by Trujillo et al. (2000). These authors performed
a survey of a small area of the sky in which they discovered
three scattered-disk objects. They combined these data with
those of previous surveys, information about their sky coverage,
limiting magnitudes, and dynamical models of the structure of
the scattered disk to calculate the number of SDOs with radii
larger than 50 km. To perform this calculation, they needed,
however, to assume a size distribution for the scattered disk. In
particular, they adopted N(>R) o< R™¢, and studied cases with
g =2 and 3.

Unfortunately, if we are to adopt Trujillo et al.’s estimates of
the number of SDOs, we must also adopt their size distributions,
because the former is dependent on the latter. This might be
perceived to be a problem because we employed a much steeper

6 TGMLOS5 stopped their integrations at 348 Myr. Here we continued their
simulation to 4 Gyr using the RMVS integrator (Levison & Duncan 1994),
assuming that the disk particles were massless.
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size distribution for the Kuiper belt in Section 2.1. Fortunately,
g = 3 is in accordance with the available observations for this
population. In particular, it is in agreement with the most modern
estimate of Bernstein et al. (2004), who found ¢ = 3.3t%'74 for
bright objects (as these are) in a volume-limited sample of what
they call the “excited class” (which includes the scattered disk).
In addition, it is consistent with the results of Morbidelli et al.
(2004), who found that 2.5 < g < 3.5 for the scattered disk.
Also note that Bernstein et al. (2004) concluded that the size
distribution of their “excited class” is different from the rest
of the Kuiper belt at the 96% confidence level, which again
supports the choices we make here. Thus, we adopt Trujillo
et al.’s estimate for ¢ = 3, which is that there are between
18,000 and 50,000 SDOs with R > 50 km and 50 < a <
200 AU. We also adopt ¢ = 3 in the remainder of this
discussion.”

LD/DL97’s model of the scattered disk places about 66%
of its SDOs in Trujillo et al.’s range of semimajor axes. This
fraction is 47% in DWLDO04 and 40% in TGMLOS5. Thus, we
estimate that there are currently between 27,000 and 125,000
SDOs larger than 50 km (Nspkm) depending on the model. So,
the initial number of objects in the scattered disk of radius R is

N5okm R 1
NMR)z%(m) : (4)

The values of N;o derived from this equation are presented in
Table 2 for Trujillo et al.’s value of g = 3.

Finally, we need oy, which, we recall, only depends on the
orbital element distribution of the targets and impactors. We can
take the orbital element distribution of the impactors directly
from our scattered-disk numerical models, but we need to
assume the orbit of the target. We place the target on the center-
of-mass orbit for the family as determined by RBO7. This orbit
hasa =43.1 AU,e = 0.12,andi = 28.2°. As before, the values
of oy are calculated using the Bottke et al. (1994) algorithm
and are also given in the table. It was somewhat surprising
to us that the values for g, are so similar to g, because the
scattered disk is usually thought of as a much more extended
structure. However, we found that the median semimajor axis
of objects in our scattered-disk simulations is only about
60 AU. This is similar enough to the Kuiper belt to explain the
similarity.

It should be noted that the Bottke et al. algorithm assumes
a uniform distribution of orbital angles, which might be of
some doubt for the scattered disk. As a result, we tested these
distributions for our objects with semimajor axes of between
40 and 200 AU and found that, although there was a slight
preference for arguments of perihelion near 0 and 180°, the
distributions were uniform to better than one part in ten.

We can now evaluate pg; for the various models. These too
are given in Table 2. We find that the probability that the ELg;
family is the result of a collision between a Kuiper belt target
with a radius of 850 km and a scattered-disk impactor with a
radius of 500 km is less than 1 in 220. Although this number is
larger than that for Kuiper belt—Kuiper belt collisions, it is still
small. Thus, we conclude that we can rule out the idea that the
progenitor (i.e., the target) of the ELg; family was in the Kuiper
belt.

7 Note that if we had adopted ¢ = 3 in Section 2.1, our final estimate of the
probability that the ELg; family was the result of a collision between two
KBOs (pii) would have actually been smaller by about a factor of 2. This,
therefore, would strengthen the basic result of this paper.
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Table 2
Important Dynamical Parameters Derived from the Three Pre-Existing Scattered-Disk Models
LD/DL97 DWLDO04 TGMLOS
fs 1.3% 0.63% 0.41%
f (yr) 1.9 x 108 3.9 x 108 1.5 x 108
Osk (km~2 yr=1) 6.7 x 10723 7.2 x 10723 1.1 x 10722
N; 2180—6060 6980—16,900 11,000—30,400
Dsk 2.4 x 1074-6.9 x 10~ 1.7 x 107343 x 1073 1.6 x 1073-4.5 x 1073
AVin (ms™1) 198 263 93
1 (yr) 3.4 x 107 1.5 x 108 4.6 x 107
Nio 440-1230 12403440 2230—-6260
055 (km~2 yr~1) 1.1 x 1072 8.0 x 10723 7.9 x 1073
Dss 0.007—-0.051 0.16—1.27 0.16—1.26
PKB 0.19 0.076 0.32
PsD 1.5 x 1073-0.011 0.012—0.10 0.061—0.47

Note. See the text for a full description.

3. THE SCATTERED DISK AS THE SOURCE OF BOTH
THE TARGET AND THE IMPACTOR

In the last section we found that an SDO-KBO collision
is much more likely than a KBO-KBO collision because the
scattered disk was more massive in the past. Thus, in order
to increase the overall probability of an ELg; family-forming
event even further, we need to investigate whether both the
target and the impactor could have been in the scattered disk at
the time of the collision. This configuration has the advantage of
increasing the number of potential targets by roughly two orders
of magnitude relative to the estimate employed in Section 2.2, at
least at the beginning of Stage III. At first sight, the assumption
that both progenitors were in the scattered disk may seem at
odds with the fact that the family is found in the Kuiper belt
today. Remember, however, that collisions preserve the total
linear momentum of the target and the impactor. As a result,
the family is dispersed around the center of mass of the two
colliding bodies, not around the orbit of the target. If the relative
velocity of the colliding objects is comparable to their orbital
velocity and the two bodies have comparable masses, then the
center of mass of the resulting family can be on a very different
orbit than the progenitors.

With this in mind, we propose that at some time near the
beginning of Stage III, two big scattered-disk objects collided.
Before the collision, each of them was on an eccentric orbit
typical of the scattered disk. At the time of the collision, one
object was moving inward while the other was moving outward,
so that the center of mass of the target—projectile pair had an
orbit typical of a KBO. As a result, we should find the family
clustered around this orbit today.

We start our investigation of the above hypothesis by de-
termining whether it is possible for the center of mass of two
colliding SDOs to have a Kuiper belt orbit like that of the EL¢;
family. We accomplish this by comparing AV, to § Vipin, where
AV, is defined to be the minimum difference in velocity be-
tween the ELg; family orbit and the scattered-disk region, and
8 Vmin is the possible difference in velocity between the cen-
ter of mass of the collision and the original orbit of the target.
If AViin > 8 Vimin, then a collision between two SDOs cannot
lead to ELg,’s orbit. If, on the other hand, AVyin < 8 Viin, our
scenario is at least possible. Note, however, that this condition is
necessary, but not sufficient, because the orientation of the im-
pact is also important. This effect will be accurately taken
into account in the numerical models performed later in this
section.

We start our simple comparison with AVy,;,. The green areas
in Figure 2 show the regions of orbital element space visited
by SDOs during our three N-body simulations. It is important
to note that these are two-dimensional projections of the six-
dimensional distribution consisting of all the orbital elements.
Therefore, the fact that an area of one of the plots is green
does not imply that all the orbits that project into that region
belong to the scattered disk, only that some of them do. The
red dot represents RB07’s center-of-mass orbit for the ELg;
family. Note that the family is close to the region visited by
SDOs.

The distance in velocity space between the location of the
family and the scattered-disk region, AVy,,, can be computed
using the techniques developed in Nesvorny et al. (2007a).
Given two crossing orbits this algorithm uses Gauss’ equations
to seek the minimum relative velocity (AV) needed to move
an object from one orbit to another. In particular, it searches
through all values of true longitudes and orbital orientations
in space to find the smallest AV while holding a, e, and i
of each orbit fixed. Using this algorithm, we take each entry
from the orbital distributions saved during the scattered-disk
N-body simulations and compare it to RBO7’s center-of-mass
orbit for the ELg; family. We then take AV, to be the minimum
difference in orbital velocity between the ELg; family and the
region visited by scattered disk particles during our simulations.
These values are listed in Table 2, and we find that all the
N-body simulations have particles which get within 265 m s~
of the family.

Next we estimate 6 Viin. The center-of-mass velocity, \7CM,
of the target—impactor system is (mi\7,- + m,\7,)/(mi +ﬂm,),
Wﬂhere m is the mass of each ony. So, 8V = |\7CM -V =
|V — \7,|/(1 + %) where |\7[ — V| is the impact speed, which
BBRS argues is roughly 3 km s~! (in the simulations below we
find the average to be about 2.7 km s~!). Therefore, assuming
a mass ratio between the target and impactor of 5 (as argued
by BBRS), we expect that the center-of-mass velocity (from
which the fragments are ejected) to be offset from the initial
velocity of the target by about 450 m s~!. Since this is larger
than the minimum velocity distance that separates the scattered
disk from the ELg; family (AVpin; < 265 m s~1, as discussed
above), it is possible that the observed orbit of the ELg; family
could result from such a collision.

We now estimate the likelihood that such a collision will
happen. To accomplish this, we divide the problem into two
parts. We first evaluate the probability (pss) that a collision
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Figure 2. Green area illustrates the regions (eccentricity—semimajor axis distribution on the top panels and inclination—semimajor axis distribution on the bottom
panels) visited by scattered-disk objects with no collisions included (left panels: from LD/DL97; right panels: from DWLDO04; bottom TGMLO0S5). The blue curve in
the top panels marks ¢ = 34 AU and the red dot shows the center-of-mass orbit of the ELg; family (RBO7). All three of our scattered disk simulations have objects
which get within 265 m s~! of the family. For reference, a typical impact of scattered-disk bodies with a mass ratio of 5 (as for the target/impactor estimated in BBRS)
gives a § Vipin of ~450 m s~1. The black dots show stable Kuiper belt orbits that result from actual simulations of SD evolution, accounting for such collisions. In all
cases the osculating orbits are shown.

occurred in the age of the solar system between two SDOs bodies was on a stable Kuiper belt orbit. Since fragments of
with R; = 500 km and R; = 850 km. Then, we calculate the the collision will be centered on this orbit, the family members
likelihood (pgg) that the center of mass of the two colliding should span it. In what follows, we refer to this theoretical orbit
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as the “collision orbit.” The probability that the EL¢s; family
originated in the scattered disk is thus psp = pss X pxs.

As with the determination of py; in Section 2.2, we need
to modify Equation (1) to take into account that the number
of objects in the scattered disk is changing with time. In this
case, however, both the number of targets and the number of
impactors vary. As a result,

Py = (Ri + R B, / N N dit. )

Assuming that the size distribution of SDOs does not change
with time, N;(¢)/N;o = N;(t)/Nio = f(t), where f(¢) was
defined above. Thus, [ N;(t) N,(t)dt becomes NyyNyo [ f*dt.
Now, if we define t; = f f2dt, then py, again takes on the same
form as in Equation (1):

Pss = NioNioti(R; + R,)*0ss, (6)

where the subscript ss refers to the fact that we are calculating
these values for SDO-SDO collisions. Note that #; is not the
same as f used in Equation (3), but it is a measure of the
characteristic time of the collision. The values of f#; for our
three scattered-disk models are given in Table 2.

The values of N;q are the same as we calculated in Section 2.2
using Equation (4) because in both cases the impacting popu-
lation is the same. In this case, we can also use Equation (4)
to estimate Nyo. These values are given in Table 2. The table also
shows the values of g, for each of the models, which were again
calculated using the Bottke et al. (1994) algorithm. Recall that
this parameter only depends on the orbital element distribution
of the scattered disk.

We can now evaluate py, for the various models. These too
are given in Table 2. Again, we are assuming a target radius of
850 km and an impactor radius of 500 km. We find that our
scenario is least likely in the LD/DL97 model, with p,; < 0.06,
while it is most likely in the TGMLOS model with pg; ~ 1. The
fact that p;, can be close to 1 is encouraging. After all, we
see one family and there are probably not many more in this
size range. However, we urge caution in interpreting these py;
values because there are significant uncertainties in several of
the numbers used to calculate them—particularly the N. Indeed,
we believe that the differences between the pg, values from
the various models are probably more a result of the intrinsic
uncertainties in our procedures rather than the merit of one
model over another.

Next, we need to calculate the probability that the impacts
described above have collision orbits in the Kuiper belt (pkg).
We accomplish this with the use of a Monte Carlo simulation
where we take the output of our three orbital integrations and
randomly choose particle pairs to collide with one another based
on their location and the local number density. We apply the
following procedures to the LD /DL97, DWLDO04, and TGMLOS5
data sets, separately.

Our pre-existing N-body simulations supply us with a series
of snapshots of the evolving scattered disk as a function of time.
In particular, the original N-body code recorded the position
and velocity of each object in the system at fixed time intervals.
For two objects to collide, they must be at the same place at the
same time. However, because of the small number of particles
in our simulations (compared to the real scattered disk) and the
fact that the time intervals between snapshots are long, it is very
unlikely to find any actual collisions in our list of snapshots.
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Thus, we must bin our data in both space and time in order to
generate pairs of particles to collide. For this purpose, we divided
the solar system into a spatial grid. We assumed that the spatial
distribution of particles is both axisymmetric and symmetric
about the mid-plane. Thus, our grid covers the upper part of the
meridional plane. The cylindrical radius (z) was divided into
300 bins between 30 and 930 AU, while the positive part of the
vertical coordinate was divided into 100 bins with z < 100 AU.
We also binned time. However, since the number of particles in
the N-body simulations decreases with time (see Figure 1), we
increased the width of the time bins (Aty;,) at later times in order
to insure we had enough particles in each bin to collide with one
another. In particular, we choose the width of each time bin so
that the total number of particles in the bin (summing over the
spatial bins) is the same.

We assigned each entry (meaning a particular particle at a
particular time) in the data set of our original N-body simulation
to a bin in the three-dimensional space discussed above (i.e.,
w — z —t). As a result, the entries associated with each bin
represent a list of objects that were roughly at the same location
at roughly the same time in the N-body simulation.

Finally, we generated collisions at random. This was accom-
plished by first randomly choosing a bin based on the local
collision rate, as determined by a particle-in-the-box calcula-
tion. It is important to note that since the bins were populated
using the N-body simulations, this choice is consistent with the
collision rates used to calculate the mean collision probability
Pss above. As a result, we are justified in multiplying p,, and
pxs together at the end of this process. Once we had chosen a
bin, we randomly chose a target and an impactor from the list
of objects in that bin. From the velocities of the colliding pair
we determined the orbit of the pair’s center of mass assuming a
mass ratio of 5.

The next issue is to determine whether these collision orbits
are in the Kuiper belt. For this purpose, we define a KBO as
an object on a stable (for at least a long period of time) orbit
with a perihelion distance, g, greater than 34 AU (indicated by
the blue curves in Figure 2). To test stability, we performed a
50 Myr integration of the orbit under the gravitational influence
of the Sun and the four giant planets. As previous studies of
the stability of KBOs have shown (Duncan et al. 1995; Kuchner
et al. 2002), a time span of 50 Myr adequately separates the
stable from the unstable regions of the Kuiper belt. Any object
that evolved onto an orbit with ¢ < 33 AU during this period of
time was assumed to be unstable. The remainder were assumed
to be stable and are shown as the black dots in Figure 2.

We find that collisions can effectively fill the Kuiper belt
out to near Neptune’s 1:2 mean motion resonance at 48 AU.
We created stable, nonresonant objects with ¢’s as large as
46.5 AU. Indeed, the object with the largest ¢ has a =
473 AU, e = 0.017, and i = 18.2°, and thus it is fairly typical
of the KBOs that we see. With regard to the EL¢; family, we
easily reproduce stable orbits with the same a and e. However,
we find that it is difficult to reproduce the family’s inclination.
Although we do produce a few orbits with inclinations larger
than that of the family’s, ~90% of the orbits in our simulations
have inclinations less than that of the ELg; family.

The lack of high-inclination objects is clearly a limitation
of our model. We believe, however, that this mismatch is
more the result of limitations in our scattered-disk models than
of our collisional mechanism for capture in the Kuiper belt.
Neither the LD/DL97, DWLDO04, nor TGMLOS simulations
produce high enough inclinations to explain what we see in
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the scattered disk. So, if we had a more realistic scattered-disk
model, we would probably be able to produce more objects
with inclinations like ELg; and its cohorts. One concern of
such a solution is that the higher inclinations would affect our
collision probabilities, particularly through their effects on o;;.
To check this, we performed a new set of calculations where
we arbitrarily increased the inclinations of the scattered disk
particles by a factor of 2. We find that the increased inclinations
decrease g, by less than 20%. Thus, we conclude that if we had
access to a scattered-disk model with more realistic inclinations,
we should be able to better reproduce the orbit of the family
without significantly affecting the probability of producing it.

The values of pkg (the fraction of EL¢;-forming impacts that
lead to objects that are trapped in the Kuiper belt) resulting
from our main Monte Carlo simulations are listed in Table 2.
Combining pgp and p,, we find that the probability that, in the
age of the solar system, two SDOs with radii of 500 km and
850 km hit one another leading to a family in the Kuiper belt
(which we called psp) is between 0.1% and 47%, depending
on the assumptions we use. For comparison, in Section 2 we
computed that the probability that the ELg; family is the result
of the collision between two KBOs is ~0.02%, or the result of
a KBO-SDO collision is 50.1%.8 Thus, we conclude that the
progenitors of the ELg; family are much more likely to have
originated in the scattered disk than in the Kuiper belt.

Up to this point, we have been concentrating on whether our
model can reproduce the observed center-of-mass orbit of the
ELg, family. However, the spread of orbits could also represent
an important observational constraint (Morbidelli et al. 1995). In
particular, assuming that the ejection velocities of the collision
were isotropic around the center of mass, the family members
should fall inside an ellipse in a—e and a—i space. The orientation
and axis ratio of the ellipse in a—e space are strong functions of
the mean anomaly of the collision orbit at the time of the impact
(M), while the axis ratio of the ellipse in a—i space is a function
of both M and the argument of perihelion (w). The major axis of
the ellipse in a—i space should always be parallel to the a axis.’
Using this information, RBO7 estimated that at the time of the
collision the center-of-mass orbit had M = 76° and w = 271°.

Given that we are arguing that the target and impactor
originated in the scattered disk, we might expect that certain
impact geometries are preferred, while others are forbidden.
Thus, we examined the M and w of all the collisions shown in
Figure 2 (black dots) with orbits near that of RBO7’s center-
of-mass orbit. In particular, we chose collision orbits with
42 <a <44 AU, 0.08 < e < 0.14, and i > 15°. We found
that we cannot constrain the values of w. Indeed, these orbits
are roughly uniform in this angle. However, our model avoids
values of M between —37° and 62°, i.e., near perihelion. This is
a result of the fact that the collision must conserve momentum,
lose energy, and that the initial orbits of the progenitors were in
the scattered disk while the family must end up in the Kuiper
belt. RBO7’s value of M falls in the range covered by our models.

Figure 3 shows a comparison between the spread of the ELg,
family in orbital element space (black dots) and two of our
fictitious families. The fictitious family members were generated

8 In Section 2.2, we did not take into account the fact that collisions between
a larger KBO and a somewhat smaller SDO could result in a family on an
unstable orbit, i.e., on an orbit that is not in the Kuiper belt. Applying the
above procedures to the collisions described in Section 2.2, we find that there
is only a 29% chance that the resulting family would be on a stable Kuiper belt
orbit. The values of py in Table 2 should be multiplied by this factor.

9 This is indeed observed for the ELg; family. This fact supports the idea that
these objects really are the result of a collision and not simply a statistical fluke.
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Figure 3. Comparison of the spread of families in Aa—Ae and Aa—Ai space,
where Ax is defined to be the difference between a particular orbital element of
the family member and that of the collision orbit. The black dots show the proper
orbital elements of the real family members as determined by RB0O7. We did not
plot 2003 EL¢; or 1999 OY3 because their orbits have changed since the family
formed (RBO7). The green dots show a fictitious family with a collision orbit
ofa =42.0 AU, e = 0.09,i = 21°, w = 111°, M = —72°. For comparison,
the red dots show a fictitious family with a collision orbit of a = 42.2 AU,
e =0.09,i = 23°, w = 294°, M = 174°. This shows that this diagnostic is a
sensitive test for the models and that we can reproduce the observations.

by isotropically ejecting particles from the point of impact with
a velocity of 150 m s~! (BBRS). The collision orbits for these
families are consistent with the center-of-mass orbit for the
family. The collision orbit of the family shown in green has
M = 71° and w = 273°—similar to the values inferred by
RBO7. For comparison, the family shown in red has an orbit
with similar a, e, and i, but M = 174° and w = 294°. We can
conclude that, although this test is not very constraining because
our model can reproduce most values of M and w, we can match
what is seen.

There is one more issue we must consider. In Section 2.1,
we described the three phases of Kuiper belt evolution: (1)
a quiescent phase of growth (Stage I), (2) a violent phase of
dynamical excitation and, perhaps, mass depletion (Stage II),
and (3) a relatively benign modern phase (Stage III). We argued
that any collisional family that formed during Stage I or Stage II
would have been dispersed during the chaotic events that excited
the orbits in the Kuiper belt. Thus, the family-forming impact
must have occurred during Stage III. However, the fact that the
violent evolution is over before the collision does not mean that
the orbits of the planets must have remained unchanged. As a
matter of fact, the decay of the scattered-disk population actually
causes Neptune’s orbit to slowly migrate outward. This, in turn,
causes resonances to sweep through the Kuiper belt, potentially
affecting the orbits of some KBOs. So, as a final step in our
analysis, we must determine whether the dynamical coherence
of the EL¢; family would be preserved during this migration.

To address the above issue, we performed an integration of
100 fictitious family members on orbits initially with the same a,
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e, and i as RB07’s center-of-mass orbit, under the gravitational
influence of the four giant planets as they migrate. We adopted
the case presented in Malhotra (1995), where Neptune migrated
from 23 to 30 AU. Note that the model in Levison et al. (2008)
has Neptune migrating from ~27 AU, so we are adopting an
extreme range of migration here. We found that only 12% of
the family members were trapped in and pushed outward by
Neptune’s mean motion resonances (i.e., they were removed
from the family). The orbits of the remaining particles were
only slightly perturbed and thus they remained recognizable
family members. Thus, we conclude that the family would have
survived the migration and that the SDO-SDO collision is still
a valid model for the origins of the ELg; family. Interestingly,
however, this simulation predicts that we might find family
members (which can be identified by their IR spectra; BBRS)
in the more distant Neptune resonances (1:2, 2:5, ...). If so,
the location of these objects can be used to constrain Neptune’s
location at the time when the EL¢; family formed.

So, we conclude that the most probable scenario for the origin
of the ELg; family is that it resulted from a collision between
two SDOs. If true, this result has implications far beyond the
origin of a single collisional family because it shows, for the
first time, that collisions can affect the dynamical evolution of
the Kuiper belt, in particular, and small body populations, in
general. Indeed, this process might be especially important for
the so-called “hot” classical Kuiper belt. Brown (2001) argued
that the de-biased inclination distribution of the classical Kuiper
belt is bimodal and can be fitted with two Gaussian functions,
one with a standard deviation o ~ 2° (the low-inclination “cold”
core) and the other with ¢ ~ 12° (the high-inclination “hof”
population). Since the work of Brown, it has been shown that
the members of these two populations have different physical
properties (Tegler & Romanishin 2000; Levison & Stern 2001;
Doressoundiram et al. 2001), implying different origins.

Gomes (2003) suggested that one way to explain the differ-
ences between the hot and cold populations is that the hot pop-
ulation originated in the scattered disk, because a small fraction
of the scattered disk could be captured into the Kuiper belt due
to the gravitational effects of planets as they migrated. Here we
show that collisions can accomplish the same result. Indeed, a
collisional origin for these objects may have the advantage of
explaining why binaries with equal mass components are rarer
in this population than in other parts of the trans-Neptunian
region. Using the Hubble Space Telescope (HST), Noll et al.
(2008) found that 29% of classical KBOs (see their paper for a
precise definition) with an inclination of <5.5° are similar-mass
binary objects, while this fraction is only 2% for objects with
larger inclinations. A collisional origin for the hot population
might explain this discrepancy because a collision that is violent
enough to kick an object from the scattered disk to the Kuiper
belt would also disrupt the binary (the binary member that was
not struck would have continued in the scattered disk).

One might expect that if the majority of the hot population
was put in place by collisions, we should be able to predict a
relationship between the size distribution of its members and
that of the scattered disk. Equation (6) shows that the collision
probability scales roughly as N2. And since in the scattered disk,
N(R) o R4, we might predict that the size distribution of the
hot population is Nj,(R) oc R>~%¢ (one power of —g from both
N;o and Ny, and a power of 2 from (R; + R,)?, see Equation (6)).
In this case, ¢ ~ 3 (see above) and thus N, (R) ~ R~*. However,
this estimate does not take into account the fact that the collisions
themselves could affect the size distribution of the resulting hot
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population. Unfortunately, it is not yet clear what the size of
the fragments would be because of poor understanding of the
collisional physics of icy objects at these energies. As a result,
it is not yet possible to investigate this intriguing idea.

4. CONCLUSIONS

The recent discovery of the ELg; family in the Kuiper belt
(BBRS) is surprising because its formation is, at first glance, a
highly improbable event. BBRS argues that this family is the
result of a collision between two objects with radii of ~850 km
and ~500 km. The chances that such an event would have
occurred in the current Kuiper belt in the age of the solar
system is roughly 1 in 4000 (see Section 2). In addition, it
is not possible for the collision to have occurred in a massive
primordial Kuiper belt because the dynamical coherence of the
family would not have survived whatever event molded the final
Kuiper belt structure. We also investigated the idea that the
family could be the result of a target KBO being struck by a
SDO projectile and found that the probability of such an event
forming a family on a stable Kuiper belt orbit is <1073,

In this paper, we argue that the EL¢; family is the result of
a collision between two scattered-disk objects. In particular,
we present the novel idea that the collision between two SDOs
on highly eccentric unstable orbits could damp enough orbital
energy so that the family members would end up on stable
Kuiper belt orbits. This idea of using the scattered disk as the
source of both of the family’s progenitors has the advantage of
significantly increasing the probability of a collision because
the population of the scattered disk was much larger in the early
solar system (it is currently eroding away due to the gravitational
influence of Neptune—DL97; DWLDO04). With the use of three
pre-existing models of the dynamical evolution of the scattered
disk (DWLDO04, LD/DL97, and TGMLO0S5) we show that the
probability that a collision between a ~850 km SDO and a
~500 km SDO occurred and that the resulting collisional family
that was spread around a stable Kuiper belt orbit can be as large
as 47%. Given the uncertainties involved, this can be considered
on the order of unity. Thus, we conclude that the EL¢; family
progenitors are significantly more likely to have originated in
the scattered disk than the Kuiper belt.

If true, this result has important implications for the origin
of the Kuiper belt because it is the first direct indication that
collisions can affect the dynamical evolution of this region.
Indeed, we suggest at the end of Section 3 that this process
might be responsible for the emplacement of the so-called hot
classical belt (Brown 2001) because it naturally explains why so
few of these objects are found to be binaries (Noll et al. 2008).
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