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ABSTRACT

Studies of multi-asteroid systems can yield fundamental information regarding their compositions and
dynamics, allowing conclusions to be drawn addressing their formation and evolution. Because the pro-
cesses involved in asteroid formation are shared with planet formation, the study of these systems has
wide-reaching applications in the field of astronomy and in particular to the formation of our Solar System,
as well as other planetary systems. In this work we consider the advances in asteroid surveys over the
last ~40 years and the subsequent developments made in asteroid formation theory. This topic has shifted
from location-specific scenarios to a unified model based on rotational physics and the Yarkovsky-O’Keefe-
Radzievskii-Paddack (YORP) effect.
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1. INTRODUCTION

Binary asteroids are systems composed of two gravitationally-bound asteroids. Similarly, triple asteroid
systems contain three gravitionally-bound asteroids. These systems are commonly abbreviated as “binaries”
and “triples,” respectively. The primary component of a binary is usually the larger (in diameter) of the
two bodies, with the smaller denoted as the secondary. We also note that these systems often have the
secondary’s rotation period synchronized to the orbital period, referred to as synchronous systems. A few
are even doubly-synchronized: both the primary and secondary share a rotation period that matches their
orbital period. Systems in which no synchronization occurs are referred to as asynchronous.

Multi-asteroid systems are common: for example, nearly 15% of near-Earth asteroids with diameters
greater than 200 m are in multi-asteroid systems, and the fraction in the main belt is expected to be similar
(Margot et al. 2002; Pravec et al. 2006). The additional information yielded by the dynamics of these
systems allows the determination of asteroid characteristics that are otherwise more opaque, e.g., total
system mass for the two asteroids, density, and mass distribution. From these properties we can derive
insight into potential composition of the asteroids without resorting to more expensive or limited means
such as spacecraft flybys. We can also derive detailed characteristics for a set of representative objects that
potentially span a wide range of physical space and photometric properties; these inferences can then be
applied to much larger populations.

A significant set of asteroid compositions, mass distributions, orbital characteristics, and other properties
provides a statistical picture of the situation complete enough to constrain the formation and evolution of
these objects. The processes involved in the formation of these small, rocky bodies are fundamentally
similar (if not identical) to those that contribute to the formation of their larger cousins, the major planets.
Thus, understanding the nature of mass accretion, tidal forces, collisional processes, etc., through the easily-
available lens of asteroids provides valuable insight into the more data-starved realm of planet formation.

A single asteroid’s size is a tricky concept, considering the irregular shapes of most of these objects. In
this paper, we quote the asteroid diameter as its size, except in those cases where we specify its length along
the three axes of the ellipsoid that best approximates it. Because the fundamental properties of multiple-
asteroid systems depend most strongly on the constituent asteroids’ sizes, it is essential to make clear the
different asteroid populations defined in the Solar System, given that the distributions of asteroid sizes also
depends strongly on the population being considered.

Near-Earth asteroids (NEAs) are asteroids with orbits that take them within 1.3 AU of the Sun at perihelion
(checked in De Pater & Lissauer). As of 2017 April 25, there are 16,058 of these asteroids listed at the Minor
Planet Center'; their current locations are shown as red circles in Figure 1. The vast majority lie between
the orbits of Mars and Mercury. Binary NEAs are small, with primary components of known systems not
exceeding 10 km in diameter and secondaries 4 —58% the size of their primaries (Walsh & Jacobson 2015).

Main belt asteroids (MBAs) reside between the orbital paths of Mars and Jupiter; they appear as the green
circles in Figure 1. The sizes of binaries in this population vary more widely than for the NEAs, from less
than 1 km to hundreds of km (Warner et al. 2009).

Trans-Neptunian objects (TNOs) are located outside the orbit of Neptune. For space reasons, we will not
consider them in this work. A suitable introduction can be found in the review by Richardson & Walsh
(2006). For similar reasons, we will also omit discussion of Jupiter Trojans.

I Available online at http: //www.minorplanetcenter.net
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Early surveys for multi-asteroid systems were limited primarily by the resolution of their instruments,
hence the first binary asteroids discovered were larger main belt objects rather than those smaller objects
in the closer near-Earth population. In this paper we focus on NEAs and MBAs; Sections 3 and 4 discuss
the early searches in these areas and their location-specific results. Early formation mechanism theories
were (and continue to be) influenced heavily by these results that are biased toward location, but as the
diversity of known multi-asteroid systems increased, so too did our understanding of formation as a strong
function of size. Section 4.3 outlines the more recent observational developments, and Section 5 discusses
the resulting current understanding of binary asteroid formation mechanisms in depth. In Section 6 we
present and discuss a compilation of all known binary NEAs and MBAs through March 2016.

2. PERSONAL MOTIVATION

The reason I initially chose to study physics was quantum mechanics, but my ultimate motivation for stay-
ing in the field was classical mechanics. Quantum mechanics became more mysterious and less satisfying
as we learned more about it—despite (in retrospect) admirable attempts by our professors to demonstrate
its simultaneous power and simplicity, it seemed to be a black box with interesting mathematics but phys-
ical explanations that bordered on mysticism. Classical mechanics, however, revealed itself to be physics’
redeeming factor. Nearly every situation was intuitive and could be reduced to a set of Euler-Lagrange
equations which were solvable with interesting mechanics but no deux ex machina leaps of logic. Classical
mechanics is the hero of physics.

Astronomy was appealing because it fundamentally relied on classical mechanics acting in the pristine
environment of outer space. It soon became apparent that the majority of space objects required an alarming
amount of atomic physics to be properly understood, but one could ease into the situation by considering
the many geometrical situations in depth before tackling spectroscopy.

That interest in classical mechanics and interesting geometry led me to binary stars and exoplanets. These
topics were consolation prizes, as they were not so clean as my imagined billiard balls in space, but time
bred familiarity and appreciation for them. When considering planetary sciences, however, I discovered that
the old dream could finally be realized: asteroids are simple, rocky structures, and some of them appear in
interesting gravitational situations. Better yet, the consequences of their compositional variations add just
enough spice to their studies. I am finally ready to acknowledge that pure, homogeneous billiard balls in
space would become tedious and predictable a little too quickly.

Binary asteroids are thus interesting because they are relatively simple in structure (compared to, for
example, stars) and engage in a wide variety of geometrical and dynamical situations. Their formation is
interesting because it (currently) seems to depend on the dynamical situation more than composition and
temperature. The history of the study of this topic follows the typical astronomy narrative of more unusual
systems being the first discoveries or discovered in the more unusual ways, and the shifts in understanding
that followed over the next 40 years were varied and imaginative.

3. EARLY SEARCH PROGRAMS

The possibility of asteroid companions was considered as early as 1901, when the light curve of Eros was
noted to have variations similar to eclipsing binary stars (a summary of this history can be found in Merline
et al. 2002a). The idea was compelling enough to inspire numerous concentrated efforts through the mid-
1970s and 1980s, but these searches discovered only indirect evidence (such as reports of asteroids briefly
occulting stars) that could not be convincingly differentiated from instrumental or atmospheric effects at
that time. The first binary asteroid was not discovered until the Galileo spacecraft imaged (243) Ida and its
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companion Dactyl. This section discusses those earliest, pre-Ida efforts and the limitations that contributed
to their lack of success.

3.1. Methods and Results of the Earliest Searches

Direct imaging, which ultimately provided the earliest confirmed evidence of binary asteroid systems,
was initially unsuccessful due to lack of adequate angular resolution and dynamic range. Asteroid compan-
ions are typically separated from the primary component by much less than one arcsecond and are many
magnitudes dimmer; for example, the companion to (762) Pulcova, one of the first objects found with direct
imaging, is about 4 magnitudes fainter than its primary and is separated by 0.6” on the sky (Merline et al.
2000b). Merline et al. (2002a) also give the example that a 50-km asteroid in the Main Belt (at 2.5 AU)
would appear separated from a 2-km companion by as little as 0.02 to several arcseconds and as many as 7
magnitudes in brightness. Early imaging searches such as Gehrels et al. (1987) and Gradie & Flynn (1988)
were limited to minimum separations of about 2 arcseconds at best and rarely searched more than 30 targets.

Anomalous light curves at the time were also suspected to belong to binary asteroid systems. These
light curves had slopes that suggested eclipse events, specific shapes/flatness at times of minimum light,
and fluxes that depended strongly on phase angle. Figure 2 illustrates the light curve of (39) Laetitia from
Cellino et al. (1985), who selected 10 similar light curves of Main Belt objects for modeling with a pair
of triaxial ellipsoids with varying mass ratios. Light curve analysis consistently failed to produce unique
solutions to any system, thus its results were considered interesting but far from definitive evidence.

3.2. Formation Mechanisms Proposed Based on Early Results

With the lack of empirical results from surveys, early formation theories for binary asteroids were poorly
constrained and varied greatly based on the assumptions taken by the numerical models at that time. The
triaxial ellipsoidal models of Leone et al. (1984) were groundbreaking because, unlike previous attempts,
they do not assume spherical asteroids—the consideration of possibly “irregular” shapes are a side note
rather than a requirement of the model for even that author. Considering mass ratios (¢ = Ms/Mp) smaller
than 1.0 is another novelty of that work.

The prevailing theories for binary asteroid formation in this era centered on collisions as the event trigger-
ing multiplicity. The “rubble-pile” structure of asteroids was viewed as a reasonable assumption (and has
since been commonly accepted), thus one reasonable scenario was rotational fission following transfer of
angular momentum during a collision—an idea that has persisted to this day (see Section 5 of this work).
Also popular was the idea that ejecta or debris following a collision may become trapped in the gravitational
field of an asteroid and thus form a companion body.

For example, Gehrels et al. (1987) used the likelihood of the trapped-ejecta scenario to support their
own lack of results by asserting that the smaller sizes of asteroids (compared to, e.g., terrestrial planets)
reduces the range of velocities required for debris to orbit without reaching escape velocity or falling onto
the asteroid surface. They note that the asteroid masses reduce this possiblity to the point that enough debris
reaching this “goldilocks zone” to form an asteroid companion is extremely unlikely. They argue further
that any satellites must be formed during the time when the solar nebula was still dense enough to slow
an asteroid’s motion through space, increasing the likelihood of accumulation and/or capture. Davis et al.
(1985) found that satellites smaller than 30 km in diameter would be too easily perturbed out of their orbits
via collisions with other objects to survive from the time of asteroid formation until now. Because objects
30 km or greater at asteroidal distances should be visible with the instrumentation of the late 1980s, Gehrels
et al. (1987) concluded that their lack of results is indicative of a true lack of asteroid companions.
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4. SUCCESSES AND SUBSEQUENT SEARCHES
4.1. Earliest Successes with Main Belt Asteroids (MBAs)

In 1993 the satellite Dactyl became the first confirmatory evidence of a companion orbiting an asteroid—
in this case, around 243 Ida (Chapman et al. 1995). Dactyl was imaged by the Galileo spacecraft in a
set of 47 images (taken at 18 different times) over a period of 5.39 hours, and through these data and
subsequent modeling was shown to have mean radius of 0.7 km, or about 4% of that of Ida (15.7 km)
(Belton et al. 1995). Reflectance spectra of Dactyl and Ida suggest that they formed from the same asteroid
family (Koronis), although they do show evidence of different amounts of space weathering. Considering
this information together with its small size, it was concluded that Dactyl was not a captured previously-
heliocentrically-orbiting object, but formed from either Ida itself (e.g., from ejecta from a large impact on
Ida) or from the same collision event that created the Koronis asteroid family. The latter explanation was
favored primarily due to Ida’s high crater density, which suggests a local small-body collision rate too high
to support the formation of Dactyl in its currently stable orbit.

Dactyl’s discovery was followed up with numerical models that pointed toward such collision-created bi-
nary scenarios being common, described by Durda (1996) as “a natural outcome of catastrophic collisions”
and able to generate configurations with a range of morphological type (contact vs. non-contact) and size
ratios (large-tiny pairs vs. equal-size pairs). Spurred by such results and aided by the late-1990s rise in
adaptive optics, in 1999 a ground-based search for asteroid companions of 200 objects discovered a moon
orbiting 45 Eugenia (Merline et al. 1999a). This object, designated S/1998 (45) 1 and later named Petit-
Prince, was estimated to have a diameter of 13 43 km, or about 6% of Eugenia’s 215 +4 km (Merline et al.
1999b). That size ratio and the non-sphericity of Eugenia suggested a collisional formation scenario for the
pair, likely with the satellite forming from ejecta of a large impact on Eugenia.

Additionally, the density of (45) Eugenia derived from the orbit of Petit-Prince was surprisingly low at
about 1.2 g cm™ despite its categorization as an FC-type, suggesting a significant rubble-pile interior. This
result was supported by the similar findings regarding (253) Mathilde, a C-type, which spacecraft flyby
found to have 1.3 g cm™ Veverka et al. (1999).

Although the discovery of S/1998(45)1 served to demonstrate that Dactyl was not a unique object, the
authors of that study remained convinced that large-small pairs were uncommon. Flybys of Galileo and
the Near-Earth Asteroid Rendezvous (NEAR) probe had failed to find evidence of satellites around 253
Mathilde (Merline et al. 1998), 433 Eros (Merline et al. 1999c¢; Veverka et al. 1999), nor the (somewhat
smaller) 951 Gaspra (Belton et al. 1992), despite unprecedentedly thorough searching of these objects’
spheres of gravitational influence. Somewhat earlier ground-based studies (Gehrels et al. 1987; Gradie &
Flynn 1988) and an HST search (Storrs et al. 1999) had likewise failed to find evidence of asteroid satellites,
providing a growing lack of evidence to counter the increasing numerical suggestions that large-small pairs
could form long-term stable orbits with relatively high frequency.

Nonetheless, additional MBA binaries followed Petit-Prince and (45) Eugenia in the early 2000s, e.g., (90)
Antiope, (762) Pulcova, (87) Sylvia, (3749) Balam (Merline et al. 2002b), and (121) Hermione (Merline et
al. 2002c¢).

4.2. Discoveries of companions of Near-Earth asteroids (NEAs)

Asteroid companions for the near-Earth population were first suggested as the cause of “doublet craters,”
(Melosh & Stansberry 1991; Bottke & Melosh 1996), or large (> 20 km diameter) craters on Earth with
ages that indicate the simultaneous creation of both components. Additional evidence for near-Earth binary
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asteroids was spotted in light curves (Pravec & Hahn 1997; Pravec & Harris 2000) that exhibited two distinct
rotation periods and eclipses and occultations of the primary object. Neither of these observations (doublet
craters and anomalous light curves) were enough to bring the existence of near-Earth binaries to the point of
“universal acceptance” until radar images revealed 2000 DP107 (at 1.37 AU) and four other NEAs to have
binary companions (Margot et al. 2002, and references therein).

Radar is an attractive tool for studying near-Earth asteroid binaries because it provides both spatial and
frequency (Doppler) information of the target. Frequency information can produce a characteristic super-
imposed double peak in the echo power spectrum (see Figure 3). At radar wavelengths it is reasonable to
achieve angular resolution better than 1 milliarcsecond and to collect data on a full orbit of the secondary
around the primary. These advantages make it an excellent tool for forming a complete quantitative under-
standing of the binary scenario.

The five NEA binaries announced in 2002 allowed estimates of binary prevalence that drew a stark line
between this population and the MBA binaries: Margot et al. (2002) stated that as many as 16% of NEAs
greater than 200 m in diameter were binary systems, compared with roughly 2% for MBAs. These figures
agreed with simulations and light curve studies. They attributed the difference in prevalence to the NEAs’
more frequent interactions with the inner Solar System planets.

The spin rates of the binary NEAs were too high (P, =~ 3 hours) to support the impact-driven formation
scenarios that had explained the MBA binaries. Although it was possible that they could spin up so high
from transfer of angular momentum during a collision, these shorter spin periods were not a necessary
outcome of most collisions; it was just as possible for collisions to produce longer spin periods. Those
formation theories also predicted larger size ratios to be more common among the pairs than were suggested
by the radar observations. The most compelling explanation for these objects was rotational fission, a
scenario involving mass loss as a result of an impact and subsequently high spin rate on a strengthless body.
The details of this theory are expanded in Section 5 of this paper.

4.3. Recent Observational Improvements and Successes

In the past 15 years the number of known binary asteroids has improved to the point where the binary
NEAs have increased more than fourfold and the binary MBAs have more than doubled. Johnston (2016)
reports 282 binary systems in the Solar System as of 2016 March 31, including far objects such as TNOs
and Jupiter Trojans. These successes have been driven by improvements in instrumentation and have fueled
vast improvements in our ability to accurately model these systems’ formation and evolution in numerical
simulations.

In particular, new techniques are becoming viable that were impossible in the early days of binary asteroid
surveys. One notable example is stellar occultation, in which the dimensions of an asteroid companion can
be inferred from the chord of an asteroid’s path across the face of a star. Successful implementation of this
technique requires simultaneous observations of the occultation from multiple positions on the Earth, thus it
is quite sensitive to the accuracy and precision of the pre-established ephemeris of the asteroid expected to
do the occultation. Well-constrained, reliable asteroid ephemerides, ability to accurately synchronize obser-
vations, and simultaneous availability of multiple observatories are essential factors for this technique that
have benefited greatly from the technological improvements of recent years (e.g., with Global Positioning
System or GPS).

In 2002, Merline et al. (2002a) assert that although the rate of NEA binaries has been shown to be 15% and
many MBA satellites have been identified, the rate of binarity among MBAs must be not much higher than
about 2%. Eleven years later, in an updated review, Margot et al. (2015) claim that the photometric discovery
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rate of binary MBAs has been so high that they are likely as prevalent as binary NEAs. No quantitative
estimate is made at that time because the observational selection effects are not yet well-described and
accounted for.

5. FORMATION THEORIES

Among the NEAs and MBAs, likely formation scenarios for multi-asteroid systems may be considered
based on the size of the primary asteroid. A primary diameter (Dp) of about 20 km seems to be the greatest
size at which an asteroid would be affected by the Yarkovsky-O’Keefe-Radzievskii-Paddock (YORP) effect
substantially enough to drive the formation of a companion (secondary). Hence, we choose that size as the
dividing line between “small” (Dp < 20 km) and “large” (Dp > 20 km) systems in the discussion below.

5.1. A Note Regarding Mutual-capture Formation Scenarios

In the sections below we omit discussion of mutual-capture theories because it is unlikely that such sce-
narios play a significant role in the creation of multi-asteroid systems among the NEAs and MBAs. Mutual
capture requires that two or more pre-existing asteroids pass within each other’s gravitational spheres of
influence at speeds slower than their escape velocities, resulting in a gravitationally bound system. The
NEAs and MBAs pass each other much too quickly to enable capture; their encounter speeds (the speeds at
which they pass near each other) are on the order of km s™!, whereas their escape velocities are on the order
of m s7! (Richardson & Walsh 2006, and references therein). This situation would be alleviated somewhat
in the early Solar System, when the density of planetesimals was much higher, but only among the TNOs do
we expect the dynamical situation (collisional lifetime) to enable these primordial multi-asteroid systems to
persist until today (see, for example, Petit & Mousis 2004).

5.2. Formation of Small Multi-Asteroid Systems (Dp < 20 km)

For small asteroids, multi-body formation relies significantly on rapid rotation and subsequent “rotational
fission” of ejecta into companion asteroids. Substantial work regarding this scenario was done by Weiden-
schilling (1980a,1980b), who considered the physical implications of these rapidly rotating bodies before
modern surveys made high-quality empirical data available. Rotational fission considers that all bodies with
no shear or tensile strength (so-called “strengthless” bodies) have a critical spin rate w,; at which the cen-
trifugal force exactly matches the gravitational force (and any other forces, such as molecular for very small
asteroids) holding the body together. This critical rate is often quoted in terms of the body’s mass density
p and the universal gravitational constant G as wg = \/47pG/3. Attempts to exceed this critical spin rate
instead result in ejection of mass from the system.

Super-critical asteroid rotation results in mass migrating from the poles to the equator of the body in
addition to ejection of the asteroid’s mass from the equatorial region. The asteroid then takes on a distinctive
top shape with an equatorial bulge, as modeled for 1999 KW4 by Ostro et al. (2006) (see Figure 4). The
ejecta orbit the primary and coalesce into the secondary asteroid.

The spin-up of the primary asteroid to a super-critical, mass-shedding state may be triggered by the trans-
fer of angular momentum from a sub-catastrophic collision, as was posited for 1999 KW4 (Margot et al.
2002). For small asteroids (diameter < 20 km), however, the driving force is likely the Yarkovsky-O’Keefe-
Radzievskii-Paddock (YORP) effect.

The YORP effect is an extension of the Yarkovsky effect (for a detailed description, see Section 2 of
Bottke et al. 2002, and references therein), which states that objects with sizes between 0.1 and 20 km lose
angular momentum when they absorb photons from the Sun and reradiate these photons (typically at infrared
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wavelengths). Consider an asteroid in heliocentric orbit. Incident photons from the Sun heat the asteroid,
and in accordance with Kirchhoff’s laws the heated asteroid radiates energy in the form of photons, which
each carry away some momentum depending on their energies modified by the speed of light (p = E/c).
The hottest part of the asteroid radiates the most photons, resulting in a “radiation recoil” effect that pushes
it in the direction opposite its hottest surface. Because the asteroid has some pre-existing spin and some
thermal inertia, its hottest surface is not directly facing the Sun but is instead within the quadrant between
0 (directly facing) and 7/2 (one quarter turn) radians in the direction of its individual spin. The result is
a net force directed partially radially outward (away from the Sun) and partially azimuthally (parallel to a
heliocentric circular orbit). Depending on the existing orbital and physical properties of the asteroid, its
orbital semi-major axis would then increase or decrease (in-spiral; if orbiting retrograde) in a significant
matter over the course of several orbits.

A variation of the Yarkovsky effect is the YORP effect, which relies on the same principle of reradiated
photons carrying away angular momentum, but creates changes in the object’s spin rate rather than its orbital
motion. As in the Yarkovsky effect, incident sunlight heats the asteroid’s surface, which then reradiates this
energy as momentum-carrying photons. For an object with an asymmetric surface as projected in the plane
of the sky from the Sun’s perspective (i.e., as projected in the plane perpendicular to, and along, the line of
sight between the object and the Sun), photons are not radiated evenly across the object’s surface even in
the post-Sun quadrant discussed above, resulting in a net torque on the object. This torque, if acting in the
direction as the existing spin, increases the spin rate of the object (Rubincam 2000). This effect may occur
on relatively short timescales; for example, Bottke et al. (2002) state that the asteroid (951) Gaspra (radius
6 km, semi-major axis 2.21 AU) would take 240 million years to experience a rotation period decrease from
12 hours to 6 hours. The timescale is sensitively dependent on asteroid size, however, as Phobos (radius 11.1
km, orbiting Mars about 1.5 AU from the Sun) would experience such changes on a timescale of several
billions of years. Hence, the dividing line above which we expect little noticeable spin effects from YORP
is set at an asteroid diameter of 20 km.

Including the YORP effect in numerical models successfully reproduces the observed distribution of spin
rates among small asteroids (Pravec et al. 2008; Rossi et al. 2009). These asteroids’ spin periods had
been shown to be inconsistent (both too low and too high) with the Maxwellian distribution that would be
produced for a collision-dominated evolution. The confirmation of YORP as a dominating driver of asteroid
spins also refuted the claim that spin rate distributions were location-dependent (Polishook & Brosch 2009).

The YORP effect has been shown to be a convincing mechanism for asteroid spin-up and resulting rota-
tional fission. In a compilation of all observed binaries among the NEAs, Mars-crossing asteroids (MCAs),
MBAs, and Jupiter Trojans, Pravec & Harris (2007) find that binaries with Dp < 10 km have spin periods
very near to the critical limit. Their plot of primary diameter vs. primary spin period, reproduced here in
Figure 5, shows that this near-critical spin is observed consistently for the binary NEAs and small MBAs
and MCAs (group A in their plot) with small companions (Ds/Dp < 0.5). The MBAs and MCAs in Group
A tend to be asynchronous, with the secondary asteroid’s spin rate unconnected to (unsynchronized with)
its orbital period about the primary. Group B contains small systems (Dp < 10 km) with components of
near-equal size (Ds/Dp close to 1); these cases show synchronous rotation of the secondary, i.e., its spin
period matches its orbital period (to borrow a term from another subfield, it is “tidally locked”). Group L
systems are large and are addressed in our work in Subsection 5.3.

The secondary asteroids formed from YORP-induced rotational fission may be comparable in size to the
primary, but smaller secondaries are observed more frequently. Pravec & Harris (2007) suggest that these
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groups are not the results of two distinct sets of initial conditions or evolutionary paths, but rather reflect
diversity among a single population. The transfer of mass from the primary to the secondary may be an
extended process rather than a single short-term event, described by Pravec & Harris (2007) as involving
the secondary continuously lifting matter from the primary’s surface to its own surface via tidal attraction
as it orbits. This process would continuously transfer torque from the primary to the secondary, slowing
the primary’s rotation and increasing the secondary’s orbital semi-major axis. The observed size (and mass)
ratio would then be a reflection of the time elapsed since critical spin was achieved (barring any complicating
events perturbing the system during mass transfer, such as the close passing of a third body). Thus, the
groups A and B in Figure 5 would be two ends of the same population.

5.2.1. Evolution of Small Binary and Multi-Asteroid Systems

Evolution once rotational fission has created a companion to the primary proceeds in a matter that depends
on the mass ratio of the system. This process is summarized in Figure 6, reproduced from Jacobson &
Scheeres (2011). The system created from the YORP mechanism is initially chaotic and binary.

For high mass ratio systems (¢ = Ms/Mp > 0.2), the two components tend to synchronize on tidal
timescales (approximately 10* —10° years) to form a doubly synchronous binary. This system would have
both the primary and secondary synchronized with its orbital period such that the two components constantly
see the same side of each other (always face each other). Over sometimes longer timescales (103—10° years),
the YORP process would act on the secondary component in what is called binary YORP, or BYORP.

BYORP, proposed in the seminal paper by Cuk & Burns (2005) (and summarized succinctly in Vokrouh-
licky et al. 2015), states that an asymmetrical secondary asteroid synchronously orbiting its primary would
feel a net force (from YORP) that causes its orbital separation to increase or decrease (spiral in). The even-
tual result of this situation for a doubly synchronous binary system with high mass ratio would be a contact
binary (both components touching each other) in the case of in-spiral. If BYORP increases the orbital sep-
aration, then the two components would eventually cease to be gravitationally bound and would form an
asteroid pair (two that are genetically related and on similar heliocentric orbits but are not orbiting each
other).

For low mass ratio systems (¢ = Ms/Mp < 0.2), the initially chaotic binary may quickly (on dynamical
timescales less than 1 year) become disrupted and form an asteroid pair. In other cases, the spin-orbit
coupling can spin up the secondary until it undergoes rotational fission, ejecting mass that may return to
the primary, escape the system entirely, or accrete into a third component of the system. In the former two
cases, the ultimate outcome may be an asteroid pair, a stable binary system, or a single reshaped asteroid
(loss of the secondary component).

A binary that remains after this process of secondary mass loss may experience secondary synchronization
due to tides and subsequently would evolve via the BYORP effect as for the high mass ratio scenario
described above.

A triple system created from rotational fission of the secondary could stabilize via tidal processes and
become a system that we can observe today. There are also a few triple systems in which the third component
may have formed from a second round of rotational fission of the primary, such as the NEA (153591) 2001
SN263 (Becker et al. 2008; Nolan et al. 2008; Delbo et al. 2011).

5.3. Formation of Large Binary Asteroids (Dp > 20 km)

The primary components of large binary asteroid systems spin faster than the average rates for similarly-
sized single asteroids, but not fast enough to trigger rotational fission; see Group L in Figure 5. Numerical
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simulations such as Durda et al. (2004) have shown that the observed companions of large asteroids may be
created via collisions with 10- to 30-km objects at encounter speeds of 3 km s™! to 7 km s™!. As discussed
in the beginning of Section 5 of this work, these speeds are reasonable for the NEA and MBA populations.

In nearly all cases, the mass ratios for large binary systems are between 107 and 102, The secondary
components for the smaller g systems are likely composed of debris from the aforementioned impact of the
10- to 30-km object with the parent body. If the impact is catastrophic, however, the parent body may split
into two slightly more equally-sized components, creating g values closer to the 1072 limit.

The case of (90) Antiope remains an outlier to the above scenarios, as it contains a primary with diameter
91 km and a nearly equally-sized large secondary with 86 km (Descamps et al. 2007). This system is
apparent in Figure 5 as the point in the upper right corner of the “double, synchronous” box enclosing
Group B. Pravec & Harris (2007) note that its angular momentum is near to same critical range of values
that the small asteroid groups A and B cluster around, possibly implying some rotational fission process,
but they assert that more data are needed to draw convincing conclusions regarding this property. Descamps
et al. (2007) also suggest a rotational fission scenario following an oblique, sub-catastrophic impact on
an already fast-rotating parent body. Analysis of light curve anomalies of the system in 2009 supported
this scenario; given the number and size distribution of projectiles in the family containing (90) Antiope
(Themis), they find that the probability of a family member creating such an impact event with an Antiope
parent is greater than 50% over the lifetime of that family.

6. DISCUSSION
6.1. Compilation of Multi-Asteroid Systems

Johnston (2016) maintains a database of all binary asteroid systems in the Solar System and their funda-
mental known parameters. To illustrate the trends discussed in the above sections, we have collected a subset
of this database composed of only the NEAs and MBAs (208 systems out of the 282 in the original full set).
This means we omitted from the sample Johnston’s categories of Mars Trojans, Jupiter Trojans, plutinos,
Cubewanos, scattered-disk objects, Neptune-resonance objects, and other TNOs. Our subset is tabulated in
Table 1 along with a few parameters of interest. Not all of the entries have values defined for our parameters
of interest; missing values are indicated by “N/A.” References for those values are too numerous to list here;
they may be found at http://www.astro.gsu.edu/~vrijmoet/asteroidrefs.html.

Figures 7 through 10 illustrate those parameters of interest using a set of histograms, displayed for the
entire data set of Table 1 as well as separated by Solar System location.

The densities in Figure 8 cluster around 1.6 g cm™, typical for most asteroids. The distribution is roughly
the same for both MBAs and NEAs, suggesting similar origins.

The distribution of primary diameters Dp in Figure 9 is broader and centered around a larger value for
the Main Belt asteroids than for the near-Earth asteroids. The NEAs are subject to more frequent gravita-
tional perturbations (and subsequent loss of one or both binary components) than the MBAs due to their
proximity to the inner Solar System planets, thus their tendency toward smaller sizes is not surprising. We
must also consider the selection effect that is inevitably affecting this comparison: small NEAs are more
easily detected by Earth-based observations than small MBAs, so it is possible that a large fraction of the
existing small MBAs are missing from the distributions here. This effect is currently difficult to charac-
terize and quantify without additional data from the Main Belt. Numerical simulations could estimate the
expected distribution of asteroid sizes, but these models are currently informed by educated estimations
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rather than empirical results—our nearest large asteroid population has the complicating factor of many
more heliocentric orbiting planets than in the Main Belt.

The rotation periods of the primary asteroids are plotted in Figure 10. As discussed above (see Sec-
tion 5 and Figure 5), the clustering around spin periods of about 4 hours is expected from a YORP-induced
rotational fission model.

Figure 7 shows the size ratios Ds/Dp clustering around 0.25 for the whole set, with a smaller spike
much closer to 0.0. The population-split histogram reveals that that secondary peak is probably due to
the MBAs, as the NEAs are distributed slightly more evenly and mostly clustered at ratios just above 0.2.
Assuming identical densities for each binary set (common practice in this field and shown to be reasonable
for asteroid binaries), these results indicate mass ratios clustered around ¢ =0.016 for the largest MBA peak,
the smaller MBA peak around 107, and the NEA peak around 0.008. If a larger primary asteroid diameter
makes companion formation via rotational fission less likely and formation via collisions more likely, then
Figure 7 together with the primary-diameter distribution in Figure 9 and the rotational-period distribution
in Figure 10 could support the speculation of Pravec & Harris (2007) that the tidal evolution timescale of
asteroid binaries is inversely proportional to the primary asteroid’s size. This would mean that the larger
binaries are simply more tidally evolved versions of the smaller binaries.

6.2. Summary and Conclusions

We have discussed how the evolution of small binary asteroids (and non-binary asteroid pairs, or those that
are genetically related but not bound gravitationally) varies based on their mass ratios and is tied to their spin
rates and the YORP effect. Asteroids that rotate at the critical spin rate undergo rotational fission, forming
companion asteroids from their own ejecta. The YORP effect is the driver of such spin-ups for asteroids
smaller than about 20 km, but larger asteroids may be spun up following well-placed sub-catastrophic
collisions with other bodies (transfer of angular momentum).

More commonly, however, the spin rates and angular momenta of large binary asteroids are insufficient
for rotational fission, suggesting a somewhat different evolution path than that of the small binaries. Their
mass ratios suggest that their secondary components formed via collisions between the primary component
and other asteroids.

Formation and evolution of multi-asteroid systems has been narrowed down to a unified dynamical picture
based on rotational physics and subsequent effects based on object sizes and mass ratios. This paradigm
supersedes the earlier models that were strongly influenced by observational biases inherent to surveys of
those eras, and is well-supported by modern numerical simulations. Although current instrumental tech-
niques cannot completely eliminate such biases, especially considering the small sizes of most asteroids,
this situation will improve with upcoming improvements in instrumentation.

In particular, we anticipate great things from the advent of 30-meter class telescopes such as the Thirty
Meter Telescope (TMT) and European Extremely Large Telescope (E-ELT), as such instruments could
resolve smaller separations between objects as well as better constrain the parameters of those systems
already known. Improved precision for asteroid ephemerides, for example, would allow the technique
of stellar occultation to be a more fruitful, less risky option for discovering and characterizing asteroid
companions. There are also two space missions planned with the intent to collect samples and return
to Earth: NASA’s Origins Spectral Interpretation Resource Identification and Security-Regolith Explorer
(OSIRIS-REXx) and the Japan Aerospace Exploration Agency’s Hayabusa-2 (already launched in December
2014). Efforts such as these will produce uncountable amounts of new information regarding their targets,
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as they will have all the gravitational adventures of a typical flyby while also returning physical evidence of
their target asteroids’ surfaces.
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Figure 1. Locations of the minor planets in the Solar System as of 2017 April 25. Most objects in this view orbit in
the same direction as Earth, or counterclockwise in this view; the vernal equinox (direction of the Sun as seen from
Earth around April 25) is to the right. Solid lines indicate the orbits of the five major planets out to Jupiter (outermost
line). Colors of the dots and symbols indicate the population to which they belong. Red solid circles: near-Earth
objects observed at multiple oppositions; red open circles: near-Earth objects observed at only one opposition. Dark
blue circles: Jupiter Trojans. Light blue squares (solid and open): comets (numbered and unnumbered). Green circles:
all other minor planets. Figure courtesy of the Minor Planet Center.
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Figure 2. Observed light curve (indicated with dots) of (39) Laetitia from Cellino et al. (1985), overlaid with an “equi-
librium binary” model (solid line) from Leone et al. (1984). The vertical axis indicates magnitude, with each large
tick mark corresponding to 0.10 mag. The horizontal axis indicates time, with each small tick mark corresponding to
half an hour. The flat-bottomed minima and dependency of light on phase angle strongly suggested that this asteroid
was part of a binary system.

P I U S S R SR S SR N S S T NN SR ST\ S N T T

-10 -5 0 5 10
Doppler frequency (Hz)

Figure 3. Echo power as a function of Doppler frequency for a binary asteroid. The binarity is evident from the
characteristic superimposed peaks: the wider peak represents the fast-rotating primary and the narrow peak is the
tidally locked (synchronous) secondary. Figure from Margot et al. (2015).
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Figure 4. Modeled shape of the primary asteroid in the binary system 1999 KW4 as an example of the distinctive
shape resulting from the rotational fission process. Figure adapted from Ostro et al. (2000).
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Figure 5. Primary asteroid rotation period (noted here as P;) and primary asteroid diameter (D; here) for asteroids
of various size ratios (Ds/Dp = D, /D here). Group A consists of asynchronous binary NEAs and small MBAs and
MCs. Group B are synchronous MBAs with components of nearly equal size. Group L systems have large primary
asteroids with small companions. Figure from Pravec & Harris (2007).
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Figure 6. Evolutionary paths for an asteroid experiencing rotational fission. These paths differ critically depending
on the mass ratio ¢ = Ms/Mp of the two components, as discussed in Section 5.2. Figure from Jacobson & Scheeres
(2011).
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in these populations combined, separated into 20 equal-width bins. Right panel: Distribution for these asteroids
separated by their Solar System location and in 20 equal-width bins. Number of systems plotted: 54 NEAs, 133
MBAs. Data are the subset given in Table 1, originally from the compilation by Johnston (2016).
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Figure 10. Distributions of primary rotation period Prop for NEAs and MBAs. Left column: Distributions for all
binary asteroids in these populations combined, separated into 40 equal-width bins. Right column: Distributions for
these asteroids separated by their Solar System location and in 20 equal-width bins. The bottom panels are a re-
binning of the systems with rotation periods less than 50 hours. Number of systems plotted: 54 NEAs, 147 MBAs.
Data are the subset given in Table 1, originally from the compilation by Johnston (2016).



ELIOT HALLEY VRIJMOET

20

23vd jxou uo panunuod | a|qny

eLOY ‘BETY BSOO (LO0OF)SS'T §90€ (850 F)S8T  (6£0°0 F) 2SO0 VH z£61 / ofody (2981)
PLOH aroF) esL LS'T 91 €0 VH 8961 / u0os30d (0£81)
eTM 81°01 186'C 91 (T0'0 F) 170 Ve S961 / MIN (LTLT)

€900 OITIN LroF)Ere [ANS 91 VIN OV #S61 / UOLY (LI1LT)
201 M ‘BEON LSOFI9LL €ST'E 91 1€€°0 DA 8€61 / LUOTUE[OSH (60$1)
2SOM (6£°0 F) 969 484z 91 (200 F) 820 1A 8€61 / Bruudg (€611)

©L0D (900 F) 89°L Ss8'€ 91 (20’0 F) €20 VX $£61 / vuodn( (8¢€T)

BZOM B60IN 91 (200 F) 88t 91 S€0 VA FE6T / BIOUAI)D (EEET)

©o0d @ToF) 901 (1000 F)¥9r'sc (S0 F) Tl 6L°0 DO £€61 / vurdg (€1¢1)

B0 09 SY'LT 91 £€8°0 X 6261 /Wy (6€11)

©90d CoF) Lot (1000 F) vrr 91 €0F)ese $89°0 M LT61 / ewel, (6801)

oeTd (800 F) 6L6 1Le 91 (200 F) 9€0 AA §T61 / e13[Rg (2501)

eg1D Q1TF) Tl L16T (98T F) 16T (20’0 F) 620 ¥H 0261 / B8129ST (6£6)

©90d OroF)se9 (1000 F)8eLLE  (#1°0 F) 680 ¥TLO 6TS 9161 /©NSo1q ($58)

260 &TF) 69 (1000 F) 8I1¥'ST  (F0'0 F) L9'T (00 F) 68°0 dX S161 / #1pun (608)

BIOA 1IN ‘PSON  (bS'T F) TL IV 6€8°S T0F)60  (6v00 F) vEI0 OS €161 / eAa0dnd (Z9L)
ag0d OITN ‘BI1d  (19'% F) 96'10C (1000 F) ¥S€'8 CoF)LST  (F00'0 F) L10°0 OM 0161 / epney (Z0L)
BZ6H 1T 980N 9T F) L¥'L8 (1000 F) 2oL (STOF)S80  (#10°0 F) 9900 euuany (6L€)

BZGH OTIIN ®01d (1’0 F) 9861 6918 91 L9T0 duexoy (L1€)

©8LS OTTIN 080N (SETF) Lvel (L00'0 F) 888°9 @oF)L0o  (L€00 F) L900O ey (€87)

v96d E6L PI6L PI6GA @1 Fvrie YE9Yy S0F)9T SY0'0 epI (€70)

eged ‘ql1d (8'SF)osel S8¢°S FoF)oe (2100 F) 9900 enedoapyy (91¢)

980N ‘BOGIN OTTIN ‘B9TA  (IT'% F) €6'861 sTTs €oP et (800°0 F) €0°0 BRI (0€1)

e60d 09 F) 0°L81 1SS°S ((SAEDRA 1L1°0 Quoruidy (1Z1)

BOGI OTTIN ‘P8O (#6'S F) LE'6IT 8y €0F) 1T (L2000 F) €L00 e[we) (L01)

OP0L AT TIN O F)91r1 (1000 F) T86'S @oF ST (100 F) 8200 PAIOUIIN (€6)

vL0d ©O1F)8L8 S0$91 (SO0 F)STT (9100 F) #56'0 adonuy (06)

BO6N ‘BSON ‘qT1d 11 F) 098 ¥81°S ToF el (T0'0 F) 8€0°0 BIAILS (L8)

PSOIN ‘BO6IN OTTIN ‘BOIIN  (2T'9 F) +1°90C 669°S ToP 1 (100 F) ¥€0°0 eruosng (gt)

480D ‘BZ0Y “O0L ‘0D LI F)0vLl 886’ (ST'0F)S6'1 110°0 auyde (14)

©80d OGN S0 (8T F) T991 sPI'y  (€€0F)see  (T100 F)891°0 adorqres] (¢z)
$90URIRYY (uy) dg (sanoy) 410y ( cwo 3d dag/Sa QueN WNSAS

‘TWAY - sFsapTtoxsise/3sowl TIAa~/npa - nsboxlise -mmm//:diqyg
Je punoj 9q Aew AQJ) 919y IS[[ 0) SNOIOWNU 00} I8 SIPOI  ADUAIIJY
<V/N,, POyIewr ore J[Qe[leAB JOU SIdJoweIed — ‘O[QB[IBAB JIdUM pPopn[oul oI
sIeq JIolg PONIWIO  SWAISAS  YHIN-UOU  ‘YHN-UOU yim (9[(Qz) uoisuyof
Aq pourejurewr 39S oY) woij pondwod e ‘s1ojowered  jueAS[RI  PalO9]
-0S pue SWQISAS PIOIdISE-T[NW [0 UIBJA pue [Ieg-1Bdu jJo ISIT ‘T d[qeL



21

FORMATION OF MULTIPLE-ASTEROID SYSTEMS

23vd j1xou uo panunuod | a|qny

IS1d €19 8T8T 91 0 AV 6861 / OUNZIN (1¥5t)

¢Id 609 68T 91 9T°0 XH TL6T / USIA (FISH)

©90d 6S0F)9rT (1000 F) 909'9T T0F) 160 €790 HS 8861 / Assnqeq (¢61)

PEIM (LS'0F) €0T 88LT 91 (€00 F) $T0 AA ¥861 / SUNURYOL (0¥ 1Y)

PEIM (600 F) €€9 LOV'E 9l (200 F) 170 dX 6861 / ¥8nIng (€8¢h)

qe1d 9S°L 608°C 91 81°0 SOH LL61T / swug (TLTh)

P9OH (LO0F) 8L SLS'E 91 (200 F) ¥T0 1031 2861 / $93pud (670%)

PSTM DTTIN (9¢'0 F) 6,9 6788 91 VIN 1d[ ¥861 / 12583 (286€)

eIV (@T0F)8€9 76€°€ 91 €€0 131D 9861 / [YOWYIZ (156€)

PrIH ‘9Eld LT9 (10 F) 8°0§ 91 LLO 00 ¥861 / 191ddoq (506€)

BIM WToF)sTL 8¥'C ol (200 F) LT0 M 7861 / APPoY (€£8€)

600 (SO0 F)€r6 1LLT 91 (200 F) TT0 T-d SLS¥ / ©ZOPUIIA (898€)

qar1d w09 S65°¢ 91 8T0 LOA €861 / 0911 (1#8€)

0 azoF) v¥'s (2000 F) 6€8°€ WoF)ce (100 F) €0 AL 9861 /119D (T8LE)

980N ‘80N ‘a1 1d S6°¢ S08°C 9T (€00 F) 20 104 861 / wered (6vL€)

980N ‘B8O S6°¢ S08°C 9T 99%°0 109 2861 / wered (6vLE)

990d T0F)9r'e SETE 9l 70 €0d 8L61 / BARYSUOY[OA (€0LE)

aL0d (S1°0F) L19 (1000 F) 889°'C 91 (€00 F) 820 SO $861 / £rT (£L9€)

990d @oF) er1 S0LT (€90 F) 91 (@00 F)T0 a3l #861 / snskuoiq (129¢)

pS1d YL 916°¢ 91 1€°0 ILL €961 / YOPQUAIYS] (EEHE)

PSOM (800 F) 88t 0S°T 91 (T0'0 F) 90 HE 7861 / 2p123101g (60€€)

q.0a (900 F) 68°€ (1000 F) 6059 ToF)oT (100 F) L8'0 V11861 /0050 (691€)

SL0M L0 699 Lyr'e 9l (200 F) sT0 TTMS 6L61 /3103 (€£L0€)

BEIO ‘Q91M 8L°6 LELT 91 00 F)To HS LI6V / ESequou) ($£0€)

d11d (600 F) $6'9 €ELT 91 (20’0 F) $T0 T 2861 / BWOS (S187)

290d LT9 St 91 (€00 F)T0 ad 9961 / AOWYH ($SLT)

BITO aro+os 188°¢ 91 (T0'0 F) €0 1 yL61 /15198 (1697)

eyld 9T'L LT 91 6T0 VS 616V / U99Z (€297)

BLIM BEIN ot £18°C 9l €0 €HH SL6T /AT (LLST)

BLTA ‘BETIA “960M (a4 €18°C 91 (200 F) $€0 €HH SL61 / eAWT (LLST)

eo1d 6 1€T¢ 91 o HA 6£61 / puuiuadwey (S£67)

®LOd OTTIN (€00 F) Tr'8 [4344 91 VIN A 6€61 / TAOUESIIN (98+7)

SLOH @oF) 18 (L000 F) S88'ST 91 Lo DI 1861 / TOL (8L+7)

qsTM 9 8¥8'¢ 91 VIN DD 8L61 / S0 (6+1T)

¥S1d s 901°C 91 610 YA 6L61 / Funidg Sutpis (¢v€7)

BTN S6°S 86L°T 91 sTo DL 9€61 / uoweed (z427)

201M ®91d Lo0F)T8 896°C 91 €0 VA SL6T / IBARIN (1€1T)

BOTH ¥0'0 F) 298 906'C 91 (T00 F) 170 HIN 1L61 / 10doIseads (121¢)

6TM SroFoe L6¥'T 91 (T00 F) 170 1V 1L61 / BueIdws (LY0T)

J90d (850 F) 9¥'9 69°¢ 91 (T0'0 F) $T0 A 0S61 /MM (P707)

260d OroF) Isy 8II'e 9l wo €4S €L61 / eAeysuojod (9007)

q11S ‘Be0d ‘991 M LTT P v (1000 F) 10T 91 (S00F) 10 VX TL61 / snydAsts (9981)
$90URIRJOY (uy) dg (sanoy) 4101y ( cwo 3d daq/Sa QweN WasKg

(panunuod) 1 IqeL,



ELIOT HALLEY VRIJMOET

22

23vd j1xou uo panunuod | a|qny

BYIM €€ wsy 91 VIN ¥OI 6661 (LITIT)

q9L00 810 F) €T€ 8YE'E 91 (20’0 F) 9%'0 INO L661 / Snotuewiian (80701)

99T M (6¥'0 F) LTE 998°C 91 (T0'0 F) 9€0 9114 €661 / Blodaptd (€TT0T)

99T M LToF)ors 110°¢ 91 ¥0'0 F) 920 IAA 7661 / UBY-OYSUIL (€8L6)

290d LE0OF)vLT 98C'C 9l (€00 F) LTO SVH €661 / wewdeyowreyein (L196)

BSOr (S€°0 F) 86°€ $80°¢ 91 (€00 F) LTO VL €561 / UOS[OPIZADPH (0926)

q950M 0¢ 8ITY 91 €0 AO €661 / Pue[A0H (6906)

q9s1D 4 (100 F) ¥S0€ 91 980 1VD $861 / 3MaY (4L¥8)

901> 6T'S Sev'y 91 LTO 4V 7661 / pinosudydalg (¢££8)

eeld 920°¢ see 91 70 TAd S661 / 030U (90€8)

BLOH (800 F) €St L19°¢ 9l €€°0 €NM L861 / uttaduedr (9118)

BITM OTIN HT0F) 691 s F)ozLe 91 VIN IV 1661 / Aeyowuyor (9208)

ATIM O10F) 28T 8YET 91 (€00 F) €0 CHTH661 / KR (8S6L)

e96d LT veT 91 VIN DN €661 (888L)

E80H be'1 F)€TS (o0 F) erevy 91 o NV SL6T / uluAeD (69€L)

280d (T F) ¥$9 T 91 (00 F) 170 HE €861 / ssanuny (L)

991IM Wyl F) L6'S €Ty ol (€00 F) 910 ME T661 /2908 (L81L)

290 6€1 6L9C 91 (T0'0 F) 0 VV 2661 /18] (880L)

e60d (200 F) 208 (2000 F) 1278 91 LSO SVV 6861 /dreadiqqog (80L9)

20O OTTIA ‘991 M ¥0'0 F) ¥0°€ STET 91 (€00 F) 90 T-d T1S6 / soudreinid (S199)

99T M LT F) 98y L6€°T 91 (T0'0 F) 9€0 2N €861 (69€9)

9L0H ToF) I8y 60L'T 91 (T0'0 F) ¥T0 €ML S861 (S929)

B90H ‘®90H 6£9 968°C 9l (20’0 F) sT0 40 0661 / 010WeNO (¥79)

990H Iz0F)96'S SYLT 91 (200 F) LEO 10 6861 / wodsed (¥809)

qS0M ‘aS0M LO0F) sty wsLe 91 00 F) ¥'0 11D 6861 / uosuyof (S06S)

BEIM Q01 M O10F) ¥SCT (1000 F) 8¥LT 91 o HYV 9861 / 491par (668S)

6TM (Is0F) 89T 43 91 (o0 F) 810 AL 0661 (9¥9S)

98031 989 we 91 (T0'0 F) €€0 HD 0661 / 1oty (18%5)

BSOM (€10 F) s6T ¥66'C 9l (200 F) LEO THN 6861 / SOWIOH (LLYS)

B8OH ‘Q91M [(SYESR484 $79°¢ 91 @oF Lo THX 8861 / UaSESUID (pLS)

S6IM (€0 F)€0C 196% 91 VIN aa 861 / dreys (9z4s)

q¢1S (€10 F) 689 8¥9°CT 91 (T0'0 F) 2T0 1VS ¥861 / 4daloA (STS)

990d O1F)6€ 6¥S'T 91 (o0 F)T0 XV 2661 (LO¥S)

BEON Co0F) o1 WoF)Le  (S90F) 861 (TS00 F) €0 AL 1661 /1PWYNIS (18€S)

vzld ‘qzlL @1 9e (1000 F) 90LT 91 1°0 F) L91°0 TA 1661 / S10IH (€416)

9L0d (200 F) 6€+ @ToF) o8Il 91 9L0 INE 0661 / OYowem] (1S6+)

ACTM @eoF) st wi'e 91 (€00 F) €10 TN 6861 / vIadysnuy] (898+)

Pood ToF) e €26'C 91 (€00 F) 610 Tdd §861 / vutueneL, (98L+)

IEIM @®y0F)oLT (1000 F) €29°€ 91 @00 F) 910 N[ 9861 / 3mq13ssep (S9L)

q11d ‘PO (S00 F) 9or'y 126°C 91 91€°0 Of 6861 / Bulned (FL9%)

a91d (6T°0 F) €89 6T 91 VIN 1VI 9861 / 2191 (999%)

960d @rodrL 896°¢ 91 6T°0 UM L86T / wejpue[ios (L09t)
$90URIRJOY (uy) dg (sanoy) 4101y ( cwo 3d daq/Sa QweN WasKg

(panunuod) 1 IqeL,



23

FORMATION OF MULTIPLE-ASTEROID SYSTEMS

23vd j1xou uo panunuod | a|qny

qITH LL9 SE8T 91 (200 F) 610 SZD L661 (£1666)

990d 960 T 91 (20’0 F) 8T0 671S 100T (01L88)

©01 ‘990d ‘490d (800 F) £+'0 14194 91 (S00F) S0 1A 6661 (8€658)

e9Id wl Sri'e 91 (T0'0 F) 20 €TIOA 6661 (81208)

qQcim 19°¢ 88°C 9l (€00 F) €0 XV 8661 (CLY6L)

950M ‘990d 9¢ 99I'e 91 (€00 F) LEO 6L9¥ 000T (8189L)

Clav (oo F)ere (1000 F) 98+t 91 (200 F) 610 8¥XS S661 (90¥69)

990d @IoF)90 (Y000 F) v68°€l 91 (600 F) 60 €0 LEGT / SAWIdH (0€T69)

€900 00 F)Te'T 9Lt WTOoF)Le'T  (STO0 F) 1¥E0 M 6661 (16€99)

B60S ‘990d (S10F) 80 wr'e [(SREDXS (€0°0 F) 8¥°0 10¥ 8661 (€9099)

990d T0F)sLo 65T'T ToF)LI (200 F) TT0 1D 9661 / sowApiq (£0859)

PEIM Sy (2000 F) €€°€ 91 (200 F) €20 SSLN 6661 (TEVES)

BIIM 'l (1000 F) 8€L'T 91 (200 F) 170 L9V 6661 (0T1€S)

oeIM 9T'¢ €9L'C 91 (o0 F) 910 ag 661 (91€2S)

€IM £€Te LSST 91 (00 F) 170 9LX¥ 000T (9SETS)

¢1d 920°¢ 79T 91 (00 F) ¥'0 ¥1S0 8661 (6T89%)

®91d ‘991M T 145 9l (200 F) ¥€0 €75 6661 (0T9YF)

QIM °w®e wL'T 91 (500 F) ¥'0 1€dN 6661 (800€t)

4904 ‘990d ‘490d @ToF)¥0'1 79T (DI (200 F) ¥'0 HA 1661 (LO1S€)

BOOM 8¥'e 65T 91 (200 F) 8T0 €840 1002 (90L¥€)

PLOd ‘991 M £€e'e (1000 F) 8659 91 (LO'0F) $90 €201 000T (6€02€)

qL0d 70y L10°€ 91 70 €SINH 0002 (800T€)

S¢1d 01 e 9l wo 61D 6661 (0SY1€)

200d ‘990d T0F) 60 9IST 91 €0 0d 8661 (SYE1E)

SEIM OTTIN @oF) 81 88Y'¢ 91 VIN 91d 000T (89SLT)

0IM I¥0F) 69 L89C 91 (200 F) 9€0 TSISV 000T (1L¥92)

QOIM a4 996°C 91 (T0'0 F) LTO PSINX 6661 (91797)

BEIM or'e 65T 91 VIN AL LL6T / M) ($L09T)

q11d *®01d Or'0 F) ¥$'S (€00 F) €0t 91 o ¥10L 6661 (6687T)

QIM (STOF) ¥8'1 $98°C 91 (200 F) s€0 91114 8661 / 1dIA0RYD (9¢H1T)

qrId OTTIA ‘991 M L60F)ELy SvTe 91 (200 F) €0 LTOH 8661 (ST€0T)

BGIM 610F) L0T (1000 F) T8¢ 91 (T0'0 F) LTO 9TAH 0002 (06881)

990H 544 6Tl 91 (€00 F) 90 850r 000T (09TLT)

qI1d ®01a 4 0¢ 91 °wTo ¥LTD 000 (9vTL1)

e9ld 4 80CTC 9l Se0 00 €661 (S€991)

ACTM (S1T0F) 8IS £65°C 91 (200 F) 910 TN 1661 / oqreutrewnys (6769 [)

BYIM (€0F) 691 96'C 91 (200 F) 610 STAL ¥661 (2Z8ST)

q01d ‘99T M e 650°¢ 91 (€00 F) 1€0 ao 861 (00LST)

BEIO OITN (€00 F) vLe LTST 91 VIN 1€ 8661 (0E¥ST)

€800 €8¢ wr'e 91 LTO €M 0661 /19801jauIPPUIM (89TST)

QIM ©9TTF) L801 £e'e 9l VIN VI 7661 / UOSAL (€TIE1)

9LOM (a4 (1000 F) L81°€ Tl 1€0  ¥ON 6L61 / duodoeworpne|) (+9Z11)
$90URIRJOY (uy) dg (sanoy) 4101y ( cwo 3d daq/Sa QweN WasKg

(panunuod) 1 IqeL,



ELIOT HALLEY VRIJMOET

24

23vd j1xou uo panunuod | a|qny

8€°0 VIN 91 VIN L1Dd 800T
®ZIH “eCld 0] (5000 F) €09'C 91 9¢€0 971 L00T
B60V ‘9L09 €0 (#0'0 F) €0LT 91 L9T0 €01.1d L00T
LTO VIN 91 VIN 960A 00T
9EON @ooF) o VIN 91 9810 F) S0 ¥8SS €00T
qZON ‘920N (200 F) S0 VIN 91 (100 F) T0 8313 T00T
BZON (€00 F) 90 LT 91T (I1S00 F) L9T°0 9TINE TO0T
qZO ‘990d (€00 F) 90 100 F) ¥y Lo+ Lyt (600 F) S0 1150 000
OCIM BS0d S10F) 90 (1000 F) 9€LT 91 ST0 ax v661
PYIM ‘BvIL ‘PYId ST°0 0°0¢ 91 01 16D 7661
980H ‘9909 0 (100 F) LTT 9l 0 TAD 900 (TS819%)
990¥ ‘q90¥ ‘9904 61 (2000 F) 6€€°€ 91 (200 F) ¥T0 gV S00T (195TS¥)
2604 0804 90 (L000 F) 9TLT 91 €€€°0 81.L9 800C (+680St)
qSIN ‘ASIN (€00 F)ST°0 (a4 91 90 ad 6002 (LLLOTY)
©80 ®80S T0F)s0 881°¢C 91 o LEAN S00T (PLL66E)
ISIM 0] 16v'¢ 91 (T0'0 F) L0 A 1661 (LOE66E)
®STY *q90d (600 F) 60 61T ((YEoka (20’0 F) 6+0 IV 7661 (98158€)
4809 ‘eL09 81 (5000 F) 1T 91 L91°0 TAA 900T (1S8¥LE)
Sy1d ‘erlL (€00 F) S0 ot 91 €€5°0 11Dd $00T (665€9€)
BOTA BOIL 90 aooFers 91 $90°0 1010D 000 (L90£9€)
qe09 80 0¢ 91 ST°0 LTLS 8661 (LTOEYE)
q¢51d €0 T 91 (00 F) 170 98714 Y00T (6€¥LSE)
BCIN 90 VIN 9l S0 12dr 00T (00¥8Y€)
BZ1D ®S0L 9€0 9T  (6Y0F)eLT 0 2d #00T (99011€)
av1H ‘eylS €0F)Te (1000 F) 1SLY @oF)Lo (¥€0'0 F) STO THO 8661 (£92S87)
©90S (S€'0F) or'e €6T°¢ (S0 F) 60 (€0°0 F) L800 9ZdD 200 (6¥09LT)
POTM €e (001 F)0°L8S 91 VIN 994 200T (Y¥1812)
6TM 6L°0 0T F) 081 91 VIN OV 900 (802061)
CIN (¥0°0 F) 98°0 1000 F)vLLT  wToF) 8T (620°0 F) 99€°0 £01dd 000T (158S81)
BSIS ®91d ‘BHIA “®60S 00 F) €9'1 S65°¢ CoP et (S10°0 F) 820 €04 9661 (90LSLT)
2904 ‘490d ‘®¥ON [(EDRN! £€vET LoF)10c (900 F) 1610 LA €002 (1Z1¥91)
q80d SS0 (1000 F) Th9'T 91 S0 SId 0002 (€84T9T)
ee0d ‘4€00 “A€00 @00 F) €0 9¢6°T 91 (8900 F) L91°0 SO 0661 (000T91)
PIM BELL (S0°0 F) s¥0 LI8T 0¢ sTo €NV 200T (8S6£ST)
esld (€0F) ST 9Tr'e  (ST0F)Erl (90°0 F) 2L1°0 €9TNS 100T (165€ST)
ecrd (€0F)sT 9tr'e  (STOF)ErT (1900 F) 80€°0 €9TNS 100T (165€ST)
AFIM 81T (1000 F) €Ty 91 VIN 6L31d 0002 (S608€ET)
®Z0d ‘990d (€EL0F) ¥9°€ 61€T 0T (€00 F) €20 TdH 6661 (OLTLET)
PIM (800 F) 69°0 (1000 F) TOE'T 91 (9500 F) 6010 6V.LS 8661 (€669€1)
AaRk: (900 F) 290 68¢°C ©0F) 17T (S0°0 F) 621°0 DD 1661 (L199€1)
eld (900 F) 290 68¢°C ©oF) 1T (2S00 F) T8I0 DD 1661 (L199€1)
q50d 9T $S6°L 91 VIN 85AX 200T (61€VTT)
$90URIRJOY (uy) dg (sanoy) 4101y ( cwo 3d daq/Sa QweN WasKg

(panunuod) 1 IqeL,



25

FORMATION OF MULTIPLE-ASTEROID SYSTEMS

10 VIN 91 VIN PPIAL S10CT

PSIN €0 VIN 91 S0 SEIA 10T

6IM 970 (2000 F) 19¢°€ 9l (200 F) €0 0CIZM ¥10T

PYIM O¥1d ToF ol $88°C 91 VIN PPLM €10T
$90URIRJOY (uy) dg (sanoy) 4101y ( cwo 3d daq/Sa QweN WasKg

(panunuod) 1 IqeL,



26 EL1IOT HALLEY VRIJMOET

REFERENCES

Becker, T., Howell, E. S., Nolan, M. C., & Magri, C.
2008, Bulletin of the American Astronomical
Society, 40, 28.06

Belton, M. J. S., Veverka, J., Thomas, P., et al. 1992,
Science, 257, 1647

Belton, M. J. S., Chapman, C. R., Thomas, P. C., et al.
1995, Nature, 374, 785

Bottke, W. F., & Melosh, H. J. 1996, Nature, 381, 51

Bottke, W. F,, Jr., Vokrouhlicky, D., Rubincam, D. P,,
& Broz, M. 2002, Asteroids III, 395

Cellino, A., Pannunzio, R., Zappala, V., Farinella, P, &
Paolicchi, P. 1985, A&A, 144, 355

Chapman, C. R., Veverka, J., Thomas, P. C., et al.
1995, Nature, 374, 783

Chauvineau, B., & Mignard, F. 1990, Icarus, 87, 377

éuk, M., & Burns, J. A. 2005, Icarus, 176, 418

Davis, D. R., Chapman, C. R., Weidenschilling, S. J.,
& Greenberg, R. 1985, Icarus, 62, 30

Delbo, M., Walsh, K., Mueller, M., Harris, A. W., &
Howell, E. S. 2011, Icarus, 212, 138

Descamps, P., Marchis, F., Michalowski, T., et al.
2007, Icarus, 187, 482

Descamps, P., Marchis, F., Michalowski, T., et al.
2009, Icarus, 203, 102

Durda, D. D. 1996, Icarus, 120, 212

Durda, D. D., Bottke, W. F., Enke, B. L., et al. 2004,
Icarus, 170, 243

Gehrels, T., Drummond, J. D., & Levenson, N. A.
1987, Icarus, 70, 257

Gradie, J., & Flynn, L. 1988, Lunar and Planetary
Science Conference, 19,

Jacobson, S. A., & Scheeres, D. J. 2011, Icarus, 214,
161

Johnston, W. R. 2016, NASA Planetary Data System,
244,

Leone, G., Paolicchi, P., Farinella, P., & Zappala, V.
1984, A&A, 140, 265

Margot, J. L., & Brown, M. E. 2001, Bulletin of the
American Astronomical Society, 33, 52.02

Margot, J. L., Nolan, M. C., Benner, L. A. M., et al.
2002, Science, 296, 1445

Margot, J.-L., Pravec, P., Taylor, P., Carry, B., &
Jacobson, S. 2015, Asteroids IV, 355

Melosh, H. J., & Stansberry, J. A. 1991, Icarus, 94, 171

Merline, W. J., Chapman, C. R., Robinson, M., et al.
1998, Lunar and Planetary Science Conference, 29,

Merline, W. J., Close, L. M., Dumas, C., et al. 1999,
IAUC, 7129, 1

Merline, W. J., Close, L. M., Dumas, C., et al. 1999,
Nature, 401, 565

Merline, W. J., Chapman, C. R., Colwell, W. B., et al.
1999, Lunar and Planetary Science Conference, 30,

Merline, W. J., Close, L. M., Shelton, J. C., et al. 2000,
IAUC, 7503, 3

Merline, W. J., Close, L. M., Dumas, C., et al. 2000,
Bulletin of the American Astronomical Society, 32,
13.06

Merline, W. J., Close, L. M., Menard, F., et al. 2001,
Bulletin of the American Astronomical Society, 33,
52.01

Merline, W. J., Weidenschilling, S. J., Durda, D. D., et
al. 2002, Asteroids III, 289

Merline, W. J., Close, L. M., Siegler, N., et al. 2002,
TIAUC, 7827, 2

Merline, W. J., Tamblyn, P. M., Dumas, C., et al. 2002,
TIAUC, 7980, 2

Nolan, M. C., Howell, E. S., Becker, T. M., et al. 2008,
Bulletin of the American Astronomical Society, 40,
25.04

Ostro, S. J., Margot, J.-L., Benner, L. A. M, et al.
2006, Science, 314, 1276

Petit, J.-M., & Mousis, O. 2004, Icarus, 168, 409

Polishook, D., & Brosch, N. 2009, Icarus, 199, 319

Pravec, P., & Hahn, G. 1997, Icarus, 127, 431

Pravec, P., & Harris, A. W. 2000, Icarus, 148, 12

Pravec, P., Scheirich, P., Kusnirdk, P., et al. 2006,
Icarus, 181, 63

Pravec, P., & Harris, A. W. 2007, Icarus, 190, 250

Pravec, P., Harris, A. W., Vokrouhlicky, D., et al. 2008,
Icarus, 197, 497

Pravec, P., Vokrouhlicky, D., Polishook, D., et al. 2010,
Nature, 466, 1085

Richardson, D. C., & Walsh, K. J. 2006, Annual
Review of Earth and Planetary Sciences, 34, 47

Rossi, A., Marzari, F., & Scheeres, D. J. 2009, Icarus,
202, 95

Rubincam, D. P. 2000, Icarus, 148, 2

Stokes, G. H., Evans, J. B., Viggh, H. E. M., Shelly,
F. C., & Pearce, E. C. 2000, Icarus, 148, 21

Storrs, A., Wells, E., Zellner, B., Stern, A., & Durda,
D. 1999, AAS/Division for Planetary Sciences
Meeting Abstracts #31, 31, 11.03

Veverka, J., Thomas, P. C., Bell, J. F.,, III, et al. 1999,
Science, 285, 562



FORMATION OF MULTIPLE-ASTEROID SYSTEMS 27

Vokrouhlicky, D., Bottke, W. F., Chesley, S. R., Warner, B. D., Harris, A. W., & Pravec, P. 2009, Icarus,
Scheeres, D. J., & Statler, T. S. 2015, Asteroids IV, 202, 134
509 Weidenschilling, S. J. 1980, BAAS, 12, 662

Weidenschilling, S. J. 1980, Icarus, 44, 807
Walsh, K. J., & Jacobson, S. A. 2015, Asteroids IV, 375



