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Why study the Solar System Small Bodies?
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How do we find Solar System objects? 
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Pluto



Ice Mountains
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Outer Solar System Origins Survey (OSSOS)

Bannister et al. 2016, 2018

Canada-France-Hawaii Telescope (CFHT)
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Reflectance Spectra and Broad-band Colors as  
a proxy for surface composition 
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Rotational Lightcurves Probing Shape
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Shap Albedo 

Contact Binary Distant Binary



Challenges: Light curve/Rotational Variability

Single-Peaked Light Curve Fit Double-Peaked Light Curve Fit

5.84 Hour Period 11.68 Hour Period

Thirouin et al. 2012



Makemake has a moon! 

Hubble Space Telescope Imaging or Adaptive Optics Imaging on Large 
telescopes can identify moons around dwarf planets and resolve binaries in the 

Kuiper belt 

Parker et al. (2016)

Gongong has a moon 

Marton et al. (2016)



Densities as a probe of bulk composition  

Grundy et al. 2019





The Structure of the Kuiper Belt

3:2 
Plutinos

2:1

 Classical belt

Scattered Disk 



The Structure of the Kuiper Belt
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Our Giant Planets Moved Stuff Around

Morbidelli & Levison (2003)
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Nice Model

Tsiganis et al. 2015



Levison et al (2008) Figure Credit: Hal Levison

Nice Model Kuiper belt Observed Today



Levison et al (2008)

Model Reality
Attempt to tweak Neptune migration to create the cold classical



Schwamb et al. (2019)

Cold Classical Objects Differ in Color and Binary to the 
Hot Population within the Kuiper belt 
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No. 2, 2010 DESTRUCTION OF BINARY MINOR PLANETS DURING NEPTUNE SCATTERING L207

Figure 4. Results from two sets of 7500 binary–Neptune integrations. Top panel:
“mobility” of initially tight binaries. Dashed line is a cumulative histogram of
a/RH (or a/RE on top axis) prior to Neptune interactions for surviving binaries
with initial a/RH < 0.05. Solid line is a cumulative histogram of a/RH for the
same binaries after interactions. Bottom panel: probability of destruction of a
binary system as a function of its initial a/RH . Lower and upper dashed lines
represent subset of sample with e < 0.2 and e > 0.7, respectively. Gray line:
results from integrating encounter histories for objects with initial aout > 29 AU.
Triangles: estimates of a/RE for known wide binaries.

but is always < 1 and considering RH variations due to heliocen-
tric orbit evolution during scattering will lead to more efficient
disruption by solar tides. Mergers may become more impor-
tant if we considered Kozai cycles (Perets & Naoz 2009; Kozai
1962) and tidal damping effects.

Figure 4 illustrates the results of 7500 integrations of the
binary–Neptune interactions, requiring roughly 150 CPU hours
to integrate. Binaries with initially wide orbits are efficiently de-
stroyed before being emplaced in the CCKB, with the probabil-
ity of destruction crossing 50% at approximately a/RH ∼ 0.05
and increasing to 80% by a/RH ∼ 0.1. Additionally, we find
that it is unlikely that binaries with initially tight orbits and
which survive emplacement are left with significantly widened
orbits: for all binaries that survived emplacement with initial
a/RH < 0.05, only ∼5% have final a/RH exceeding 0.05, and
fewer than 2% exceed 0.075. Those binaries that are widened
show no preference for any specific region of initial mutual
eccentricity-inclination phase space.

We found a larger fraction (∼50%) of objects implanted
into the CCKB from inside the 29 AU boundary between the
initially excited and non-excited disks than was found by L08. To
check if these additional inner objects skewed the probability of
binary disruption (as L08 showed that such objects are subjected
to more Neptune encounters), we performed a second set of
7500 binary encounter integrations using only the 94 encounter
histories for objects with initial aout > 29 AU, removing the
influence of the inner objects. The results are illustrated in
Figure 4, and for wide separations the variations in destruction
probability between the full sample and the “outer disk” sample
are minor.

Binary mutual orbits that were initially very eccentric
(e > 0.7) were somewhat more easily disrupted than initially
more circular orbits (e < 0.2) for moderate a/RH , with the
largest variation between the two groups being ∼10%. For
higher a/RH , this difference decreases substantially. A second

smaller set of integrations was run to test the effect of initial in-
clination, and the difference in destruction probability between
separate samples of 1500 i = 0◦ and i = 90◦ mutual orbits
remained less than a few percent at all a/RH .

5. DISCUSSION

We have simulated the effects of interactions between
Neptune and trans-Neptunian binaries, given the kinds of en-
counter histories required for emplacement of the CCKB though
the mechanism proposed by L08, and we find that wide binaries
(a/RH ! 0.05) are efficiently destroyed by these interactions.
Any primordial population of wide binaries would be decimated
by emplacement into the cold belt through this process.

If a population of primordial wide binaries with a/RH similar
to the four illustrated in Figure 4 were subjected to these kinds
of scattering events, an initial population of ∼150 would be
required to leave the four survivors behind. Alternatively, if
the binaries were initially tight (a/RH < 0.05), then an initial
population of ∼300 binaries would be required to leave four
survivors with sufficiently widened orbits behind. Additionally,
due the destruction of binaries by collisions with interloping
trans-Neptunian objects over the age of the solar system, a much
(at least 10 times) larger primordial population of wide binaries
may be required to produce the remaining population we see
today (Petit & Mousis 2004). Together, these results would
require more primordial binaries than even a binary fraction of
100% would allow, suggesting that wide binaries such as 2001
QW322 were not subjected to a period of close encounters with
Neptune. This implies that a component of the CCKB was not
emplaced by scattering from lower heliocentric orbits, but either
had to form in situ or be implanted by a gentler mechanism in
order to preserve its population of wide binaries. A caveat is that
the evolution of binary properties over the age of the solar system
is poorly understood, and collisions or other perturbations may
cause primordially tight binaries to widen post-emplacement. If
this is the case, however, we would expect wide binaries to exist
in other trans-Neptunian populations that have been subjected
to similar long-term collisional evolution as the CCKB.

Binary destruction by Neptune scattering may help ex-
plain the variation of binary fraction between different trans-
Neptunian populations. The binary fraction is much lower in
the high-i (Hot) component of the Classical Kuiper Belt than
in the low-i component (Noll et al. 2008b). L08 illustrate that
objects captured in the Hot Classical Kuiper Belt via the mech-
anisms presented in Gomes (2003) interacted with Neptune for
significantly longer than simulated in this work (∼107 years).
If the Hot Classical Kuiper Belt was emplaced in large part by
these mechanisms, a significant fraction of its initial binary pop-
ulation may have been destroyed. This would naturally decrease
the binary fraction of this population without appealing to vari-
ations in the original formation mechanism of trans-Neptunian
binaries.

The orbital properties of known binaries presented in this
work (excluding 2001 QW322) are based on a number of as-
sumptions and should be regarded with caution. We have ob-
tained full astrometric orbital solutions for all binaries discussed
here, and our results remain unchanged using the new, accurate
values. These orbital solutions will be presented in an upcoming
paper.

The two known binary Centaurs (Noll et al. 2006; Grundy
et al. 2007, 2008) are actively interacting with the giant planets
and have dynamical lifetimes of order 1–100 Myr (Tiscareno &
Malhotra 2003). If we take our simulations of encounters with

Wide Cold Classical Binaries Would Be 
Stripped If Neptune Interacted with 
These Objects During Migration

Parker et al. (2010)



Our Giant Planets Moved Stuff Around

Morbidelli & Levison (2003)



Latest Neptune migration models - with a jumping Neptune 

Nesvorný and Vokrouhlický(2016)

Nesvorný and Vokrouhlický(2016)
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Col-OSSOS Survey - Exploring color and orbits
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A Way to Identify Cold Classical Surfaces in the Kuiper belt 



5 Planets with planetesimal scattering 
with 1 ice giant ejected works even better

(Nesvorný 2011)



Image credit: Sean Raymond 

Maybe the asteroid belt is also telling us about 
another part of planet migration



Explore the Origin of Sedna’s Strange Orbit and  
Test the Existence of Planet 9

Image Credit:   S. Sheppard 
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Sedna’s Strange Orbit

Image Credit: R. Hurt/JPL-Caltech

Alignment of known distant orbits,  
with q > 45 au & 250 < a < 2000 au. 
Orbits with q> 60 are shown in red

What LSST Can Do 



The Near Future: The Vera C. Rubin Observatory’s  
Legacy Survey of Space and Time (LSST)  

(expected start date ~2023) 

  Image Credit: LSST/AURA/National OIR Lab
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Expected LSST Yield

10 year survey - ugrizy photometry with hundreds of visits per object

Currently Known LSST Discoveries Typical number of 
observations

Near Earth Objects (NEOs) ~20,000 200,000 (D>250m)  60

Main Belt Asteroids (MBAs) ~650,000 6,000,000 (D>500m)  200

Jupiter Trojans ~7000 280,000 (D>2km)  300

TransNeptunian Objects (TNOs) + 
Scattered Disk Objects (SDOs) ~3000 40,000 (D>200km) 450

Comets ~3000 10,000 ?

Interstellar Objects (ISOs) 2 10 ?



2018 Annual Review of Astronomy and 
Astrophysics review ‘Dynamical Evolution 
of the Early Solar System’  by David  
Nesvorný

Further Reading


