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Abstract

Transneptunian objects are icy bodies beyond the orbit of Neptune. A large fraction

are found in binary pairs, up to ∼ 30% in the Cold Classical population, which generally

have components of similar size and colour on widely separated orbits. Understanding

what mechanisms have lead to the formation of such a high binary fraction, and their

orbital distributions, holds the potential to elucidate the processes of planetesimal for-

mation and evolution in general.

Previous work has shown that gravitational instability is an efficient mechanism for

producing these transneptunian binaries, where planetesimals and binaries form directly

from the gravitational collapse of a pebble cloud. Merging collisions and conservation of

angular momentum naturally lead to the formation of similar mass binary objects, and

strongly prefers the formation of binaries with low inclination prograde orbits. Further-

more, the components have identical composition (and therefore colour) as they have

formed from the same cloud of material. In the first part of this thesis we independently

confirm those results using the REBOUND N -body integrator to model a spherical, rotat-

ing cloud of particles, in the Hill frame, collapsing under its own gravity with inelastic

merging collisions. A fast, accurate, rotating reference frame integrator was used and

the robustness of collision detection in all simulations was tested. We perform a deep

search for bound particles and conduct a detailed analysis of the properties of all sys-

tems formed during cloud collapse. These results are compared to the latest observed

transneptunian binaries.

We find that gravitational instability is an extremely efficient producer of bound

planetesimal systems; it is common for a single cloud to produce several systems with

a range of properties. The most massive binary produced by each cloud generally

has similar size components (r2/r1 & 0.5); on a wide (median abin ∼ 0.2RHill), low

inclination prograde orbit (median ibin ∼ 3.5◦) with low to moderate eccentricity (ebin .

0.5). Additional binaries are produced during gravitational collapse that display a range

of mass ratios and orbital properties, including low system mass and high inclination

orbits. These results are particularly relevant with the recent flyby of Arrokoth, a

small Cold Classical contact binary for which gravitational instability is becoming the

favoured formation mechanism.
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Assuming that binaries formed early and frequently in Solar System history, they

would then have to survive all the processes that lead to the current architecture of

the Solar System, most notably planetary migration. In the second part of this thesis

we focus on the effects of the outward migration of Neptune on a surrounding disk

of binary planetesimals. The REBOUND N -body package was used to set up a forced

planetary migration simulation with an additional binary force between planetesimals.

We analyse in detail the heliocentric evolution of the planets and planetesimals, and

consider how the binary orbits themselves change as a result of the migration process.

The evolution of the giant planets was compared to previous work to ensure that they

followed suitable migration paths, and the chaotic nature of the planetary architecture

was considered. We assessed the survival rate for binary planetesimals during planetary

migration and considered which dynamical classes the planetesimals evolved into. For

our chosen initial conditions we found that many binaries stayed near their starting

locations; binaries that formed in situ in the Cold Classical region could remain there

relatively untouched. Other binaries are moved from their formation region; up to

∼ 2.5% of binaries that start interior to the Cold Classical region survive push-out of

several AU by the sweeping 2:1 Neptune resonance to become Cold Classicals.

Furthermore, we considered how the binary orbits evolved from their initial distri-

bution. We found that during planetary migration the majority of binaries survived

and their mutual binary orbits were not significantly perturbed from their primor-

dial orbits. Binary orbit Kozai cycles were identified, and we found that this mecha-

nism affected only widely separated Cold Classical binaries above a critical separation

abin ≥ 0.05RHill. This critical separation coincides with the empirical value commonly

used in the literature to divide the observed transneptunian binaries into tight and wide

groups with different properties. Tests were conducted that indicate that the onset of

Kozai cycles in the simulations for wide binaries has a physical and not a numerical

cause, which is independent of perturbations due to planetary migration. In general

planetary migration may induce some changes in the binary orbit distribution, how-

ever, our results confirm that certain signatures of formation mechanism, such as the

ratio of prograde to retrograde orbits, are not expected to change significantly.
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Chapter 1

Introduction

It’s a dangerous business, Frodo, going out your door. You step onto the

road, and if you don’t keep your feet, there’s no knowing where you might

be swept off to.
J.R.R. Tolkien, The Lord of the Rings

1.1 The Transneptunian Solar System

The Solar System is composed of a disk-like distribution of bodies that are gravita-

tionally bound to the Sun, defined by the ecliptic plane. Here one finds the terrestrial

planets (Mercury, Venus, Earth, Mars) and the gas/ice giants (Jupiter, Saturn, Uranus,

Neptune). In addition to these major bodies there exist numerous dwarf planets (e.g.

Pluto and Ceres) and large populations of smaller bodies (asteroids and comets). These

objects have been observed throughout human history, appearing in the sky and moving

against the background of ‘fixed’ stars. There is solid evidence that this disk eventually

merges into a spherical distribution of planetesimals, known as the Oort cloud. Al-

though not directly observed this hypothetical population is believed to be the reservoir

of the long period comets (Dones et al., 2004).

Small body populations are not necessarily a unique feature of our Solar System.

Just as the study of protoplanetary disks (PPDs) sheds light on the possible birth con-

ditions of the Solar System, and exoplanet systems show some similarities in terms of

planetary architecture, observations of debris disks imply that small bodies are univer-

sally common. As summarised by Wyatt (2020), debris disks are circumstellar dust

disks observed around nearby main sequence stars. The presence of dust implies that
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there is a population of larger planetesimals undergoing collisional evolution. Further-

more, the observation of features such as dust rings suggest that structures analogous

to our planetesimal belts can occur in extra-solar systems. Additional evidence for So-

lar System analogues includes heavy element ‘pollution’ in the atmospheres of white

dwarfs, for which accretion of extrasolar planetesimals is believed to be the cause (e.g.

Xu et al., 2017).

The predominately rocky asteroid belt, located between the terrestrial planets and

the gas giants, has been well studied since the discovery of its largest member, Ceres, in

1801 by Giuseppe Piazzi (Foderà Serio et al., 2002). The present-day observation of the

small Solar System bodies depends primarily on their size and distance, as such there

is near completeness of all objects that are both large and close to the Earth. A Near

Earth Object (NEO) is generally defined as an asteroid or comet-like body on an orbit

with a perihelion less than 1.3 AU (Binzel et al., 2015). As part of planetary defence

efforts around 94% of NEOs with sizes > 1 km have been discovered (Granvik et al.,

2018), with the focus now on increasing the completeness of > 140 m objects to 90%

(CNEOS, 2020). High cadence all-sky surveys such as ATLAS (Tonry et al., 2018) and

the upcoming Legacy Survey of Space and Time (LSST) (Jones et al., 2018) are prime

resources in achieving this goal.

The significantly more distant transneptunian region is defined as the volume of

space located beyond the orbit of Neptune. The transneptunian objects (TNOs) are

the small bodies and minor planets found in this region and whose evolution is domi-

nated by the Sun and the planetary bodies, as opposed to the more distant Oort cloud

beyond 2000 AU where galactic and stellar perturbations start to dominate (Dones et al.,

2004). This region is also referred to as the Edgeworth-Kuiper belt, although in this

work ‘transneptunian’ is the preferred terminology as this does not introduce naming

controversy (Fernández, 2020).

The dwarf planet Pluto is one of the largest known TNOs and was the first to

be discovered in 1930 by Clyde Tombaugh (Tombaugh & Moore, 1980), concluding a

long search that was prompted by reported perturbations on the orbits of Uranus and

Neptune. In the end the mass of Pluto was lower then expected and the supposed per-

turbations can now be explained by an inaccurate Neptune mass that was used before

the Voyager 2 flyby (Batygin et al., 2019; Standish, 1993). There was then a dearth of
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discoveries until the discovery of Pluto’s moon Charon in 1977 (Christy & Harrington,

1978), and then in 1992 the first small body, 15760 Albion (1992 QB1), was discovered

(Jewitt & Luu, 1993). These efforts were assisted greatly by advances in astronomy

such as CCD detectors and computers for image processing. This was followed by a

swathe of discoveries over the last couple decades, proving the transneptunian region to

be host to a significant population of mostly icy minor planets and planetesimals. Since

then the number of known TNOs has increased rapidly. There are 3765 known ‘distant’

objects listed by the Minor Planet Center (MPC) database (MPC, 2020, accessed

15/01/2020), including the discovery of a number of objects in mutually bound binary

orbits. This number will continue to grow, in particular the upcoming LSST survey

is expected to find large numbers of Solar System bodies including over 40000 TNOs

(Schwamb et al., 2019)

The transneptunian Solar System is a rich area for study. The TNOs exhibit intricate

dynamical structure, and intriguing physical properties such as their size and colour

distributions. The presence (or lack thereof) of mutually bound binary planetesimals

in particular sub-populations, and the properties of those binaries, provides a valuable

piece in the complex puzzle of the formation and evolution of the Solar System. Thus

this study focuses on the formation and evolution of the transneptunian binaries, an

active area of research with great potential to shed light on the processes of planetesimal

formation and dynamical evolution throughout the history of the Solar System.

1.1.1 Orbit element naming convention

Throughout this study both the mutual binary orbit between two planetesimals and the

heliocentric orbit of the planetesimals and planets will be investigated. The set of six

orbital elements are defined in the standard way. The variables a, e, i, Ω, ω, f , refer to

the semimajor axis, eccentricity, inclination, longitude of ascending node, argument of

periapsis and true anomaly respectively (Bertotti et al., 2003). The periapsis, or closest

approach of an orbit is then

q = a(1− e) (1.1)
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In order to distinguish between binary and heliocentric orbital elements, throughout

this work a binary orbit is referred to using the subscript ‘bin’: e.g. abin, ebin, ibin, etc.

Likewise, the subscript ‘hel’ is used to describe heliocentric orbital elements specifically.

1.1.2 Dynamical structure and nomenclature

There is much nomenclature for groups of TNOs but they can be broadly divided via

their heliocentic orbits into various dynamical classes. Classification is extremely im-

portant as the number of objects in each class offers constraints on the models of Solar

System evolution. Some orbits are described as being ‘dynamically unexcited’; they

generally have low eccentricity and/or inclination. The orbits with higher eccentrici-

ty/inclination are therefore described as ‘excited’. Exact differentiation between certain

groups can be fuzzy, and different cuts are used throughout the literature. The scheme

laid out by Gladman et al. (2008) is a good start, and is still used as the basis for more

recent work on classification of TNOs (e.g. Khain et al., 2020). In this taxonomy the

main sub-populations of the transneptunian region can be broadly described as follows:

• Resonant objects are those that are in some form of resonance with the giant

planets. The main perturbations are from Neptune and its 3:2 and 2:1 mean mo-

tion resonances (MMRs). Due to the integer ratio of orbital periods, the resonant

objects feel a periodic gravitational influence from Neptune. Some objects can

be stable for ∼Gyr timescales whereas others may eventually become destabilised

(Malhotra, 2012, 2019).

• The scattered disk is composed of high eccentricity, high inclination, excited ob-

jects that are suffering close encounters and scattering off Neptune. As such they

have qhel ∼ 30AU and their interactions with Neptune lead to variations in ahel.

• The classical belt contains the relatively unexcited objects, that currently feel no

resonance or major perturbations. The bulk of the classicals are found between

the 3:2 Neptune MMR (ahel > 39.4 AU) and the 2:1 MMR (ahel < 48.4 AU). The

classical population can also be divided by degree of orbital excitation:

– Cold population: low inclination (ihel . 5–6◦) and eccentricity, with a con-

centration of objects in the ‘kernel’ at ∼ 44AU Petit et al. (2011).

– Hot population: more inclined (5− 6◦ . ihel . 30◦) and eccentric orbits.
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Figure 1. The dynamical classes of the outer Solar System.
The black solid curves correspond to constant perihelion dis-
tances, with q = 7.35 AU and q = 30 AU (top to bottom).
The inner centaurs (red region) have orbital periods less than
Neptune’s. The outer centaurs (purple) have orbits with per-
ihelion distances below Neptune’s orbit, but with semi-major
axes outside the giant planet region. The scattering popu-
lation (SDOs, scattering disk objects) mostly lies along the
q = 30 AU curve and is shown in yellow. The classical belt
(green region) and the detached objects (blue region) are re-
moved from the Neptune scattering region, with the higher
eccentricity detached TNOs above the classical belt. A com-
panion plot with the DES TNOs on this phase plane is found
in Figure 8.

newly developed resonance-finding method that allows

for an automated resonance search without visual in-

spection. In Section 3, we apply this algorithm to the

object sample and present the classification of the known

DES TNOs. We discuss our results and their implica-

tions for future work in Section 4.

2. CLASSIFICATION METHOD

In this work, we apply the classification scheme of

Gladman et al. (2008) with a few changes that reflect

the development of the field in the last decade. The

categories of objects and the definitions we adapt are

described below and are visually represented in Figure

1. As with any classification scheme, a few of the cat-

egory boundaries are rather arbitrary, as some of these

dynamical properties lie on a spectrum. Deviations from

Gladman et al. (2008) are denoted with an asterisk⇤.
Jupiter-coupled object. Jupiter-coupled objects

are defined through the Tisserand paramater TJ with

respect to Jupiter,

TJ =
aJ

a
+ 2

r
a

aJ
(1 � e2) cos i, (1)

where aJ is the semi-major axis of Jupiter, and a, e, i

are the semi-major axis, eccentricity, and inclination of

the object, respectively. Objects with TJ < 3.05 and

perihelion distances below q < 7.35 AU are considered

to be Jupiter-coupled objects.

Since the current DES sample does not contain any

objects which exhibit cometary dynamics, we drop this
category in future discussion of the classification results.

Centaur⇤. Centaurs are objects that experience

strong interactions with the giant planets. In this work,

we propose to separate this class into two: inner centaurs

and outer centaurs. Inner centaurs (the traditional cen-

taurs described in Gladman et al. 2008) are objects with

semi-major axes smaller than Neptune’s (a < aN ⇡ 30

AU). We define outer centaurs to be objects with peri-

helion distances shorter than Neptune’s semi-major axis

(q < aN ), but semi-major axes larger than Neptune’s

semi-major axis (a > aN ).

Although both types of centaurs spend time within the

giant planet region, the frequency of interactions with

the planets di↵ers for each class. The inner centaurs

may experience strong interactions with the giant plan-

ets at most points on their orbit, while the outer cen-

taurs are a↵ected once an orbit, during perihelion cross-

ing; moreover, the orbital period of an outer centaur is

longer than of an inner centaur, resulting in fewer in-

teractions per unit time. This distinction highlights the

di↵erence in the instability timescale: the outer centaurs

are longer-lived objects than the short lifetime inner cen-

taurs (Tiscareno & Malhotra 2003; Horner et al. 2004).

By this classification, a traditional centaur such as Chi-

ron (Kowal et al. 1979) falls into the inner centuar cate-

gory, while longer-period objects with high eccentricity

such as Drac (Gladman et al. 2009) or Niku (Chen et al.
2016) are deemed outer centaurs.

An example of the dynamics of inner and outer cen-

taurs from the DES set is shown in Figure 2.

Oort cloud object. Objects in the Oort cloud are

defined to have semi-major axes a > 2000 AU. Due to

their large orbits, these bodies are most likely a↵ected

by galactic tides and passing stars. The present DES

sample does not contain any objects in this class.

Resonant object. The outer Solar System consists

of a large number of TNOs in mean motion resonances

with Neptune. In order to be in a Neptune mean mo-
tion resonance, a TNO must be near an integer period

ratio with Neptune’s period, and must have a librating

resonance argument of the form

� = p�N + q� + r$N + s$, (2)

where p, q, r, and s are integers that satisfy the

d’Alembert relation, p + q + r + s = 0. Here,

Figure 1.1: A schematic of outer Solar System dynamical structure, taken from (Khain
et al., 2020, figure 1). The black curves correspond to qhel = 7.35, 30 AU. The Cen-
taurs are objects that are interior to, or cross Neptune’s orbit. The scattering objects
have perihelia near 30 AU, where they can be influenced by Neptune. Detached (high
ehel) and Classical (low ehel) objects are in regions where they do not feel scattering
interactions with Neptune.

It is important to note that the ‘hot’ and ‘cold’ classical designation does not refer

to the temperature of the objects, rather the level of dynamical excitation the orbit has

experienced, analogous to increased relative velocity of particles in a thermodynamic

system. Other populations include the Centaurs, which have low perihelion and cross

the orbits of the giant planets. They are dynamically unstable (∼Myr lifetimes) and they

sometimes display cometary behaviour Peixinho et al. (2020). Dynamical studies have

shown Centaurs to be a transient state in the evolution of TNOs into Jupiter-family

and Halley-type comets (Fernández et al., 2018). The detached TNOs are the high

eccentricity population beyond the 2:1 MMR, that have qhel decoupled from Neptune

and are within ahel < 2000AU so that they do not feel external perturbations (Gladman

et al., 2008). Figure 1.1 indicates the approximate region of orbital element space

occupied by each population.

Objects with more distant semimajor axes are entering the realm of the Oort cloud

where external pertrubations from galactic tides and passing stars start to strongly

influence dynamical evolution (Dones et al., 2004). There are further objects that do

not quite fit into the above definitions and are rather unique e.g. ‘extreme’ TNOs such

as 90377 Sedna (Brown et al., 2004).

5



1.1.3 The Cold Classicals (CCs)

The classical belt is the most populous of all the dynamical classes described above,

and is composed of the hot and cold components (Kavelaars et al., 2008). In addition

to having a large number of known objects, thus allowing the classicals to be well char-

acterised compared to other less populous classes, the properties of the classicals (in

particular the Cold Classicals) make them a valuable resource for study. By definition

the orbits of the Cold Classical (CC) TNOs have low eccentricity and inclination and

their orbits are not significantly perturbed by Neptune (e.g. via resonance or scattering

encounters) now or in the past (Batygin et al., 2011). Furthermore they are located at

distances far from the Sun and so their bulk material is believed to be relatively unpro-

cessed by solar radiation (Barucci et al., 2008). Given the apparent lack of dynamical

or material processing, the CCs are believed to represent some of the most ‘pristine’

objects in the Solar System. Thus this population provides access to the properties

of the planetesimal swarm representing the building blocks, and leftovers, of planetary

formation.

As mentioned previously the boundaries between dynamical classes are not always

exact. Figure 1.1 shows how the classical region is bounded by the scattering and de-

tached populations and that somewhat arbitrary cuts are necessary in order to separate

them (Khain et al., 2020). Furthermore, objects in the classical orbital element space

may also be in MMR with Neptune, thus characterising them as resonant class instead.

Finally the distinction must be made between the hot and cold populations, which ex-

hibit different physical properties but share a fuzzy boundary in aei space. In this work

the following boundaries are used to describe the CC region, as defined by Fraser et al.

(2017)

42 ≤ ahel ≤ 47.5 AU (1.2)

ihel ≤ 6◦ (1.3)

qhel ≥ 36 AU (1.4)

Given a minimum value of perihelion, the maximum value of ehel varies as a function

of ahel (equation 1.1). For the range of semimajor axis given above the maximum CC

eccentricity varies from ehel . 0.15 to ehel . 0.24.
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The CCs can then be further divided into a stirred and kernel component (Petit

et al., 2011; Bannister et al., 2016; Nesvorný & Vokrouhlický, 2016). The kernel is a

dense concentration of objects in orbital element space near ahel = 44 AU with low

inclination and eccentricity. The presence of such an unusual feature, compared to the

much wider distributions in the other dynamical classes, offers a strong constraint on

various models of Solar System evolution. In particular the kernel has been cited as

evidence for Neptune migration and the resonant sweeping of planetesimals, as will be

discussed in section 1.3.

Size distribution

The size distribution of a population is an important property which acts as an indicator

of accretional and/or collisional processes. Fraser et al. (2014) found that the size distri-

bution of TNOs generally follow broken power-laws where sizes are distributed according

to dn/dr ∝ r−q. The hot and cold classicals, above break diameters of D ∼ 110, 140 km

respectively, follow power-laws of exponent q ∼ 5.3, 8.2. Below these characteristic di-

ameters the small bodies appear to follow the same power-law of q ∼ 2. This means that

the size distribution of smaller TNOs are similar regardless of population. According to

Schlichting et al. (2012) the power-law exponent and break diameter for smaller KBOs

constrains the collisional history and material properties. Small strength dominated

bodies are expected to have q = 3.5, however this value can decrease for rubble pile

objects held together by gravity (Dohnanyi, 1969; Pan & Sari, 2005). At larger sizes

the cold population exhibits a much steeper slope meaning it contains relatively fewer

large objects compared to the hot population. This distinction between the hot and

cold populations suggests that these populations may have had different birth regions in

the early Solar System. As shown by Gomes (2003) the maximum size of planetesimals

is a decreasing function of heliocentric radius. Fraser et al. (2014) also show that there

is a strong correlation between the cold population and the Jupiter Trojan size distri-

butions, implying they could share a common origin that must be explained during the

process of Solar System evolution and planetary migration.
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Colours and composition

Photometric colour data provides us with the simplest way of measuring average TNO

surface composition. The magnitude of an object is measured through different filters

and the difference found to get the colour index. When the Sun is used as the reference,

objects with a colour index greater than the solar colour are described as ‘red’ (Dores-

soundiram et al., 2008). Further details can be inferred from colour-colour diagrams

and spectral slope, where the colour is described as becoming ‘redder’ with increasing

spectral slope.

The scattered disk and hot classical TNOs both have a similar broad colour distri-

bution going from red to less red (Schwamb et al., 2019). The objects that are less red

are sometimes described as being ‘neutral’ or ‘blue’ as they are bluer (shallower spectral

slope) when compared to the the reddest objects. In contrast the cold population

objects are almost entirely in the red colour class; this is yet another property that

distinguishes the cold from the hot classicals (Marsset et al., 2019). It is possible that

this colour difference could be representative of a different composition between the two

classes, which would again imply different formation regions (Fraser & Brown, 2012;

Peixinho et al., 2012; Fraser et al., 2017). Additionally, according to Luu & Jewitt

(1996); Doressoundiram et al. (2008), reddening is generally caused by the increasing

presence of organic material, which can be produced by the irradiation of ice mixtures

containing water, ammonia and methane. On the other hand bluer colours can be

caused by absorption due to surface ices. Therefore it has been suggested that redder

colours are associated with older material that has been processed by solar irradiation

and cosmic rays, and the bluer colours are connected to ‘fresh’ icy material that is

brought to the surface by collisions (Fraser et al., 2017).

Taken all together, the orbital differences and physical properties of the various TNO

populations provide some of the best constraints available when determining the history

of Solar System evolution. Successful models must be able to explain the orbital element

distribution and the relative fraction of objects in each population. Furthermore, the

processes that cause differences in size distribution or colour/composition must also be

accounted for.
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1.2 Planetesimal formation

The current population of planetesimals are the leftovers of planetary formation. Their

present-day physical properties are a combination of the formation process, collisional

evolution (Kenyon et al., 2008) and space weathering processes (Barucci et al., 2008).

Given their distance from the Sun the bulk of material in the TNOs is believed to be

relatively unchanged via solar irradiation (except perhaps the surfaces), as such they

provide an excellent probe of planetesimal formation.

The Solar System formed out of the PPD surrounding the Sun shortly after the

birth of the star. Within this gaseous disk, the small . µm sized dust grains grew

via merging collisions (Birnstiel et al., 2016). These dust grains provided the source

material to form larger ∼ 100 km scale planetesimals, which would then dynamically

and collisionally evolve to form the terrestrial planets and the rocky cores which accreted

large gaseous atmospheres to form the gas giants (Morbidelli et al., 2012). The small

body population that is observed today is therefore the remnant of this process. The

early stages of dust growth, and the later stages of growth via massive impacts and

pebble accretion (forming the planets and largest planetesimals), are relatively well

understood (Johansen & Lambrechts, 2017). However, getting from µm dust to km

planetesimals poses certain difficulties, and is still an area of active research.

Dust grains can grow by merging collisions into ∼ cm scale aggregates (sometimes re-

ferred to as pebbles/boulders), but eventually barriers opposing the growth of PPD dust

grains are reached. The main effects are the bouncing, fragmentation and radial-drift

barriers (see Weidenschilling, 1977; Brauer et al., 2008; Güttler et al., 2010; Birnstiel

et al., 2016). The bouncing barrier occurs when the colliding dust aggregates begin to

rebound inelastically rather than sticking, therefore collisions do not result in significant

mass gain. The fragmentation barrier is when the collisions become high energy relative

to the increasingly fragile dusty aggregate structure. This results in mass loss of the

impacting particles, breaking them back down to smaller particles. The radial drift bar-

rier arises due to the interaction of dust and gas in the PPD. The small dust aggregates

are strongly coupled to the gas, which orbits the Sun at a sub-Keplerian velocity due to

gas pressure support. This velocity difference means the solids experience a drag force
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LETTERS NATURE ASTRONOMY

To understand how clump obliquities were established, we traced 
their evolution back in time. Two stages were identified. To obtain 
insights into the initial aerodynamic stage, we computed the vor-
ticity of the particle field, ! ! vp, where vp is the particle velocity. 
We found that the colatitude distribution of the vorticity vectors 
of dense particle clumps is broad (Supplementary Fig. 4). This is 
a consequence of the SI that acts to produce the vertical motions 
needed to tilt the vorticity out of the disk midplane2,10,17. The pref-
erence for prograde rotation is established during the subsequent 
stage of gravitational collapse (because prograde clumps become 
gravitationally bound more often than the retrograde clumps). This 
preference is consistent, for instance, with gravitational accretion of 
pebbles onto protoplanets22. The clump obliquities change little after 
the initial collapse phase (Supplementary Fig. 2). Thus the imprint 
of particle concentration by the SI, modified by gravitational col-
lapse, is preserved.

To predict the expected orientation of binary orbits from the SI, 
we rely on the published results of gravitational collapse simula-
tions3, where the initial value of ! was shown to be a good proxy 
for the binary inclination, ib. The clump obliquity distribution can 
thus be directly compared to the observed distribution of binary 
inclinations6. Here we focus on binaries found in the dynamically 
cold population of the classical Kuiper belt (hereafter cold classi-
cals, or CCs, defined here as members of the classical main belt with 
heliocentric orbit inclinations i < 5°; see ref. 23 for a definition of the 
classical main belt). The CCs are thought to have formed in!situ at 
a > 40 au and survived the epoch of planetary migration relatively 
unharmed24. They are probably a relatively pristine record of plan-
etesimal formation.

A comparison of the binary inclinations predicted by the SI 
model with observations (Supplementary Table 1) reveals that the 
two distributions are indistinguishable from each other (Fig. 3). 
Specifically, we implemented the Kolmogorov–Smirnov test by 
comparing the cumulative distribution functions of observed (20) 
and model (over 400) binaries. The Kolmogorov–Smirnov test indi-
cates that the null hypothesis (that is, the two samples are drawn 
from the same underlying distribution) cannot be ruled out with 
more than 13% significance. This comparison clinches an argu-
ment in favour of the SI. Crucially, there is a marked approximately 
4:1 preference for prograde orbits (ib < 90°). For comparison, ref. 7 

proposed that the equal-size binaries in the Kuiper belt formed by 
capture during the coagulation growth of planetesimals. Capture in 
their model presumably occurred as a result of dynamical friction 
from a sea of small planetesimals (the L2s mechanism in ref. 7) or 
through three-body encounters (the L3 mechanism). These capture 
models can be ruled out on the basis of the observed inclination dis-
tribution of binaries6 (Fig. 3), because the L2s mechanism predicts 
retrograde binary orbits with ib ~ 180°, whereas the L3 mechanism 
implies an approximately 3:2 preference for retrograde orbits25.
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Fig. 1 | Three snapshots from our 3D simulation of the SI where the nonlinear particle clumping triggers gravitational collapse into planetesimals. The 
plots show the vertically integrated density of solids ("par), projected on the disk plane, relative to the initially uniform surface density (""par#). The x and y 
coordinates show the shearing-box dimensions in units of the gas disk scale height, H (the Sun is to the left; the orbital velocity vector points up). Time t 
increases from left to right as labelled (tsg!=!t!$!t0; particle self-gravity was switched on at t0!=!36/#). a, Azimuthal filaments have already formed at tsg!=!0. 
b,c, The filaments fragment into gravitationally bound clumps. The circles in c depict the Hill spheres of clumps that were identified by the PLAN algorithm. 
The full evolution is shown in the Supplementary Video.

Fig. 2 | The matching properties of model (triangles) and observed (red 
and blue dots) binary planetesimals. The model results were taken from 
new gravitational collapse simulations similar to those reported in ref.!3. 
As indicated by our SI simulations, the gravitationally bound clumps have 
vigorous rotation. Here, we therefore plot cases with the initial rotation 
$!%!0.5Vcirc/R, where Vcirc is the circular speed of a particle at the clump 
radius R. The known trans-Neptunian binaries were separated into binaries 
found among the CCs (as defined by i!<!5°; red dots) and everything else 
(blue dots). Note that some of the known unequal-size binaries may be 
impact-generated. The source of the observational data is the Minor Planet 
Center database.
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Figure 1.2: Snapshots of 3D high resolution hydrodynamical simulations of the stream-
ing instability, taken from (Nesvorný et al., 2019a, figure 1). Each panel shows the xy
projection of solid density, for a shearing-box rotating reference frame. (a) Azimuthal
density filaments have formed in the solid+gas disk. (b) The filaments begin to fragment
into gravitationally bound clumps. (c) Clumps are identified and their Hill spheres are
marked by white circles.

and lose angular momentum, resulting in rapid spiralling into the star (∼ 100 yrs for a

1 m boulder at 1 AU) where they are lost (Weidenschilling, 1977).

The Streaming Instability (SI) (Youdin & Goodman, 2005; Johansen et al., 2009)

is one of the leading models that overcome these barriers and efficiently produces large

planetesimals. Similar to the radial drift barrier, SI arises due to the speed difference

between solid dust grain/pebbles and the sub-Keplerian, pressure supported gas. Again

this ‘headwind’ leads to a loss of angular momentum for the pebbles via gas drag, but

now the back reaction of the solids onto the gas is accounted for. A local overdensity

of dust therefore increases the local gas velocity, diminishing the speed difference that

was driving the inward drift in the first place. Youdin has described the behaviour of

the dust particles as being ‘akin to how cyclists in a race pack together to minimize

drag.’ (Woo, 2018). This small cluster of dust/pebbles is then joined by particles that

are undergoing fast radial drift from the outer regions of the disk and cluster mass

grows exponentially. Eventually the cluster is massive enough to collapse under its own

self gravity. During this rapid contraction the gravitationally bound cloud of pebbles

undergoes many merging collisions and efficiently forms large 100 km scale planetesimals

Johansen et al. (2015); Simon et al. (2016), as summarised in figure 1.2. The formation of

planetesimals via Gravitational Collapse (GC) therefore overcomes all the main growth

barriers listed above.
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The cold population bodies were initially trapped in the 1:2
resonance with Neptune; then, as they were transported out-
ward by the resonance, they were progressively released due
to the nonsmoothness of the planetary migration. In the stan-
dard adiabatic migration scenario (Malhotra, 1995), there
would be a resulting correlation between the eccentricity and
the semimajor axis of the released bodies. However, this
correlation was broken by a secular resonance embedded
in the 1:2 mean-motion resonance. This secular resonance
was generated by the objects in the resonance themselves. In
particular, unlike previous studies of migration, Levison and
Morbidelli (2003) included the mass of the objects in the
resonance, which modified the precession rate of Neptune’s
orbit.

Simulations of this process matched the observed (a, e)
distribution of the cold population fairly well, while the
initially small inclinations were only very moderately per-
turbed. In this scenario, the small mass of the current cold
population is simply due to the fact that only a small frac-
tion of the massive disk population was initially trapped in
the 1:2 resonance and then released on stable nonresonant
orbits. The final position of Neptune would simply reflect the
primitive truncation of the protoplanetary disk (see Gomes
et al., 2004, for a more detailed discussion). Most impor-
tantly, this model explains why the current edge of the Kui-
per belt is at the 1:2 mean-motion resonance with Neptune,
despite the fact that none of the mechanisms proposed for
the truncation of the planetesimal disk involves Neptune in
a direct way (see section 4). The location of the edge was
modified by the migration of Neptune, via the migration of
the 1:2 resonance.

On the flip side, the model in Levison and Morbidelli
(2003) reopened the problem of the origin of the differ-
ent physical properties of the cold and hot populations, be-
cause both would have originated within 35 AU, although
in somewhat different parts of the disk. Moreover, Lykawka
and Mukai (2007a) showed that this model cannot repro-
duce the low-to-moderate inclination objects in the distant
(i.e., beyond 50 AU) high-order mean-motion resonances
with Neptune.

7. EFFECTS OF A DYNAMICAL INSTABILITY
IN THE ORBITS OF URANUS AND NEPTUNE

The models reviewed in the previous sections assume
that Neptune migrated outward on a nearly circular orbit.
However, substantially different models of the evolution of
the giant planets have been recently proposed.

7.1. The Nice Model

This model — whose name comes from the city in
France where it has been developed — reproduces, for the
first time, the orbital architecture of the giant planet system
(orbital separations, eccentricities, inclinations) (Tsiganis et
al., 2005) and the capture of the Trojan populations of Ju-
piter (Morbidelli et al., 2005) and Neptune (Tsiganis et al.,
2005; Sheppard and Trujillo, 2006). It also naturally sup-
plies a trigger for the late heavy bombardment (LHB) of

the terrestrial planets (Gomes et al., 2005), and quantita-
tively reproduces most of the LHB’s characteristics.

In the Nice model, the giant planets are assumed to be
initially on nearly circular and coplanar orbits, with orbital
separations significantly smaller than the ones currently ob-
served. More precisely, the giant planet system is assumed
to lie in the region from ~5.5 AU to ~14 AU, and Saturn is
assumed to be closer to Jupiter than their mutual 1:2 mean-
motion resonance. A planetesimal disk is assumed to exist
beyond the orbits of the giant planets, on orbits whose dy-
namical lifetime is at least 3 m.y. (the supposed lifetime of
the gas disk). The outer edge of the planetesimal disk is as-
sumed to lie at ~34 AU and the total mass is ~35 M  (see
Fig. 7a).

With the above configuration, the planetesimals at the
inner edge of the disk evolve onto Neptune-scattering orbits
on a timescale of a few million years. Consequently, the
migration of the giant planets proceeds at very slow rate,
governed by the slow planetesimal escape rate from the
disk. Because the planetary system would be stable in ab-
sence of interactions with the planetesimals, this slow mi-

Fig. 7. Solar system evolution in the Nice model. (a) At a time
close to the beginning of the evolution. The orbits of the giant
planets (concentric circles) are very close to each other and are
quasicircular. They are surrounded by a disk of planetesimals,
whose inner edge is due to the perturbations from the planets and
the outer edge is assumed to be at 34 AU. (b) Immediately be-
fore the great instability. Saturn is approximately crossing the 1:2
resonance with Jupiter. (c) At the time of the instability. Notice
that the orbits of the planets have become eccentric and now pen-
etrate the planetesimal disk. (d) After the LHB. The planets are
parked on orbits very similar (in terms of separation, eccentricity,
and inclination) to their current ones. The massive planetesimal
disk has been destroyed. Only a small fraction of the planetesi-
mals remain in the system on orbits typical of the scattered disk,
Kuiper belt, and other small body reservoirs. From Gomes et al.
(2005).

Figure 1.3: A summary of Solar System evolution in the Nice model, taken from (Mor-
bidelli et al., 2008, figure 7). (a) In the beginning the planets are compact and sur-
rounded by a disk of planetesimals. (b) This is immediately before the instability when
Saturn crosses the 1:2 resonance with Jupiter. (c) The instability occurs and the planet
orbits are excited, scattering the disk. (d) After the instability the planets are now on
orbits similar to their present day ones. The original massive disk of planetesimals has
been dispersed, leaving behind a structure reminiscent of the TNO region.

1.3 Planetary instability and migration

It is commonly accepted that the early Solar System likely formed in a different configu-

ration to that observed today, and the current architecture was achieved through plane-

tary migration. Evidence for this lies in the rich dynamical structure in the transneptu-

nian region and the levels of excitation (raised eccentricity and inclination) in the orbits

of both the planets and small bodies (Morbidelli & Nesvorný, 2020). The main frame-

work that describes this process is referred to collectively as the Nice model (Gomes

et al., 2005; Tsiganis et al., 2005; Morbidelli et al., 2005). The model has been much

revised since its first iterations, in order to better meet constraints. In general the plan-

ets start in an initially compact configuration, likely in a mutual resonant chain caused

by gas-driven migration in the early PPD (Morbidelli & Crida, 2007).

In the Nice model, the planets were surrounded by a planetesimal disk with ahel ≤

30 AU (Morbidelli et al., 2008), as shown in figure 1.3, which provided the fuel for

the planets to undergo planetesimal-driven migration. Close encounters and scattering

events between a planet and planetesimals leads to a transfer of angular momentum.
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The cumulative effect of many such encounters, e.g. arising between a planet and a

nearby planetesimal disk, can lead to steady migration of the planet (Levison et al.,

2007). The outermost planets such as Neptune formed interior to the outer planetesimal

disk, therefore the planet preferentially threw the exterior planetesimals inwards, thus

moving itself outwards. Likewise Jupiter scattered planetesimals in its vicinity and

migrated, preferentially scattering objects out of the system, losing orbital angular

momentum and moving inwards (Fernandez & Ip, 1984). This planetary migration led

to the crossing of resonances between the orbits of Jupiter and Saturn, which in turn

triggered a phase of unstable evolution and close encounters amongst the giant planets

(e.g. Nesvorný & Morbidelli, 2012).

This instability excited the orbits of the planets, dispersing a large amount of the

planetesimal disk, and was followed by a phase where Neptune continued to evolve via

planetesimal-driven migration (Nesvorný, 2015a). As it moved outwards, the scattering

encounters and sweeping resonances of Neptune sculpted the TN region. The evidence

for planetary migration therefore lies in the rich dynamical structure and properties of

the TN region observed today. Morbidelli & Nesvorný (2020) describes how the Cold

Classical objects likely formed in situ (30 < ahel < 50 AU), and that the hot classical-

s/scattered objects formed close to the early Neptune with different physical properties

(colour and size) at ahel < 30 AU. These inner planetesimals fuelled Neptune’s outward

migration and in the process were either scattered or swept up and captured in reso-

nances with Neptune. It has been proposed that the inner planetesimal disk was much

more massive than the outer region, so that Neptune’s planetesimal-driven migration

died off around 30 AU, placing Neptune on its current orbit (Nesvorný & Morbidelli,

2012).

There have been many numerical studies of direct, planetesimal-driven migration,

e.g. Levison & Morbidelli (2003); Tsiganis et al. (2005); Nesvorný & Morbidelli (2012).

In general the migration of the planets is well approximated by exponential functions

describing the increase in semimajor axis (for outward migration), and damped eccen-

tricities and inclinations due to dynamical friction with the planetesimal disk (Wolff

et al., 2012). This simplification means one can parametrise planetary migration using

appropriate e-folding timescales for each function, avoiding the need for costly direct

simulations of planetesimal migration to be repeated (Nesvorný, 2015a,b).
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Nesvorn! & Morbidelli (2012). The difference between the
two cases was found to be unimportant.2

The numerical integrations of the !rst migration stage were
stopped when Neptune reached aN,1 = 27.8 AU. Then, to
approximate the effect of planetary encounters during the
instability, we applied a discontinuous change of Neptune’s
semimajor axis and eccentricity, aN% and eN% . In reality, we
!nd from NM12 that Neptune may suffer up to several close
encounters with another planet, and that the evolution of aN and
eN may be complex, with two (or more) encounters
signi!cantly contributing to the overall change of aN and eN.
Studying such evolution histories with multiple changes of aN
and eN is left for future work. Here we focus on a simple case
where the overall change is approximated by a single event.
Motivated by the NM12 results, we set a 0N% � , 0.25, 0.5, or
0.75 AU, and e 0N% � , 0.05, 0.1, or 0.15. The purpose of

a e 0N N% � % � is to have a reference case for the
comparison purposes. No change is applied to the orbital
inclination of Neptune, because an inclination change should
not critically affect the processes studied here. (The excitation
of Neptune’s orbital inclination seen in the NM12 simulations
is typically not large enough to explain why the CCs have an
inclination distribution with the characteristic width of ;2°
Brown 2001.)

The second migration stage starts with Neptune having the
semimajor axis a a aN,2 N,1 N� � % . We apply the
swift_rmvs4 code, and migrate the semimajor axis (and
damp the eccentricity) on an e-folding timescale !2. By !ne

tuning the migration amplitude the !nal semimajor axis of
Neptune was adjusted to be within 0.05 AU of its current
mean aN = 30.11 AU, and the orbital period ratio, PN/PU,
where PN and PU are the orbital periods of Neptune and
Uranus, was adjusted to end up within 0.5% of its current
value (PN/PU = 1.96). A strict control over the !nal orbits of
planets is important, because it guarantees that the mean
motion and secular resonances in the Kuiper Belt region have
the correct locations. All simulations were run to 1 Gyr. The
interesting cases were extended to 4 Gyr with the standard
swift_rmvs4 code (i.e., without migration/damping in the
1–4 Gyr interval).
As for the speci!c values of !1 and !2 used in our

integrations, we found from NM12 that the orbital behavior of
Neptune can be approximated by !1 ; 10Myr and !2 ; 30Myr
for a disk mass M M20disk Earth� , and !1 ; 20Myr and !2 ;
50Myr for a disk mass Mdisk = 15MEarth (these masses refer to
the massive disk at <30 AU; below we consider a low-mass
continuation of this disk beyond 30 AU). Slower migration
rates are possible for lower disk masses. Moreover, we !nd that
the real migration is not precisely exponential with the effective
! being longer than the values quoted above during the very
late migration stages (! ! 100Myr). This is consistent with
constraints from Saturn’s obliquity, which was presumably
exited by late, near-adiabatic capture in a spin–orbit resonance
(e.g., Vokrouhlick! & Nesvorn! 2015). Much shorter migra-
tion timescales than those quoted above do not probably apply,
because they would violate constraints from the wide
inclination distribution of the hot classical and resonant
populations (Nesvorn! 2015). Here we therefore use !1 = 10
or 30Myr, !2 = 30 or 100Myr, and also test a case with
!2 = 200Myr.
Each simulation included 5000 disk particles distributed

from 30 to 50 AU. Their radial pro!le was set such that the disk
surface density r14 r , where r is the heliocentric distance.
There is therefore an equal number of particles (250) in each
radial AU. A larger resolution is not needed, because a
signi!cant fraction of particles in the CC region (42–47 AU)
survive, and the !nal statistics is therefore good enough to
perform a careful comparison with observations. The disk
particles were assumed to be massless such that their gravity
does not interfere with the migration/dumping routines. The
fate of the massive disk at <30 AU was not studied here,
because the implantation of bodies from <30 AU into the
Kuiper Belt was investigated elsewhere (e.g., Levison
et al. 2008, Dawson & Murray-Clay 2012, Nesvorn! 2015).
An additional uncertainty relates to the dynamical structure

of the original planetesimal disk at 30–50 AU. Here we operate
under the assumption that the disk was dynamically cold with
the low orbital eccentricities and low orbital inclinations. Since
Neptune’s inclination remains small in our simulations, we do
not identify any dynamical effects that could signi!cantly
in"uence the orbital inclinations in the 42–47 AU region
(passing mean motion resonances do not affect inclinations
much). The initial inclinations distribution was therefore
chosen to be similar to that inferred for the present population
of the CCs from observations. Speci!cally, we used
N i di i i di( ) sin exp( 2 )i

2 2T� � , with "i = 2° (Brown 2001,
Gulbis et al. 2010). The interaction of bodies with migrating
mean motion resonances is known to depend on their orbital
eccentricity, with low eccentricities more likely resulting in
capture. The choice of the orbital eccentricity distribution could

Figure 3. The orbit histories of the giant planets in an instability simulation
from NM12. In this example, the !fth giant planet was initially placed on an
orbit between Saturn and Uranus and was given a mass equal to the Neptune
mass. Ten thousand particles, representing the outer planetesimal disk, were
distributed with the semimajor axis 23.5 < a < 29 AU, surface density

a14 r , and low eccentricity and low inclination. With the total disk mass
Mdisk = 15 MEarth, each disk particle has ;0.75 Pluto mass. The plot shows the
semimajor axes (solid lines), and perihelion and aphelion distances (thin
dashed lines) of each planet’s orbit in a time frame ±20 Myr around the
instability. Neptune migrates into the outer disk during the !rst stage of the
simulation. It reaches ;27.5 AU when the instability happens (t ; 18.3 Myr).
During the instability, Neptune has a close encounter with the !fth planet and
its semimajor axis jumps by ;0.4 AU outward (see the inset). The !fth planet
is subsequently ejected from the solar system by Jupiter. Neptune’s migration
after the instability can be approximated with the e-folding timescale
!2 = 50 Myr. The !nal orbits of the four remaining planets at t = 4 Gyr after
the start of the simulation are a good match to those in the present Solar System
(thin dashed lines).

2 The precession frequencies of planets are not affected by the torques from
the outer disk in our simulations, although in reality they were. This is an
important approximation, because the orbital precession of Neptune can
in"uence the degree of secular excitation of the CCs (Batygin et al. 2011).

3
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Figure 1.4: The semimajor axis evolution of five giant planets during an instability
simulation from Nesvorný & Morbidelli (2012), taken from (Nesvorný, 2015a, figure 3).
The otherwise smooth outward migration of Neptune (pink line) is interrupted by the
ejection of the fifth giant planet (blue line) from the system.

In order to recreate the current Solar System architecture the presence of a fifth

giant planet (that was subsequently ejected) is sometimes invoked (Nesvorný & Mor-

bidelli, 2012). In this case the additional ice giant migrated outwards with Neptune and

Uranus, eventually crossing a Saturn orbital resonance. This caused orbital excitation

and eventual interaction and ejection by Jupiter. Figure 1.4 shows how an interaction

between the ejected ice giant and Neptune could have caused a jump in Neptune’s orbit,

which would have decoupled the CC kernel from the sweeping resonance with Neptune

(Nesvorný, 2015a). When aN = 27.8 AU then the location of its 2:1 resonance is at

aN,2:1 = 44.1 AU, approximately where the Cold Classical kernel is found today.

1.4 Binary systems

A binary system is defined as two gravitationally bound bodies that orbit a common

centre of mass as a result of their mutual gravitational attraction. Binary systems are

commonly occurring astrophysical systems, for example binary stars all the way down

to small body planetesimals. In the Solar System one can choose to make the distinction

between a binary and a planet-moon (or satellite) system. For example, due to the low

mass of the Moon in comparison to the Earth, the barycentre of this two body system

lies within the volume of the Earth. In contrast the Pluto-Charon system is a good

example of a ‘true’ binary system. The mass ratio is MC/MP = 0.12 and this is high

enough to position the centre of mass to lie between the physical extent of the two

bodies (Stern et al., 2018). A distinction can therefore be made between two bodies
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(of comparable mass) in a binary orbit about a mutual point, and a low mass ratio

planet-moon system where the motion of the primary is negligible compared to that of

the satellite.

Throughout this work the term ‘binary’ is used to generally refer to the case of

two bound planetesimals. More exotic systems exist, for example three body systems

referred to as ‘triples’ e.g. 1999 TC36 Lempo (Benecchi et al., 2010). Systems with

even more bodies are referred to as ‘multiple’ systems, e.g. Pluto and its moons (Stern

et al., 2015). Contact binaries are planetesimals that exhibit a bilobed structure, gen-

erally described by two roughly spherical lobes attached by a ‘neck’ of material, e.g.

103P/Hartley 2 (A’Hearn et al., 2011), 67P/Churyumov-Gerasimenko (Jorda et al.,

2016) and 486958 Arrokoth (Stern et al., 2019). Given the distinct shapes of what must

have originally been two separate bodies, it seems likely that contact binaries resulted

from a gentle collision and they perhaps represent an end state of binary orbits that

have collapsed (Thirouin & Sheppard, 2019a).

Binary systems are invaluable members of any population; an orbit is often the

only way of directly measuring the mass of system. A simple and accurate method

of obtaining the total system mass of a binary Msys, is to measure the period and

semimajor axis of an orbit around it and apply Kepler’s third law (Noll et al., 2008)

Msys =
4π2a3

bin
GT 2

(1.5)

where T is the period of the measured orbit. In general this orbit may be artificial, i.e.

a spacecraft rendezvous, or in the case of binary systems it is the orbit of a naturally

occurring satellite/moon. This is particularly important for the small body populations

in the Solar System for which it is hard to obtain accurate masses, due to their typically

small sizes and large distances from the Earth. With the mass of a body and an assumed

density, based on the typical spectral class/composition of a population (Krasinsky

et al., 2002; Carry, 2012), one can estimate the system volume and therefore infer sizes

for the primary and secondary (Noll et al., 2008). On the other hand, if the sizes of the

components can be measured (e.g. via direct observation, thermal modelling, mutual

events or stellar occultations Petit et al., 2008a; Delbo et al., 2015; Buie & Keller,
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2016) then one can calculate an accurate bulk density. With the bulk density one can

constrain the composition and/or internal structure of the planetesimal body.

Binary masses provide a measure of the average bulk density of its host population,

and can be combined with less accurate mass estimates of the bodies without satellites to

obtain important metrics such as the mass distribution of the population. For example

the brightness of a small body can be used to estimate its size, which can be converted

into a mass provided an accurate estimate of the density is known. One may also obtain

the mass of a small body by observing orbital perturbations, e.g. GAIA astrometry of

asteroids (Mouret et al., 2008), but these observations rely on chance close encounters

with a perturbing asteroid of sufficient mass. A binary orbit thus provides a valuable

insight into the properties of the population that the binary resides in.

Furthermore, the presence of binaries in a population offers valuable constraints

on the past evolution of that population, in particular the dynamical and collisional

evolution (e.g. Parker & Kavelaars, 2010; Nesvorný et al., 2011; Fraser et al., 2017).

Therefore, investigation into the formation mechanisms that can produce the observed

binaries provides valuable insight into the conditions in the primordial disk.

1.5 Binary populations

Modern observations have shown binary systems to be common amongst the small

body populations and present in nearly all dynamical classes. Binary systems have

been discovered amongst the various small body populations of the inner Solar System.

These include the Main Belt Asteroids (MBAs) that are located between the orbits of

Mars and Jupiter, and the Near Earth Asteroids (NEAs) which have orbits that bring

them close to the orbit of the Earth (qhel < 1.3 AU, Binzel et al., 2015). Binaries are also

found amongst the Jupiter Trojan Asteroids, which are found in leading and trailing

groups located at Jupiter’s L4 and L5 Lagrange points (Emery et al., 2015).

In the outer Solar System they are found in the Classical, dwarf planet and Cen-

taur populations. There are currently 385 entries on the Johnston (2020a) database of

asteroids/TNOs with satellites (accessed 15/01/2020): primarily 171 MBAs, 73 NEAs,

and 104 TNOs1. These numbers can be compared to the approximately 9.3×105 known
1This dataset includes some outliers e.g. the rings of Chariklo, the Pluto system and the Haumea

collisional family
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asteroids (21513 of which are NEAs) and 3765 known ‘distant’ (TNOs, Centaurs and

SDOs) objects as listed by the MPC databases (MPC, 2020, accessed 15/01/2020).

This study focuses on the transneptunian binaries, as this population is believed to be

primordial and to have survived planetary migration. As such this population offers us

a unique view into the conditions in the PPD and the subsequent evolution of the Solar

System.

1.5.1 Observation of binaries

Given the large viewing distance and relatively small sizes, the resolution of TNOs, let

alone the detection of bound companions is challenging. Direct imaging and lightcurves

are the dominant methods for discovering distant Transneptunian Binaries (TNBs). As

described by Noll et al. (2008) the high angular resolution, high sensitivity and stable

point spread function (PSF) of the Hubble Space telescope (HST) has been an extremely

valuable tool for discovering companions around known TNOs. Observational limits

are set by the magnitude and separation of the binaries one is trying to resolve. For

a particular set of observations there is a critical separation and magnitude difference

at which the background is dominated by the primary PSF, and the secondary cannot

be detected Noll et al. (2008). As such there is a bias for the discovery of widely

separated, bright components. In addition, when determining the astrometric binary

orbit there is typically a degeneracy in the solution for inclination between the orbital

plane and its ‘mirror’ reflection in the sky plane (Descamps, 2005). Thanks to variable

viewing geometry (changing positions from the heliocentric Earth and TNB orbits) this

ambiguity can be broken with observations over several years. This explains why there

is only a subset of the known TNBs with fully constrained orbits (Grundy et al., 2019).

Lightcurves, i.e. the changing brightness of an object over time, can reveal close

or contact binaries in the small body populations. This technique provides a probe

of binaries that cannot be resolved directly (Thirouin & Sheppard, 2018, 2019a). The

detection of a binary via lightcurves is strongly biased against wide binary orbits (lower

chance of transit) and are dependent on mutual events occurring (viewing geometry

changes over time). Furthermore, the lightcurve shape/amplitude may not always be

able to distinguish between a contact binary and an elongated body.
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Stellar occulatations, as used to identify the contact binary nature of Arrokoth (Buie

et al., 2019) is the best possible way to accurately measure the shape of an object. In

essence, the shadow cast on the Earth by a distant small body occulting a star can be

picked up by multiple observers, each measuring their own lightcurve or ‘chord’ of the

star. The relative timing and length of occultation for each chord then allows extremely

precise size constraints to be made on the small body. In the case of Arrokoth, the

observed chords were incompatible with a single, spherical body, and indeed the New

Horizons mission confirmed directly its contact binary structure (Stern et al., 2019). To

actively acquire an occultation of a particular object requires good orbital constraints

and precise astrometry of reference stars (e.g GAIA astrometry) in order to predict

events, and then a dedicated follow up of mobile observers. Alternatively, one could

set up an array of fixed observers and wait for fortuitous occulations to occur (Buie

& Keller, 2016). With sufficient chords, the presence of satellites or rings (e.g. the

Centaur Chariklo Braga-Ribas et al., 2014), around the small Solar System bodies

could be constrained.

1.5.2 Transneptunian binaries (TNBs)

The first binary system discovered in the transneptunian region was Charon in orbit

around Pluto (Christy & Harrington, 1978). This discovery finally allowed an accurate

determination of the mass of Pluto, which was originally estimated to be as massive as

the Earth (Nicholson & Mayall, 1930), but is now known to be 1.303 × 1022 kg (Stern

et al., 2018). It was not long after the first small TNO was discovered (1992 QB1,

Albion) that the first small body binary (1998 WW31) was found in 2000 by Veillet

et al. (2002). At this stage the inventory of TNOs consisted of approximately 130

objects.

There now exists a substantial sample of TNBs, 102 known objects (Grundy, 2019,

accessed 16/01/2020) including 35 with fully determined orbits Grundy et al. (2019).

Estimates have been made that indicate the TNO binary fraction is in general high

relative to that of the asteroid populations (Stephens & Noll, 2006; Noll et al., 2008).

Within the TNOs there is a distinction between the dynamically unexcited CCs, ap-

proximately ∼ 30% of which are binaries, and the more excited classes for which the

binary population is ∼ 10%. The present-day binary fraction is a function of the forma-
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Figure 1.5: Figures from Johnston (2020b) (accessed 25/05/2020) showing the secondary
to primary size ratio of Solar System binaries against their separation. The left-hand
panel displays separation relative to the size of the primary and the right-hand panel
instead uses the separation relative to the Hill radius. The data are divided into the
various small body populations as indicated by the legend, in particular the TNOs (red)
and the MBAs (grey).

tion efficiency and the survival (or not) of binary systems in different dynamical classes.

This can provide excellent constraints on the past dynamical and collisional evolution of

those populations, in addition to the other physical properties and orbital distributions

that distinguish the TNO populations (section 1.1.3).

As well as their frequency, the physical properties of the TNBs distinguishes them

from the asteroidal binaries. Figure 1.5 shows the properties of the known binaries in

the Solar System, comparing the various populations such as MBAs and TNOs. These

figures were plotted from the Johnston (2020a) database, the figures themselves are

available from Johnston (2020b). This database is compiled from various sources and

properties of some objects may have required an assumed value for albedo, density, or

taking the observed separation to be equivalent to binary semimajor axis. We draw

attention to the difference in scaling between binary separation relative to primary size

and Hill radius as shown in the two panels of figure 1.5. This arises due to the scaling

of the Hill radius

RHill = ahel 3

√
m

3M�
(1.6)

where ahel is the heliocentric semimajor axis of a planetesimal with mass m. The

majority of asteroid binaries have low mass ratios and tight orbits relative to the size

of the primary, indicating formation via rotational fission or large collisions (Walsh &
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Jacobson, 2015). The TNBs on the other hand typically have higher mass ratios, i.e.

components of nearly equal size (Noll et al., 2008) and can exist as a widely separated

pair. There is a degree of observational bias, it is harder to detect a faint companion

at larger distances, however deep HST surveys still indicate a preference for similar size

systems (Noll et al., 2008). The CC binaries are all similar size, with secondary to

primary size ratios r2/r1 & 0.5, whereas the size ratio distribution of TNBs on more

excited orbits extends down to r2/r1 ' 0.25 (Nesvorný et al., 2019a, figure 2).

With the exception of the blue CC binaries, which are believed to be interlopers

(Fraser et al., 2017), the TNBs generally share the colour distributions of their host

population (Schwamb et al., 2019). Furthermore the TNB components have identical

colours (Benecchi et al., 2009), which indicates a similar surface composition. This

is commonly assumed to be a primordial feature, indicating that the components are

composed of the same material from the same region of the PPD. This feature would

appear to be consistent across the various dynamical classes in which TNBs are found,

in their investigation Benecchi et al. (2009) used a dataset of 23 TNBs, 44% of which

were CC objects.

Similar to the asteroids, the TNBs exhibit a range of orbital separations, although

some TNBs exhibit extremely wide orbital separations relative to the mutual Hill radius

of the binary. A critical separation of abin ' 0.05RHill distinguishes between the tight

and wide binaries (Grundy et al., 2019), where abin is the binary orbit semimajor axis

and RHill is the Hill radius of the binary system. The widest known binary is 2001

QW322, with a separation of abin ' 0.22RHill (Parker et al., 2011). Wide binaries

comprise at least 1.5% of the population of known CC objects (Lin et al., 2010), and

there is a stronger than exponential increase of TNB frequency at smaller separations

(Noll et al., 2008, figure 4). This suggests that there may be extremely high numbers

of close/contact binaries in the TN region, but that they are currently beyond our

observational limits. In general, all blue CC binaries are widely separated and red

CC binaries vary from tight to wide (Fraser et al., 2017, figure 1). TNBs in more

dynamically excited populations are only tight (Grundy et al., 2019; Noll et al., 2020).

The TNBs also display an intriguing distribution in the orientation of their binary

orbits. The tight binaries with abin/RHill < 0.05 have a majority of prograde orbits

(22/26 of tight systems are prograde), whereas the wide binaries have a somewhat higher
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fraction of retrograde systems (6/9 are prograde). However, we note that assuming

Poisson statistics the number of data points for the wide systems is too low to definitively

state that they have a different retrograde fraction to the tight binaries. When drawing

9 wide binary orbits a prograde fraction of 6/9 is within one-sigma (σ =
√
λ) of the

expected number of prograde tight systems λ = 9 × 22/26 = 7.6. It is clear though

that the wide systems tend not to be highly inclined relative to their heliocentric orbits,

compared to the tight systems which exhibit a full range of inclinations (Parker et al.,

2011; Grundy et al., 2011, 2019).

These properties distinguish the TNBs from the asteroid binaries and so they are

believed to have different formation routes as opposed to rotational fission/collisions.

The exception is the largest TNOs such as Pluto and the other confirmed/probable

dwarf planets (Brown, 2019), almost all of which are host to companions, although

in most cases these satellites are small relative to the main body. These systems, in

particular Pluto, are more likely to have formed as a result of large scale collisions

(Canup, 2005; Leinhardt et al., 2010).

These properties open a window into the formation mechanisms of the binaries, and

thus the conditions in the primordial protoplanetary disk. Furthermore, the subsequent

evolution of the binaries between formation and the present day must be accounted for

(section 1.7). Therefore one can clearly see the potential of TNBs in providing valuable

constraints on the history of the Solar System, from the formation of planetesimals to

their migration to their current orbits.

The distinguishing properties of the TNBs (in particular the Cold Classical TNBs)

are neatly summarised by Parker et al. (2011) as follows: Roughly equal sized compo-

nents, with identical colours despite the wide range in TNO colour distribution, that

are on widely separated orbits. They have moderate to high eccentricities and display a

wide range of inclinations, from prograde to retrograde.

1.6 Binary formation

Certain mechanisms are important for the formation of asteroid systems, for example

rotational fission and collisions (Walsh & Jacobson, 2015). The TNOs are too far
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from the Sun (and too large) for radiation-driven fission to be significant, and only

the large TNBs with small satellites may have been formed by large collisions, e.g.

the Pluto system as discussed above or the Haumea system (Brown et al., 2007). The

unusual properties of the majority of TNBs, in particular the preference for equal size

and similar colour components, requires different formation mechanisms. There are

two main processes by which TNBs are proposed to form, hierarchical coagulation and

gravitational instability, as described below.

1.6.1 Hierarchical coagulation

Once 100 km scale planetesimals have formed in a PPD (section 1.2) they can interact to

produce binaries via an array of collisional and/or dynamical processes. Such ‘bottom

up’ processes can be placed under the broad title of hierarchical coagulation. In general,

binaries form through an encounter between two bodies that then have excess energy

removed from the system by some process, leaving them in a stable binary as summarised

by Nesvorný et al. (2010); Astakhov et al. (2005)

Some proposed mechanisms to remove excess energy include the ejection of a third

body (L3), dynamical friction with background sea of small bodies (L2s) (Goldreich

et al., 2002), or inelastic collisions (Weidenschilling, 2002; Funato et al., 2004). These

methods can explain some properties of the TNBs, such as near equal size compo-

nents, but may be too inefficient or require unrealistic PPD conditions, as discussed

by (Nesvorný et al., 2010). The L3 and L2s methods for example require much higher

primordial mass densities, and also a particular bimodal mass distribution: a surface

density ratio of small bodies to ∼ 100 km bodies of ∼ 103 is required. In addition,

these processes depend on particular close encounters between planetesimals occurring,

as such they may not be the most efficient methods of producing a high initial binary

fraction. Furthermore, some mechanisms fail to reproduce all the observed binary prop-

erties. Dynamical interactions of random planetesimals (which may have different birth

regions in the PPD) do not guarantee a similar composition nor a similar evolution

of their surfaces, and so would not necessarily reproduce the trend for identical colour

components. In addition L3 tends to produce mostly high eccentricity binary orbits

and equal numbers of prograde and retrograde orbits. L2s on the other hand produces

nearly all retrograde orbits (Schlichting & Sari, 2008).
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1.6.2 Gravitational instability

The concentration of solids via gravitational instability in the early PPD was an impor-

tant breakthrough in the realm of planetesimal formation (section 1.2). In this process

solid particles in the gaseous disk were concentrated via SI into dense clumps and col-

lapsed under self gravity to form large 100 km scale planetesimals (Johansen et al.,

2009).

It was realised by Nesvorný (2008); Nesvorný et al. (2010) that the collapse of such a

cloud could lead to the formation of large planetesimals in a mutually bound pair. The

particle clumps formed by SI generally have some rotation as a result of vorticity in the

gaseous PPD (Nesvorný et al., 2019a). This means that it is difficult to form a single

object without the removal of angular momentum from the particle cloud. Otherwise

a single spherical body would have to have an unrealistically high spin period. Instead

the cloud collapses into a binary planetesimal system, with similar sized components

on a wide orbit which maximises the angular momentum in the final collapsed state of

the cloud. This process is analogous to the formation of binary stars via collapse of a

rotating molecular cloud core (Kratter et al., 2008; Alexander et al., 2008).

It is expected that these particle clumps could have formed frequently in the early

Solar System. The SI has been shown to be robust across a range of PPD conditions,

generally requiring a midplane solid dust to gas volume density greater than unity (Li

et al., 2019). This in turn depends on the solid dust to gas surface density ratio (which

is related to metallicity), particle size (typically taken to be cm scale) and gas pressure

gradient (Johansen et al., 2007; Carrera et al., 2015; Yang et al., 2017). Simulations

of SI have shown that the effect is strong for solid to gas densities that are at least a

factor of two greater than solar abundances (Johansen et al., 2009). There are numerous

mechanisms that can provide this enhancement, for example photoevaporation (Carrera

et al., 2017) or dust pile up at pressure bumps or snow lines (Drążkowska et al., 2016;

Ida & Guillot, 2016; Schoonenberg & Ormel, 2017). Furthermore, as stated by Nesvorný

& Vokrouhlický (2019): ‘Indeed, the suggested binary formation mechanisms show only

a weak dependence on the radial distance’.

The gravitational collapse (GC) of pebble clouds formed by SI is extremely efficient

at forming binary systems with the unusual properties of the TNBs: similar size com-

ponents, wide binary orbits, and similar colours (as the bodies formed simultaneously
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from the same cloud of material) (Nesvorný et al., 2010). Moreover, the inclination of

a binary formed by GC of a pebble cloud is dependent on the inclination of the cloud

from which it forms. The clouds formed by SI have a distinct distribution of prograde

and retrograde rotations, which carries over into the binary systems formed via GC,

reproducing the observed binary inclination distribution (Nesvorný et al., 2019a).

1.7 Binary evolutionary mechanisms

After formation by a particular mechanism (which may preferentially produce bi-

naries with specific properties or at certain locations) a population of binaries

may then evolve through a wide variety of processes. Unlike the nearby asteroids,

the distant TNOs are too far away from the Sun to be strongly affected by the

Yarkovsky–O’Keefe–Radzievskii–Paddack (YORP) effect (Walsh & Jacobson, 2015).

Instead the evolution of the TNBs is dominated by Kozai-Lidov oscillations, tidal

interactions, collisions and close encounters (Brunini, 2020).

1.7.1 Kozai-Lidov cycles and tidal friction

Kozai-Lidov cycles, or Kozai cycles for short, can lead to periodic oscillations in the

binary orbital elements (Kozai, 1962; Lidov, 1962). These oscillations are driven by

secular resonances due to perturbations from the Sun (Malhotra, 2012), which acts as

a third body perturbation on the two body binary orbit. Throughout Kozai cycling the

eccentricity and the inclination of the binary oscillate, but they are connected by the z

component of the binary orbital angular momentum, which is conserved. This means

that when ebin is high, ibin is low and vice versa. There is a critical inclination above

which Kozai oscillations are significant, and this is dependent on the initial eccentricity

of the binary (Porter & Grundy, 2012). For an initially circular orbit this critical incli-

nation is icrit = 39.2◦ Kozai (1962). Furthermore, this initial inclination also determines

the amplitude of eccentricity oscillations (Brunini, 2020). The period and eccentricity

of the heliocentric orbit determines the timescale of Kozai oscillations in a binary orbit,

which varies from 103 to 106 yrs for known TNBs (Fabrycky & Tremaine, 2007; Brunini,

2020). By itself Kozai cycling does not change the long term mean properties of the

binary, however, it does mean that an instantaneous observation of a binary could be
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only a snapshot of a particular phase of the cycle. Kozai is generally a weak effect

and can be suppressed by other sources of perturbation, e.g. when the binary orbit is

particularly tight or the components are non-spherical (Nesvorný et al., 2019a).

The internal structure and composition of the TNB components can lead to evo-

lution via tidal friction. If binary separation becomes small, then orbital energy can

be dissipated through tidal forces acting on the components. As described by Brunini

(2020), in studies of tidal evolution the properties of the components are summed up by

the tidal Love number (a measure of rigidity of a body) and the quality factor (energy

lost as heat per binary orbit). Tidal effects may easily arise during the high eccentricity

phase of Kozai cycles. As abin is fixed during Kozai cycling, at high ebin the binary

orbit pericenter is low and the tidal force acting on the components is strong. The

combination of these two effects is commonly referred to as Kozai Cycle Tidal Friction

(KCTF), and was studied in detail by Porter & Grundy (2012). In general, the effect

of KCTF is to cause tightening and circularisation of the binary orbit over relatively

short timescales compared to the lifetime of the binary.

1.7.2 Close encounters and collisions

The TNBs are found within populations that have power-law size distributions where

there are many more small objects than large ones (Fraser et al., 2014). Therefore, al-

though catastrophic collisions that would destroy a binary system outright are possible,

the chances of such a collision occurring is rare. What is more likely is that a small

collision, or the cumulative effect of many small collisions, imparts sufficient impulse to

alter the mutual orbit (Brunini & Zanardi, 2016). The orbit may evolve so that other

effects such as KCTF are able to take place, or enough momentum could be imparted

that the orbit becomes unbound. The presence of easily disrupted, ultra-wide bina-

ries places constraints on the size distribution of small (unobservable) impactors in the

transneptunian region (Nesvorný et al., 2011).

Close encounters with the giant planets are also an important mechanism for bi-

nary orbit evolution. Planetary migration and planetesimal scattering is a commonly

accepted feature of Solar System evolution. Therefore if binaries formed early in the

planetesimal disk they would have then had to survive the subsequent planetary evo-

lution in order to be observed today. The binaries found in various dynamical classes
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helps constrain the possible migration routes they may have taken (Parker & Kave-

laars, 2010; Fraser et al., 2017). Close encounters may also occur after the planets have

stopped migrating. The Centaurs are the dynamical class of TNOs that are evolving

from the transneptunian region to the inner Solar System, where they will either be

ejected or evolve into JFCs. There are two known binary Centaurs, Ceto-Phorcys and

Typhon-Echidna, and the study of their journey through the Solar System helps shed

light on their source region (e.g. Araujo et al., 2018). Furthermore, the presence of

the binary Trojan Patroclus-Menoetius, which was believed to have formed in the same

region as the TNOs, places constraints on early planetary migration (Nesvorný et al.,

2018b). The close encounter history of a population may also offer a route for bound

planetesimals to evolve into contact systems. Nesvorný et al. (2018a) consider how the

distinct bi-lobed shape of comet 67P/Churyumov-Gerasimenko could have arisen from

collapse of a binary. Additionally, Thirouin & Sheppard (2018) report a suspected high

abundance, up to ∼ 40%, of contact binaries in the Plutino TNOs (objects in 2:1 res-

onance with Neptune). In comparison, other TNO populations such as the CCs have

fewer contact binaries and more widely separated binaries, implying that the dynami-

cal evolution of a population plays an important role in binary evolution (and possible

collapse of an orbit).

1.8 Recent work on transneptunian binaries

Since the original work by Nesvorný et al. (2010) proposing GC as a binary formation

mechanism of the TNBs, there has been a significant amount of research which supports

this formation theory. For example Fraser et al. (2017) investigated the population of

blue surface colour objects amongst the CCs, all but one of which exist as dynami-

cally fragile, widely separated binary pairs. Different surface colours imply a different

composition and therefore a different formation region. Despite being widely separated,

Fraser et al. (2017) showed that these blue binaries could survive being pushed outwards

from their formation region by the migration of Neptune. The implication of this study

is that for nearly all blue objects to be pushed out and exist today as wide binaries,

the planetesimals in the blue formation region must have all formed as binary systems.

This is strong evidence for the formation of planetesimals and binaries via GC, as only
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GC is capable of producing a ∼ 100% binary fraction in addition to producing binaries

with the required properties (high mass ratios, similar colours and distinct inclination

distributions).

By analysing high resolution hydrodynamic simulations, Nesvorný et al. (2019a)

were able to study the properties of pebble clumps formed by SI in greater detail than

previous studies. These clumps would undergo GC and efficiently form binary systems.

They showed that the orientations of these pebble clumps matched the observed orien-

tations of the TNBs, in particular the 4:1 preference for prograde binary orbits as shown

by the dataset of complete binary orbits (Grundy et al., 2019). Only the combination of

SI and GC can form binaries with this particular inclination distribution, thus making

it the favoured mechanism to form TNBs and planetesimals.

The New Horizons mission has further stoked interest in the mechanisms of binary

formation and evolution. After visiting the Pluto-Charon system, New Horizons per-

formed a flyby of the CC TNO, 2014 MU69 (Stern et al., 2019), now known as 486958

Arrokoth. This event was significant as this was the most distant spacecraft flyby to

date and the first flyby of a Kuiper belt object. Being a CC object, Arrokoth is dynam-

ically unexcited, and is believed to be composed of primitive material which has not

been significantly altered since its formation (Spencer et al., 2020). This makes it the

perfect tool to probe accretion processes in the early Solar System. Imaging from the

flyby revealed this small object to be composed of two distinct, similar sized lobes in a

contact binary configuration. The implication is that Arrokoth’s bi-lobate shape must

be primordial and, as discussed by Stern et al. (2019), one of the favoured explanations

is the formation of Arrokoth via GC. This mechanism provides a path for producing

bound plantesimals with near equal masses, in a low velocity collisional environment, a

possible early stage in the formation of a contact binary.

1.9 Thesis overview

The aim of my research in this thesis is to investigate the formation of transneptunian

binaries via the mechanism of gravitational collapse, and then to study how a binary

system would evolve during planetary migration in the early Solar System. These two

research questions are studied in the first and second half of the thesis respectively.

26



This research was conducted by myself, James E. Robinson, at Queen’s University

Belfast under the supervision of Dr Wesley C. Fraser, Professor Alan Fitzsimmons

and Dr Pedro Lacerda. Throughout this thesis I have used the pronoun ‘we’ in order

to acknowledge the valuable contributions my supervisors have made to this project,

however, I emphasise that all work presented in this thesis is my own, unless otherwise

stated. The thesis is structured as follows.

Starting with binary formation via GC, in chapter 2 we describe the numerical

methods we use to simulate GC of a pebble cloud. We detail the method of searching

for bound systems of particles and testing their stability. We also conduct various tests

of the numerical method. Chapter 3 presents an analysis of the properties of the binary

and multiple body systems produced by these GC simulations. The mass and orbital

properties of these systems are investigated, as well as their magnitude distribution.

We also consider some possible limitations of our simulations, in terms of numerical

resolution and cloud initial conditions. In chapter 4 we consider the possibility of

forming a contact binary system as a result of GC. The collisional environment within

the collapsing cloud is analysed and we consider how the number of bound systems

changes over the course of the simulation.

With chapter 5 we lay out the numerical framework used to simulate binary evolution

during planetary migration. Initial conditions for the planets and the binary planetes-

imal disk are defined, and the method of forcing Neptune’s migration is described. In

chapter 6 we evaluate the heliocentric evolution of the planets, and planetesimal disk, as

a result of the planetary migration. The different migration parameters are compared,

and we consider the chaotic behaviour of the planetary architecture studied here. The

dynamical taxonomy used to classify the planetesimal orbits is described, and the prop-

erties of each class is discussed. Chapter 7 considers how the mutual binary orbits of

the planetesimals are affected during migration. We quantify the level of excitation

in the binary orbits and investigate the onset of binary Kozai-Lidov cycles. Particular

examples of binary systems are showcased, in order to highlight different evolutionary

paths that a binary may take.

Finally, the findings from this research are summarised in chapter 8, and possible

areas for future work are discussed.
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Chapter 2

Simulating Gravitational Collapse

I’m the operator

With my pocket calculator

I am adding

And subtracting

I’m controlling

And composing
Kraftwerk, Pocket Calculator

This chapter describes in detail the numerical framework that was used to set up

the simulations of Gravitational Collapse (GC) of a pebble cloud in order to investigate

the formation of the Transneptunian Binaries (TNBs). We lay out the process by which

the search for bound orbits between particles in the simulation was performed and the

production of the dataset of orbits that are analysed in chapter 3. Numerical tests of

the code are also presented.

2.1 Simulation with REBOUND

The collapsing cloud simulation was developed using the REBOUND1 N -body package

(Rein & Liu, 2012). This particular package was chosen as it is highly modular and

easily customisable. A wide variety of gravity solvers, integrators and collision detection

routines are available in the default package. The modules used in this study are

summarised in table 2.1. Furthermore, REBOUND has been developed such that it is

accurate and fast compared to other algorithms (see for example Rein & Spiegel, 2015;
1https://rebound.readthedocs.io/en/latest/index.html
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Integrator REB_INTEGRATOR_SEI
Gravity REB_GRAVITY_TREE
Collision REB_COLLISION_TREE

Boundary REB_BOUNDARY_OPEN

Table 2.1: The modules used in our REBOUND (version 3.6.2) implementation of GC of a
pebble cloud.

Rein et al., 2019) and bitwise reproducible (Rein & Tamayo, 2017). REBOUND is currently

supported by an active community of developers and users, and this study benefited

greatly from the transparent and open-source nature of the code repository hosted on

github 2.

For this simulation of GC we initialised a spherical cloud of particles within a rotat-

ing Hill frame, as shown in figure 2.1. The origin of the rotating frame moves around

the Sun on a circular orbit, as such the x axis in the rotating frame represents the radial

direction of the heliocentric frame and the y axis is the azimuthal. Keplerian motion of

a test particle within the Hill frame is described by the motion of the guiding centre and

the epicyclic motion. The guiding centre motion is determined by the difference in semi-

major axis between the orbit of the particle and the origin. This results in a shearing

effect; for example a particle on a heliocentric orbit interior to the origin has a higher

angular velocity and therefore moves in the +y direction in the rotating frame. The

epicyclic motion is an oscillatory effect that arises due to eccentricity and/or inclination

of the particle orbit. These additional shearing and oscillating forces are accounted

for in the equations of motion within the rotating frame (Nakazawa & Ida, 1988). By

using a rotating reference frame we need only simulate a small length scale around the

collapsing cloud, rather than including a distant Sun particle directly.

As we are integrating in a rotating reference frame we used the Symplectic Epicyclic

Integrator (SEI) found in the REBOUND package. As described by Rein & Tremaine

(2011) SEI is a fixed timestep, second order, mixed variable symplectic method. This

integrator was developed specifically for rotating frames, and is both fast and accurate

when compared to other methods

All particles in the simulation were ‘active’, in that each particle feels the gravita-

tional influence of all other particles. The gravitational acceleration on a particle of
2https://github.com/hannorein/rebound
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Figure 2.1: The collapsing cloud (red circle), radius Rc, rotating with angular velocity
Ω, moves in a circular orbit in the fixed heliocentric frame (XY Z). The position of
particles in the cloud are given in rotating Hill frame coordinates, r(xyz). Within this
frame, test particles (blue points) on circular heliocentric orbits experience a shear force
(blue arrows).

index i is given by

ai =

Nactive−1∑

j=0

Gmj(
r2
ji + b2

)3/2
rji (2.1)

where G is the gravitational constant, Nactive is the number of massive active particles

of mass m and inter-particle separation is given by rji. A softening term b is included

in the gravity calculation, and was set equal to the smallest particle size. This term is

used to ensure that particles do not receive unrealistically high accelerations when they

approach extremely closely (Rein & Liu, 2012)3.

The REBOUND implementation of the oct-tree method (Barnes & Hut, 1986) was

used for the calculation of gravitational acceleration in the code. When using the

direct gravity module the exact pair-wise gravitational acceleration for every particle is

computed, a process which scales asO
(
N2
)
. The oct-tree algorithm is an approximation

whereby the weak gravitational influence of distant particles can be replaced by a single

effective particle, with the benefit that this process scales as O(N logN). This speed

increase is achieved by arranging the particles in a hierarchical tree structure where
3N.B. we have corrected a minor typo in equation 1 of Rein & Liu (2012): r̂ji → rji
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the root node of the tree contains all the simulation particles. These nodes can be

sub-divided into cells until the leaf nodes are reached, which each contain only one

particle. As described by Rein & Liu (2012), when calculating the gravitational force

on a particle the algorithm continues to divide the nodes into sub-cells of width ω, which

are a distance of R from the particle, until the opening angle

θ = ωR (2.2)

is less than some critical angle θcrit, at which point all particles in that node are treated

as a single particle for the gravity calculation. In our simulations a conservative value

of θcrit =
√

0.5 ◦ was used.

Furthermore, REBOUND efficiently reuses the same tree structure to track inter-

particle distance and search nearest neighbours for collisions, providing further

computational speed increases. We also made use of the built in openmp functionality

to parallelise the code and take advantage of its strong scaling, which describes how the

computation time varies with the number of processors for a fixed total problem size.

With openmp we were able to utilise multiple cores on the Queen’s University Belfast

(QUB) and National Research Council Canada High Performance Computing (HPC)

facilities for each job, in order to get the speed increases required to run the N -body

simulations within the timescale of the project.

By default collisions in REBOUND are resolved as simple inelastic mergers, which was

appropriate for the collapsing cloud conditions we investigated (as will be discussed in

section 2.5), although custom collision resolution functions can be written and easily

integrated into the code. We used open boundary conditions, where particles are re-

moved if they leave the simulation box. The size of the simulation box was chosen to be

sufficiently large such that only particles ejected from the cloud were removed; box-size

= 20× Rc where Rc was the initial cloud radius. This had the benefit of reducing the

number of particles in the simulation as the cloud collapsed and particles were ejected,

which led to faster computation times. The simulation state was saved at regular in-

tervals. These timestamps allowed us to investigate the process of cloud collapse up

until the maximum simulation time of t = 100 yrs. Once we had developed and tested

a working version of the GC code, our copy of the REBOUND source code repository was
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Figure 2.2: Particle position projected onto the xy plane of the rotating reference
frame at the beginning, middle and end of a typical collapsing cloud simulation (cloud
parameters f∗ = 30, X = 0.5 andMc = 6.54×1019 kg). Marker size scales linearly with
mass and colour scales logarithmically according to mrel = log(m/m0)/ log(Mc/m0).
The centre of mass of all particles in the box is shown as a black ‘×’ and the position of
the most massive particle is a red ‘+’. Also shown is a zoomed view which contains the
orbit of the most massive binary detected at the end of the simulation marked by the
blue ellipse (abin = 5.3 × 107 m, ebin = 0.07, ibin = 3◦), with inset box-size = 3 × abin.
An animation of this simulation is also provided in appendix A.1.

isolated from future updates, in order to ensure all simulations presented in this work

were run with exactly the same software (REBOUND version 3.6.2).

In figure 2.2 the progression of a typical GC simulation from the dataset is shown;

the particle cloud collapses, particles grow by collisional mergers or can be ejected, and

some particles may end up on bound orbits. An animation showing the GC of the same

cloud is also available (appendix A.1).

Although we have developed these simulations to reproduce the previous work of

Nesvorný et al. (2010), we have done so in an independent manner using a separate

N -body simulation suite with certain advantages over the original method. Nesvorný

et al. (2010) used a version of the pkdgrav N -body package (Stadel, 2001; Richardson

et al., 2000) that was modified to include the Keplerian shear of the rotating Hill frame

(using the method of Tanga et al., 2004). Fortunately for us the default REBOUND pack-

age already includes the SEI module described above, which is well tested, accurate

and efficient (Rein & Tremaine, 2011). Furthermore, we have taken advantage of mod-

ern HPC resources to improve collision detection compared to previous work. Collision

detection in pkdgrav is a predictive method that extrapolates straight line motion par-
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ticle at the end of each timestep to search for overlapping particles. REBOUND on the

other hand detects collisions directly when particles are overlapping, which is accurate

provided the timestep is small enough. As will be discussed in sections 2.3 & 2.5 we

were able to run more intensive simulations with smaller timesteps tailored to efficiently

detect the vast majority of all possible collisions.

2.2 Cloud initial conditions

For our initial conditions we adopted the values in Nesvorný et al. (2010). In principle,

the initial conditions of the clouds could be extracted from hydrodynamical simulations

of the SI, however, in practice these simulations are generally not high enough reso-

lution to infer accurate cloud states. Therefore it is necessary to approximate cloud

initial conditions. In their study, Nesvorný et al. (2010) chose initial conditions for

the collapsing cloud that would ‘reverse engineer’ the observed 100 km scale TNBs. In

summary, a spherical uniform cloud of Np = 105 particles with total cloud massMc was

used, with cloud rotation modelled as the rotation of a solid body with angular velocity

Ω. Different rotation states were investigated, defined by the cloud rotation relative to

the orbital angular velocity of a particle in a circular orbit at the edge of the cloud

X = Ω/Ωcirc (2.3)

where Ωcirc = (GMc/R
3
c)

1/2 and Rc is the cloud radius. Particle size was controlled by

an inflation factor, f∗, such that the modelled particle radius is given by

rf = f∗r∗ (2.4)

where r∗ is the radius of a uniform sphere of mass m0 = Mc/Np and density ρ. The

inflation factor, f∗, was included as a means of boosting the collision rate of the simula-

tions and to ensure collisional damping of random velocities during collapse. Otherwise,

given the limited number of computational particles, and therefore low particle num-

ber density, growth of particles by accretion is unrealistically slow. Throughout this

work we have assumed a material density of ρ = 1000 kg m−3 in order to represent
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Mc(kg) 4.19 × 1018, 6.54 × 1019, 1.77 × 1021

X 0.5, 0.75, 1.0, 1.25
f∗ 1, 3, 10, 30, 100

Table 2.2: The complete set of cloud initial state parameters as studied by Nesvorný
et al. (2010), describing mass, spin and particle size. The initial particle positions are
set from four seed position files giving a total of 240 initial states. The parameters used
in this work (highlighted in bold), repeated for four seed positions, gave us 144 initial
states.

icy transneptunian material. This value will be used implicitly in further calculations

unless otherwise stated.

Nesvorný et al. (2010) explored 240 initial states: cloud masses spanning three

orders of magnitude Mc = 4.19 × 1018, 6.54 × 1019 and 1.77 × 1021 kg, with rotation

states ranging from sub to super-circular rotation X = 0.5, 0.75, 1.0, 1.25, and a range of

particle inflation factors f∗ = 1, 3, 10, 30, 100 (table 2.2). For comparison with physical

objects these cloud masses are equivalent to uniform density spherical bodies of radius

100, 250 and 750 km respectively. Every possible combination of initial cloud states was

repeated four times using different particle position seeds. For this study we ignored

the f∗ = 1 and X = 1.25 states, therefore our data set has 144 initial states. As already

discussed by Nesvorný et al. (2010) these parameters are not conducive to forming

binary objects, which is the focus of this work. Our initial investigations of this region

of parameter space showed similar trends. The self gravity of clouds with Ω > Ωcirc is

not enough to overcome their rotation, therefore such clouds do not efficiently collapse

and are dispersed due to excess angular momentum. Particles in clouds with f∗ = 1

have an extremely small collisional cross section, therefore collisions are infrequent and

particle growth via mergers is slow. A low collision rate is a compounding effect as cloud

collapse is in part driven by the dissipation of particle energy via inelastic collisions.

In turn, the contraction of the cloud during collapse enhances particle number density

which further increases the collision rate. However, for a small collisional cross section

this effect is minimal over the 100 yr timescale we investigated.

The range of values for f∗ in table 2.2 was chosen to investigate cloud collapse in

between the extremes of no inflation and maximum inflation, as defined by Nesvorný

et al. (2010). When f∗ = 1 the initial size of each computational particle is determined

by their mass and density, e.g. for a cloud of massMc = 6.54×1019 kg each unit particle

would have an uninflated radius of r∗ = 3
√

3m0/4πρ = 5.4 km. As described above this
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small radius leads to a severe underestimation of the number of collisions that would

take place during collapse of a realistic pebble cloud. On the other hand, one could

choose f∗ such that the total surface area of particles in the real and computational

cases is equal. Collision rate is directly proportional to the cross sectional area of each

particle, and so is directly related to the total surface area of the cloud. Assuming

that a realistic pebble cloud is composed of particles of radius r = 25 cm then such a

cloud contains n = Mc/m particles of mass m = 4/3πρr. The total surface area of this

cloud is then Areal = n × 4πr2. In our simulations with Np particles the total surface

area of the cloud is given by Asim = Np × 4π(f∗r∗)2. Therefore a simulated cloud of

mass Mc = 6.54 × 1019 kg composed of Np = 105 particles requires f∗ = 150 in order

to match the surface area of a 25 cm pebble cloud of the same mass. As a result of

this extreme inflation the initial radius of the computational particles would then be

rf = f∗r∗ = 810 km. After growth via merging collisions during cloud collapse such

heavily inflated particles would be unrealistically large and would not be able to form

the majority of known TNBs without colliding, as their separations are typically less

than 104 km (Grundy et al., 2019).

In figure 2.3 we show how the surface area (i.e. collision rate) and particle size scale

with f∗. We see that the total surface area drops rapidly with f∗ (Asim ∝ f∗2) and

naturally particle size scales linearly (rf = f∗r∗). For a physically realistic simulation

we must choose values of f∗ that lead to a reasonable collision rate, but also end the

simulation with particles small enough to not inhibit possible binary formation. At

f∗ = 100 the surface area is a fraction 0.44 of the ‘real’ pebble case and we would expect

the collision rate to be relatively high. However, we are now limited to forming only the

widest possible binaries whereas the median separation of the observed TNBs is approx-

imately 100 times the size of the primary component (figure 1.5). As we decrease f∗ the

surface area rapidly drops but now it is possible to form the tighter binaries that are

observed. This demonstrates that the choice of f∗ is a balance between a realistically

high collision rate whilst keeping particles realistically small. Therefore the most physi-

cally plausible values of f∗ lie in the range of 30-100, but we test lower values as well in

order to determine the effects of collision rate and particle size on the resultant binaries.
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Figure 2.3: The scaling of total cloud surface area (related to collision rate) with inflation
factor f∗ is shown by the blue line. For a cloud mass of Mc = 6.54 × 1019 kg, when
f∗ = 150 the surface area of the simulated cloud is equal to the surface area of a realistic
cloud of 25 cm particles. The scaling of computational particle size with f∗ is also shown
(orange line). The values f∗ = 1, 3, 10, 30, 100, 150 are indicated by vertical lines. The
orange dashed line indicates the approximate median separation of the observed TNBs
(100 times the primary size, figure 1.5).

The particle position seeds used in this study were generated by randomly and

uniformly distributing Np particles in the volume enclosed by a unit sphere, following

the method described in appendix B. The same four seeds were used for the entire

dataset. For each GC simulation the seed positions were rescaled according to the

initial cloud mass, resulting in particle positions r = (x, y, z) distributed in a spherical

volume of radius Rc = 0.6RHill, where RHill = (GMc/3Ω2
Kep)1/3 is the Hill radius of

the cloud at a heliocentric orbital frequency of ΩKep. The factor 0.6 ensures that all

particles are initially bound in the cloud.

Initial particle velocities, v = (vx, vy, vz), are the sum of the rotational velocity of

the cloud and the shear velocity due to the rotating Hill reference frame

v = vrot + vshear (2.5)

These components were calculated as follows. The angular velocity of the cloud is given

by Ω = XΩcirc, and the cloud rotates about the ẑ axis, therefore Ω = XΩcircẑ. The

rotational velocity component is then vrot = Ω×r. Due to the rotating reference frame,
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particles experience a Keplerian shear motion (Nakazawa & Ida, 1988)

vshear(vx, vy, vz) = (0, −1.5ΩKepx, 0) (2.6)

for a rotating reference frame on a circular Keplerian orbit of angular velocity

ΩKep = (GM�/a3
hel)

1/2, where M� is the mass of the Sun. A heliocentric semimajor

axis of ahel = 30 AU was used for the cloud orbit, as this distance is typical for the

location of the primordial disk where the planetesimals formed (Morbidelli et al., 2008;

Morbidelli & Nesvorný, 2020).

Nesvorný et al. (2010) also performed some trial runs with an additional random

velocity component added to each particle, vrand < vrot. They found that a random ve-

locity component has little effect on binary formation, provided vrand << vrot, therefore

we did not investigate the effect of additional random velocity components.

2.3 Choosing the timestep

We chose our simulation timestep to be small enough to accurately calculate particle

trajectories, and to consistently detect collisions between particles. In REBOUND, a colli-

sion is recorded when two particles are found to be overlapping. The distance a particle

moves in a single timestep must be smaller than the target particle size, otherwise an

impacting particle could possibly miss the target. We defined the relative collisional

step size parameter as

drel =
dt · vrel
df,i

(2.7)

where dt is the timestep, df,i is the diameter of the target simulation particle i and vrel

is the relative (collisional) velocity between the target and impactor. The value of drel

relates the approximate distance an impacting particle moves in a single timestep to

the size of the target particle. We therefore defined a collision resolution criterion as

drel < 1 (2.8)

such that when a collision satisfies this inequality we assume that it has been well

resolved.
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Figure 2.4: The mean particle velocity in the rotating reference frame against the
simulation time, for all runs of the same cloud mass. The marker colour and shape
indicates the cloud mass, and the error-bar shows the standard deviation of the mean
velocities for all runs of a particular cloud mass, at a particular simulation time. The
particles in the clouds become more dynamically excited as the simulation progresses,
and this excitation is related to cloud mass.

We chose the timestep from an expected maximum collisional velocity and the initial

particle size, df = 2rf = 2f∗r∗, such that

dt =
1

3

df
vmax

(2.9)

where we have included a numerical factor of 1/3 to guarantee the collision criterion

is met, and we have assumed that the maximum collisional velocity during collapse

is vmax = 30 m s−1. Given our range of initial particle sizes (dependent on the cloud

parameters Mc and f∗) the timestep used in the simulations was of order ∼ 102–104

seconds.

The estimate of maximum collisional velocity vmax was obtained from Fraser et al.

(2017) supplementary figure 4. All GC simulations started with a low relative particle

velocity due to cloud rotation and Keplerian shear. However, velocity increases signif-

icantly as the cloud collapses; particles grow and are dynamically excited, as shown in

figure 2.4. This dynamical excitation is highly dependent on the initial cloud mass, with

higher mass clouds achieving significantly higher particle velocities during collapse.

To ensure that we achieved accurate collision resolution during GC, for each simu-

lation we checked that the relative collisional step size parameter (equation 2.7) of all

38



recorded collisions satisfied the collision resolution criterion (equation 2.8). In figure 2.5

we plot drel for every collision in a typical GC simulation. In general we found that the

particles with the lowest masses were the hardest to resolve collisionally and that the

most massive particles were always well resolved. This is due first of all to particle size;

in equation 2.7 as df,i decreases drel increases, making the criterion harder to satisfy.

Secondly there is a dependence between velocity dispersion and particle mass, analogous

to energy equipartition in globular clusters, e.g. Bianchini et al. (2016). Close encoun-

ters during collapse tend to equalise kinetic energy between two particles, therefore the

less massive particle leaves the encounter with a higher velocity. Increasing vrel also

acts to increase drel.

For the entire set of 144 GC simulations the collision criterion was well satisfied in

most cases; thanks to our conservative choice of safety factor in equation 2.9. However,

in some simulations of the highest cloud mass, Mc = 1.77 × 1021 kg, we found that

a moderate number of the collisions exceeded the estimated maximum velocity and so

were detected outside the collision criterion. This meant that by chance we had detected

collisions that were faster than expected, which indicated that there could have been

other collisions that were missed. Therefore for these particular high cloud mass runs

we decreased dt, reducing the numerical factor in equation 2.9 from 1/3 to 1/6, and

repeated those simulations. When the collision criterion was tested for the final dataset

we found that only 0.002% of all recorded collisions had drel > 1.

In the final dataset the smallest timestep used was dt = 144 s for clouds with Mc =

4.19 × 1018 kg & f∗ = 3 (equation 2.9). The longest timestep was for clouds with

Mc = 1.77× 1021 kg & f∗ = 100, for which dt = 1.8× 104 s = 0.21 days (using a safety

factor of 1/6). Therefore our timestep was always lower than dt = 0.3 days as used by

Nesvorný et al. (2010).

Even if a small number of collisions are missed, this does not invalidate our results for

the following reasons. With GC runaway growth is common, whereby a small number of

particles quickly accrete the majority of the cloud mass. These are the particles that are

most likely to harbour binary components and in this study only the 100 most massive

simulation particles were searched for orbits (section 2.6). The most massive particles

were found to always be well within the collision criterion. Due to the collision criterion

depending on particle size, as df,i increased the criterion became easier to satisfy. This
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Figure 2.5: Relative collisional step size parameter (equation 2.7) as a function of
simulation time for an example simulation (f∗ = 10, X = 0.5 andMc = 6.54×1019 kg).
The points represent each collision recorded in this collapsing cloud simulation. The
logarithmic colour scale,mrel = log(m/m0)/ log(Mc/m0), shows the mass of the primary
(most massive) particle involved in each collision.

is demonstrated in figure 2.5 where the most massive particles always have drel << 1.

We found that the collisions that fell outside the criterion were always between the

smallest particles in the simulation, with df,i close to the initial particle size. These fast

and small collisions only occurred after the initial collapse of the cloud. The time taken

for a uniform density spherical cloud of mass Mc to collapse under its own gravity is

described by the free fall time. This can be derived by considering the time taken for a

particle to fall from rest at the edge of the cloud, to the centre. This radial motion can

be described by an orbit of semimajor axis a = Rc/2 and eccentricity e = 1; the free

fall time is half of that orbital period resulting in

tff =

√
3π

32Gρc
(2.10)

where ρc = 3Mc/4πR
3
c is the initial cloud density. For our initial conditions ρc is

independent ofMc, therefore all clouds in this study have tff = 2.5×108 s. By this stage

the bulk of the cloud mass is already located in the most massive particles, therefore

we argue that it is inconsequential that there may be a small number of undetected

collisions between these small particles. The large bodies that form in the early phases

of GC are the ones that we are most interested in as binary system candidates. These

bodies dominate the cloud mass fraction and have the greatest gravitational influence,
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therefore collisions between small bodies will not affect the already accreted larger

bodies.

2.4 Simulation output

The state of the simulation at a time t is fully described by the position, velocity,

mass and radius of every particle: x, y, z, vx, vy, vz, m, rf . This information was

output to a timestamp file every nout timesteps, where nout = tscale/dt was chosen for

each simulation such that the output covers the timescale of interest: tscale = 100 days,

which is approximately the mean orbital period of the observed TNBs (Grundy, 2019).

This output frequency was chosen as a balance between being able to study the evolution

of any binary orbits that were formed, and the data storage/computational restrictions

of writing to many files. Furthermore, as mentioned above we kept a complete log of

all collisions in each simulation, containing collision time and the details of the target,

impactor and merged particles.

2.5 Collision resolution

The REBOUND oct-tree that is used to resolve the gravitational interaction can also be

used for computationally fast collision detection, whereby the tree structure is used to

find inter-particle distances and a collision is recorded when two particles are found to

be overlapping. This detection algorithm determines the time, position and relative

velocity of a collision, provided the integration timestep is small enough. In contrast,

Nesvorný et al. (2010) utilised a collision detection method which extrapolates the

particle trajectories every timestep using a straight line approximation, as described by

Richardson et al. (2000). This allowed Nesvorný et al. (2010) to use a relatively long

timestep of 0.3 days which would have resulted in faster computational times than our

simulations. However, in our simulations particles follow their true trajectories, which

are curved and not straight (see figure 2 of Rein & Liu, 2012). As discussed by Rein &

Tremaine (2011), the SEI results in curved trajectories therefore in some cases straight

line collision detection would be sub-optimal. In this case it may be better to detect

collisions approximately along exact trajectories, as we have done in this study. As

will be discussed further in section 3.2, we have tested the robustness of our collision
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detection and it would appear we detect collisions more accurately than Nesvorný et al.

(2010).

Default REBOUND behaviour is to create a list of detected collisions for each timestep,

and then randomise the order in which they are resolved. This is intended to remove

preferential order in cases where multiple particles collide with a single particle in one

timestep. We chose to remove this random ordering to allow us to reproduce results if

a simulation was repeated.

We used the default inelastic merger collision routine, where the two colliding par-

ticles are removed from the simulation and are replaced by a single particle located at

the centre of mass of the original two. This resultant particle conserves total linear

momentum, mass and volume of the constituent particles.

r =
rimi + rjmj

mi +mj
(2.11)

v =
vimi + vjmj

mi +mj
(2.12)

m = mi +mj (2.13)

rf =
(
r

1/3
f,i + r

1/3
f,j

)1/3
(2.14)

By conserving volume the particle inflation factor f∗, which was used to set the initial

particle radius (section 2.2), is carried through the whole simulation.

One should note that in REBOUND particles are identified by a particle index, in this

case i and j. When a collision occurs, the particle with the higher index is always

removed, and the new merged particle takes the lower index. This ensures that as

particles are removed from the simulation the remaining particle indices always shift

towards zero. This is important as REBOUND uses a variable N_active, which states

that the first N_active particles are massive and the rest are test particles. Always

removing the higher index particle ensures that N_active will work as mergers occur.

A downside of this setup is that we cannot use a particle index to track the evolution

of a particular particle throughout the entire simulation as this index will change when

a collision occurs. A potential solution would be to use REBOUND hashes where each

particle is given a unique identifier, future work should consider using this feature.
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In additional tests, Nesvorný et al. (2010) introduced inelastic bouncing collisions.

Particles would merge if the impact velocity was less than a certain threshold, other-

wise they would inelastically bounce with a loss of energy. This was found to have

little effect on their simulations, as the majority of collisions were below the threshold

velocity, therefore we also ignored such effects. To justify this assumption, we evaluated

all recorded collisions against the merging collision criterion vrel < vesc (Leinhardt &

Stewart, 2012; Mustill et al., 2018) where

vesc =

√
2G(mi +mj)

(ri + rj)1/3
(2.15)

is the escape velocity of colliding particles with masses mi, mj and physical radii ri, rj

respectively; i.e. we ignored any particle size inflation from f∗ and used the radius of a

spherical, uniform density particle r = (3m/4πρ)1/3. We found that 87% of all recorded

collisions satisfied this criterion and should indeed be merging. The most massive

particles (high mass, high vesc) always experienced merging collisions and it was only

the low mass particles at t > tff (when particle velocities are more excited) that could

have bounced. Furthermore, work by Sugiura et al. (2018) shows that collisions between

planetesimals (albeit basalt ones) can be merging with no mass loss over an even wider

range of impact velocities, depending on the impact angle. Therefore we assumed that

inelastic merging collisions are appropriate when investigating GC of the cloud masses

used here. Bouncing collisions, if they were included, should not affect the formation of

the most massive particles or any binary systems they may form.

2.6 Searching for bound systems

After t = 100 yrs, which is sufficient temporal resolution for the process of cloud collapse

(100 yrs ' 12 × tff), we halted the GC simulation and searched for bound systems of

particles. We searched for orbits amongst a subset of simulation particles using the

following criteria.

We are primarily interested in bodies that have undergone significant growth during

the simulation; these are the objects that have condensed out of the particle cloud and

formed distinct, large planetesimals. First we considered only particles that have had

at least one merging collision, and had mass m ≥ 2m0. The maximum mass of a binary
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system we could have detected is then m1 + m2 ≥ 4m0. In general, at the end of GC

most of the cloud mass was highly concentrated in only a handful of objects, and these

particles are the most likely to have a companion. Also, we chose to ignore any bound

systems where the satellite of mass m would be extremely small and unobservable.

To do this we applied a mass ratio cut of m/M > 10−3 to the list of particles to be

searched, where the most massive particle in the cloud had mass M . This is equivalent

to an observational magnitude difference of ∆m = 5 mag for a primary and secondary

of the same density and albedo. Finally, we limited the orbit search to the Nlim = 100

most massive particles.

For this subset of particles we took each particle to be a potential primary, and we

searched all other particles in the subset to see if they were gravitationally bound. To

remove the effects of the simulation being in a rotating reference frame we first trans-

formed the particle positions and velocities into the heliocentric frame (appendix C).

We then found the orbit of the secondary relative to the primary using the REBOUND

calculate_orbit function (which follows the algorithm detailed in appendix D), as-

suming that this was a bound orbit if the binary eccentricity was 0 ≤ ebin < 1. We

repeated this search for every particle in the set, and the whole process was performed

again for each simulation timestamp.

At t = 100 yrs we found that it was common for the collapsed cloud to contain

several bound systems, some of which showed a high degree of multiplicity (the number

of gravitationally bound bodies). We detected a wide variety of bound systems, ranging

from simple binary pairs to multiple-body systems of various flavours, e.g. a single

massive primary with a swarm of secondaries or circumbinary systems. We chose to

include all systems of bound particles found by the orbit search in our analysis, unlike

Nesvorný et al. (2010) who considered only the single most massive binary produced by

each collapsing cloud.

The particle indices at a particular timestamp were used to determine groups of

independently bound particles. In most cases a bound system was defined by the orbits

found between the primary of index i, and the secondary particles of indices j, where

the set of [i, j] were all unique integers. However, in some cases the secondary particle

of one orbit may also be the primary particle of another orbit. In order to account for

these duplicate index, or ‘nested’, orbits, independently bound systems of particles were

44



Figure 2.6: Graphical representation of three independently bound systems detected
by our orbit search at t = 100 yrs for an example simulation with f∗ = 30, X = 0.75
and Mc = 1.77 × 1021 kg. Nodes (bound particles) are indicated by coloured circles,
black lines indicate edges and represent the orbits detected between particles. Colour
indicates the connectedness of a node, the most massive particle in a system is green
and secondary particles bound by only one orbit are purple. Brown nodes orbit the
primary and are themselves orbited by one or more purple secondary particles. Pink
nodes have edges that form a closed loop, i.e. a collection of intertwined orbits where
the pink particles orbit both each other and the blue primary. The size of each node
scales logarithmically with the particle mass relative to the primary. Node position has
no physical meaning in this visualisation.

found using a network graph of particle indices, generated using the networkx 4 package

(Hagberg et al., 2008). Each particle index is represented by a ‘node’ and nodes are

connected by ‘edges’, i.e. the orbit between two particles of indices i and j. Figure 2.6

shows a graphical representation of the systems identified in this way for an example

simulation, and highlights how complex systems can be easily classified.

The orbits detected at this stage are instantaneous (osculating) orbital elements and

these complex multiple-body systems are most likely not stable over longer timescales.

It is therefore important to test these bound systems further.

2.7 Further dynamical evolution

Following the methodology of Nesvorný et al. (2010) we investigated the stability of

these systems by dynamically evolving them for a further 104 yrs. We expected that

these systems should clear out either dynamically or collisionally and leave behind

relatively simple systems. For each bound system that we detected at t = 100 yrs, a
4https://networkx.github.io/
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new N -body simulation was set up in order to investigate its dynamical stability. The

constituent particles of each bound system were transformed to heliocentric coordinates,

a particle representing the Sun was added, and a simple REBOUND leapfrog integration

was launched. The simulation timestep was chosen using a timestep that satisfied the

collision criterion (equation 2.9) where df was taken to be the physical radius of the

smallest particle in the bound system, and vmax was the maximum velocity of a particle

in the system relative to the primary.

During the previous GC simulations the most massive particles grew quickly by

runaway growth, and so by t = 100 yrs their mass accretion was complete. We therefore

removed the inflation factor f∗ for these integrations; particles of massm were initialised

with radius r = (3m/4πρ)1/3. Size inflation was important for boosting the collision

rate at the start of the simulations but it prevents us from investigating the dynamics

of tight orbits, as particles cannot get close without colliding and merging into a single

particle.

After the additional integration the orbit search was repeated and we assessed how

the initially bound system had evolved. Compared to the original t = 100 yrs dataset,

the bound systems may have remained stable, some may have ejected particles, or others

may have become completely unbound. In this dataset we included only orbits that had

abin < 0.5RHill, where abin is the binary orbit semimajor axis, and the Hill radius of

the binary primary of mass m1 is

RHill = ahel(m1/3M�)1/3 (2.16)

where ahel ' 30 AU is the heliocentric distance of the binary primary. This cut was

used to filter out any poorly bound orbits that we would not expect to survive over

longer time periods.

Figure 2.7 shows a histogram of the number of bound systems as a function the

number of particles in each system Nsys, for the dataset before and after dynamical

evolution. At t = 100 yrs, there were 287 bound systems detected for a total of 144 GC

cloud simulations. Of these systems 55% were simple binary pairs and the remainder

were multiple-body systems. After 104 yrs of dynamical evolution we found that either

multiplicity was greatly reduced (most systems evolved to simple binary pairs), or the
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Figure 2.7: Histogram showing number of bound systems n as a function of their mul-
tiplicity (the number of bound bodies in a system Nsys) before and after the additional
dynamical evolution. N.B. there is an offset in the y axis to illustrate the difference
between values of Nsys containing n = 1 and n = 0 systems.

system was destroyed (either dynamically or collisionally). We were left with 223 sys-

tems: 188 binary and 35 with Nsys > 2. Of the systems that were initially binary pairs

67% had survived and 63% of multiple-body systems had evolved to become Nsys = 2

binaries. For the surviving multiple-body systems 32 had been reduced to triple systems

and there were 3 systems with Nsys = 4 bound particles.

2.8 Testing the robustness of gravitational collapse

Before we analyse in detail the results of binary formation via GC in chapter 3, we

present some tests of our numerical set up in order to ensure the validity and accuracy

of our methods. We investigated how collisions were resolved by testing a novel collision

routine and we assessed the effectiveness of our orbit search algorithm. We present

results of these tests in order to highlight the changes in binary properties as simulation

parameters are tweaked, however, we save full discussion of the physical meaning of the

distribution of binary properties for chapters 3 & 4.

2.8.1 A new collision routine with damped momentum

The handling of collisions in anN -body simulation where all particles are interacting can

be a difficult problem. With current algorithms and available computational facilities

we are effectively limited to simulations with N = 105 computational particles. In
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reality a pebble cloud formed by the SI in the PPD would be composed of ∼ cm scale

particles and will have N >> 105. For example, a cloud of mass Mc = 6.54 × 1019 kg

would be composed of N = 1018 boulders of radius 25 cm. A simulation with a limited

number of particles therefore has a significantly lower particle number density than

in reality, which results in a drastically reduced collision rate. Nesvorný et al. (2010)

account for this with a particle size inflation factor, f∗, derived from conserving the

surface area of the pebble cloud. The use of this inflation factor f∗ results in its own

problems (discussed further in section 3.6), but we foresee an additional problem in

using a limited number of computational particles. When Nsimulation << Nreality, we

effectively have to lump many small particles together in order to simulate a fixed total

mass. Each computational particle is orders of magnitude more massive than a ‘real’

particle. To investigate this assumption we derive a new collision routine, intended to

approximate the collisional environment of the high number density collapsing cloud

using a limited number of simulation particles.

First we assume that each computational particle is representative of a large number

of real pebbles. The collision between two swarms of pebbles will be very different to

the simple merger of two computational particles. Firstly not all the swarm particles

will interact, i.e. some pebbles may pass through the target swarm. Secondly, the

pebble collisions have a range of velocity vectors, therefore each linear momentum vector

imparted by a collision may point in a slightly different direction. When all these vectors

are summed together to give the final momentum of the resultant particle, it will be

smaller than the simple case of two merging computational particles (figure 2.8). We

say that the momentum has been damped. We attempt to approximate this behaviour

with the following routine.

For a collision between two computational particles we have a target and an impactor

(massesm1 andm2 respectively, m1 > m2). In a simple inelastic merger the momentum

of the resultant particle is p′ = m1v1 + m2v2. Now we divide m2 into a number of

constituent pebbles Np, mi = m2/Np, each of which impacts m1 with a random velocity

direction, vi, magnitude v2. Each individual impact merges inelastically and imparts

momentum m2v2/Np to the target particle

p′ = m1v1 +

Np∑

i

mivi (2.17)
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Figure 2.8: The left panel shows an inelastic collision between two large computational
particles of massesm1 andm2. The momentum of the impactor is indicated by the black
arrow and the resultant merged particle receives a single large impulse (blue arrow).
The right panel shows what happens when we redistribute the impacting particle into
a swarm of isotropic impactors, each of mass mi. The total momentum imparted onto
the primary takes a random walk and has a lower magnitude (blue arrow).

Therefore the total linear momentum magnitude is conserved. As we assume fully

isotropic impacts, the resultant momentum of the merged particle can be described by

a random walk. We use the mean square displacement relation < p2
x >= Np < dp2

x >,

where dpx is the momentum step size in the x direction, to calculate the damped

momentum magnitude delivered by the impactor. We use this relation to calculate the

magnitude of each momentum component in equation 2.17, assuming the directions of

v1, v2 are the same as for the inelastic merger case

p′x = m1v1,x +
m2v2,x√

Np

(2.18)

We implemented this collision model in our code by defining a pebble radius rp, such

that Np = m2/m(rp), i.e. this is the number of pebbles of size rp contained in each

computational particle. Furthermore we only used this routine below a particular mass

limit, m2 ≤ mlim, otherwise we defaulted to the original inelastic merger routine. This

means that damped collisions are only relevant for the initial collisions between particles.

We assumed that abovemlim the computational particles have undergone some degree of

collisional evolution and they are now representative of solid bodies that have condensed

out of the pebble swarm.

We acknowledge that this algorithm is a simplification used purely to justify the

use of a damping factor when resolving collisions. When we replace an impacting

computational particle with the swarm of real pebbles it supposedly represents, we
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would expect the collisions to take place over a range of impact angles, or miss the

primary, and that the imparted momentum should indeed be lower than the simple

two particle case. Assumptions such as totally isotropic impacts, or only implementing

the routine in the first phase of collapse, are not totally realistic but serve as a first

order approximation for derivation of the damping factor, In practice one might fold

non-isotropic impacts and other effects into the model by modifying the damping

factor accordingly, but for now we use the model presented here as a starting point to

launch this investigation. Given the uncertainties with how exactly to apply this new

collisional model we use it only for the tests presented here. For the main simulations

we use simple inelastic mergers, which we have shown to be suitable given the low

collision velocities during collapse (section 2.5).

In figure 2.9 we see the effects of repeating selected runs (f∗ = 30, X = 0.75,

Mc = 6.54 × 1019 kg) with various values of damping factor 5, on the binary mass

and orbit properties. We chose mlim = m0 so that only the initial collisions between

particles would use the damped momentum routine. We calculated values for Np from

a range of logarithmically spaced pebble sizes, from rp = 0.25 m (maximum damping)

up to the initial size of the simulation particle rf = f∗r∗ (no damping) in order to

see how this parameter affects binary formation. This routine was used in conjunction

with particle size inflation f∗ = 30, which boosts the collision rate. A minimum pebble

size of rp = 0.25 m was chosen as it is approximately the size of pebble most strongly

affected by SI in the PPD. Therefore it is expected to the dominant size scale of particle

in the collapsing cloud. Furthermore it is the value quoted in Nesvorný et al. (2010)

when justifying their use of f∗.

We can see that increased collisional damping reduces the overall number of binaries

formed; we go from 9 to 4 systems for no damping to maximum damping. This therefore

shows that collisional damping inhibits the formation of binaries, but does not fully

prevent their formation. Furthermore, the addition of the damping factor changes the

distribution of binary orbit properties. When the damping factor is < 1 (reducing the

momentum during collisions) the simulations produce binaries that are generally more

massive and have higher mass ratios, with orbits that are wider and less excited in
5i.e. the factor by which the momentum imparted to the primary is reduced by: 1/

√
Np
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Figure 2.9: A summary of the binary properties for a subset of cloud initial conditions
(f∗ = 30, X = 0.75, Mc = 6.54 × 1019 kg, 4 seed positions) repeated with various
damping factors 1/

√
Np (equation 2.18). Panels a, b and c respectively display the

binary system mass against binary mass ratio, binary orbital element space (aei), and
finally ebin and ibin against the binary mass properties. N.B. that in panel c marker
size scales with binary separation. One may look ahead to figures 3.3, 3.9 & 3.11 for
comparison.
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eccentricity and inclination. In comparison simulations with no damping only produced

one such system, and several systems with either low system mass or low mass ratio.

We suspect that these trends arise because in the damped momentum collision rou-

tine there is a large amount of momentum/energy loss in the first round of merging

collisions between the smallest simulation particles. The merged particles are less en-

ergetic and are now moving slower thus making them more likely to collide, which in

turn leads to more efficient accretion. It is interesting to note that when we implement

this routine, which is intended to mimic more realistic collisions, we still produce the

high system mass/mass ratio binaries that we were originally motivated to investigate

(more efficiently too). Such binaries are a good match to the distinct properties of the

observed TNBs (section 1.5.2). This test shows that the process of GC is robust against

the drastic changes we have made to the collision routine, indicating that we should be

able to form binaries across a wide range of numerical frameworks.

2.8.2 Completeness of binary identification

We also tested the possibility that our results may be limited by our method of searching

for bound particles. Only the Nlim = 100 most massive particles out of an initial

Np = 105 were searched for orbits, as described in section 2.6. Therefore we could

potentially miss orbits and not identify bound systems in our simulations. This cut was

originally made as after GC there is typically only a handful of particles that dominate

in mass (as will be shown by the mass distribution in figure 4.6), around which there

may be companions. Our search was designed to find these cases, but also any additional

bound systems of significant mass. The most massive particles are the most likely to

host companions and Nlim = 100 should catch most of these particles.

Failing to identify low mass binaries is particularly relevant for candidate low mass

contact binary systems similar to the Cold Classical contact binary, Arrokoth (discussed

further in chapter 4). To investigate this we tested searching a larger number of particles

for orbits, in order to see if any additional systems would be found and how they might

affect the analysis. For a subset of four cloud initial conditions (f∗ = 30, X = 0.75,

Mc = 6.54× 1019 kg) we performed the orbit search described in section 2.6, now with

Nlim = 200, and then again tested the dynamical evolution of each of these systems

(section 2.7). The orbit search with Nlim = 200 could find completely new systems,
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Figure 2.10: We compare the binary mass properties (panel a) and orbital properties
(panels b and c) for a subset of cloud initial conditions (f∗ = 30, X = 0.75, Mc =
6.54× 1019 kg, 4 seed positions) that have been processed with orbit search parameters
of Nlim = 100 (red ‘+’s) and Nlim = 200 (blue ‘×’s). The 9 systems that were detected
in both datasets are identical, and two additional systems are detected whenNlim = 200.
One may compare to figures 3.3 & 3.9 in the main analysis.

but we also accounted for any additional particles that may now be found bound to

previously detected systems. These additional particles may dynamically influence the

original system and affect the final results. We then considered the properties of all

binary systems that were detected. In figure 2.10 we show that two additional binaries

were found compared to the original 9 for this particular set of cloud parameters.

The binary system mass and mass ratio are identical for the objects that are detected

in both sets, and there is no appreciable variation in their binary orbital elements.

Therefore the extra particles found when Nlim = 200 do not significantly effect the

collisional or dynamical evolution of the systems already in our dataset. The additional

systems we detected do not appear to be outliers, therefore we would not expect them

to affect any conclusions we make from the distribution of binary properties. They both

have low system mass and low mass ratio, these are merely a few extra small systems

being detected by this deeper search. As expected, our original orbit search succeeded

in finding all the high mass, high mass ratio binaries that are most representative of the

observed TNBs.
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Chapter 3

Gravitational Collapse Binaries

That’s no moon.

Ben Kenobi, Star Wars Episode IV

In this chapter we investigate in detail the properties of the bound systems of parti-

cles produced by GC. For most of the analysis we focus on the binary pairs, i.e. systems

with Nsys = 2 particles. We probe the distributions in the masses, sizes, observed

magnitude, and orbital properties of these systems which make up most of the dataset.

Some multiple-body systems (Nsys > 2) are present in our dataset, although assessing

the extended survivability of these systems is beyond the immediate scope of this work.

With further dynamical evolution some of these higher multiplicity systems may evolve

into binaries, be broken down into single bodies, or they may remain as stable Nsys > 2

systems. After analysis of the binary systems, we consider the properties of the two

most massive particles in each multiple-body system, such that we may include them

in the analysis and compare them directly to the binaries.

3.1 Binary mass properties

In figure 3.1 we show the mass distribution of the most massive particle formed in

each simulation at t = 100 yrs. We also include the mass distribution of the primary

particle in the most massive binary of each cloud. Here we count only the single

most massive binary formed by each collapsing cloud, however, in our dataset it is

common for one cloud to produce several binary systems (figure 2.7). GC shows a

good accretion efficiency for the runaway growth of a few particles, 78% of the most
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Figure 3.1: Mass distribution of the most massive simulation particle in each cloud at
t = 100yrs (blue). If the collapsing cloud produced any bound systems, the properties
of the most massive binary in each cloud is considered. The binary primary mass
distribution is shown in orange, and the distribution of the binary mass ratios (red,
upper x axis) after 104 yrs dynamical evolution are also shown. The mass ratio cut off
used in the orbit search (m2/m1 > 10−3) is shown as a vertical line.

massive particles had a mass greater than 0.1Mc. This particle could be either a single

or exist in a bound system of particles, however, we see from the similarity with the

mass distribution of binary primaries that it is relatively common for the most massive

particle to have a companion by the end of the simulation. 40% of the time the most

massive particle formed by GC had a bound companion. We also plot the distribution

of the secondary to primary mass ratios (m2/m1) of these binary systems on a separate

scale. Approximately 50% of binary systems have m2/m1 > 0.1, which corresponds to

a size ratio of r2/r1 = (m2/m1)1/3 = 0.46. The orbits we have detected extend down

to our chosen cut off for the orbit search algorithm at m2/m1 = 10−3.

In figure 3.2 we have plotted the binary mass ratio against the binary system mass

(normalised by initial cloud mass). There are clear groupings of data points along a

line of low system mass, a line of low mass ratio and then a loose cluster with moderate

to high system mass and mass ratio. We then replotted this data in log-log space, as

shown in figure 3.3. We see that a wide range of systems are formed, but that there are

three distinct populations, which we classify as

(i) Atomistic Binaries: Particles that have undergone minimal accretion and have

(m2 +m1)/Mc ∼ 10−3, but exhibit a range of mass ratios.
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Figure 3.2: Binary system mass normalised by initial cloud mass, (m2+m1)/Mc, against
the secondary to primary mass ratio m2/m1, for all values of cloud initial conditions
(Mc, X, f∗) in our dataset. Marker colour and shape denote the three initial cloud
masses.

(ii) Satellite Systems: Particles with negligible mass companions, m2/m1 ∼ 10−2.5.

(iii) Observable Binaries: Particles that have undergone moderate to high accretion

and have reasonably sized companions, (m2 +m1)/Mc & 0.1 and m2/m1 & 0.1.

The name ‘Observable Binaries’ has been chosen to highlight that these objects are

a good match to the real life high mass ratio observed TNBs. We note that the actual

observability of these simulated objects depends strongly on the projected separation

of the binary orbit on the sky. For example, it may not be possible to resolve a distant

object in the Observable Binary class using current methods (section 1.5.1) if it has a

tight orbit. Likewise, we shall see in figure 3.7 there are Atomistic Binaries and Satellite

Systems for particular cloud masses that could be observable, provided the components

are sufficiently separated and the on sky projection is favourable. Overall, a large range

of mass ratios were detected, from m2/m1 & 10−3 (which is the cut off for our orbit

search) up to exactly 1. The binaries with m2/m1 = 1 are composed of particles that

have had the exact same number of merging collisions. The binary system mass spans
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Figure 3.3: A log-log plot of the binary system mass normalised by initial cloud mass,
(m2 +m1)/Mc, against the secondary to primary mass ratio, m2/m1, for all cloud initial
states (Mc, X and f∗) in our dataset. As in figure 3.2 marker colour and shape denote
the three initial cloud masses. Dashed coloured lines trace the boundary points of the
three binary classes detected by the DBSCAN cluster search. The solid line was drawn
to guide the eye to the linear trend of the Atomistic Binaries. The selection limit for
our orbit search algorithm is shown as the dotted line.

from 6× 10−5 Mc up to 0.75 Mc. Therefore our smallest mass systems have had a total

of 5 merging collisions to form both the primary and secondary components.

To test for the presence of the proposed classes above we performed a Density-

Based Spatial Clustering of Applications with Noise (DBSCAN) cluster search from

the scikit-learn package (Ester et al., 1996; Pedregosa et al., 2011) on the dataset

features: log([m2 +m1]/Mc) and log(m2/m1). These features were first standardised,

i.e. the mean was removed and data scaled to unit variance. DBSCAN then finds clusters

by grouping particles that have a minimum number of neighbours within a distance

parameter; in this search we used the default values 5 and 0.5 for these parameters

respectively. The algorithm found our three proposed classes, with a small number of

outliers, which we highlight in figure 3.3. It is clear that the distribution of the data is

invariant with different cloud masses and that the class (i) Atomistic Binaries follow a

linear trend; a line is drawn on figure 3.3 to guide the eye. It may be possible that this

trend extends to lower mass ratios for a subset of the Satellite Systems, but for now
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we consider only the Atomistic Binaries. This trend suggests that these objects follow

a power-law relation between the binary system mass (i.e. the mass accretion efficiency

of GC) and the binary mass ratio of the form

m2

m1
= 10−b/sα1/s (3.1)

where we define the mass accretion efficiency as α = (m2 +m1)/Mc. This linear trend

(in log-log space) can be approximated by a gradient and intercept of s = −1.0 and

b = −3.7 respectively, such that m2/m1 ∝ α−1.

This either indicates an underlying physical relation between mass accretion and

mass ratio for the Atomistic Binaries formed during GC, or that there are unknown

biases in our simulation method. To investigate this we considered the selection limit of

the orbit search algorithm. As described in section 2.6 we required that both components

had undergone at least one merging collision. Particles must have m ≥ 2× 10−5Mc to

be searched, therefore the smallest detectable binary system mass was 4 × 10−5Mc.

As we also imposed m2/m1 ≥ 10−3, there is a limit to the smallest secondary mass

that our algorithm will detect for a given primary mass, which we show as a dotted

line on figure 3.3. It is impossible for our orbit search to find binaries below this line.

Some binaries may exist in this ‘forbidden’ region; the cloud collapse simulations could

possibly form binaries out of unit size particles (m = 10−1Mc), or of even smaller mass

ratios (m2/m1 < 10−3). As explained in section 2.6 we are not interested in binaries

that have not undergone growth by collisions or that have secondaries well below current

detection limits. Regardless of our orbit search limits, there will always be a region in

the bottom left of figure 3.3 that cannot be occupied due to the finite size of the

computational particles in our simulations, e.g. it is impossible to have m2/m1 < 1

when all particles have unit mass m = m0.

However, we see that all binaries in our dataset are above this selection limit. This

offset is smallest in bottom right of figure 3.3; this is because the lowest system mass

in our data set is m1 +m2 = 6× 10−5Mc which is extremely close to our chosen limit

of 4× 10−5Mc. This offset from the selection limit implies that the approximate linear

trend of the Atomistic Binaries is not an artifact of the orbit search (and its system

mass/mass ratio constraints). Provided we include enough particles (Nlim) in the orbit
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search we should be able to detect all binaries in the region above the selection limit.

In section 2.8.2 we considered the effects of performing a more thorough search by

increasing Nlim from 100 to 200. Figure 2.10 shows that some additional binaries were

found but they were not outliers compared to the other systems, i.e. the offset from

the selection limit remains. Furthermore, as our orbit search is sensitive to all binaries

above the selection limit the clustering of data points in figure 3.3 is also real. If there

were more binaries in between these groups we would have found them, instead our

orbit search detected only a few outliers from the main clusters.

Alternatively, it is possible that this linear trend could be a numerical artifact of

the N -body method used in this study. Further ahead in section 3.6.2 we consider the

results of low resolution cloud collapse simulations with only Np = 104 particles. Figure

3.16 clearly shows that for these simulations the offset between the selection limit and

the detected binaries is severely reduced; this implies that the results are now limited

by the low numerical resolution. Higher resolution simulations with more particles

are required in order to verify this trend. On the other hand, if this relationship is

truly physical it implies that GC produces some binaries where the mass ratio depends

primarily on the collapse accretion efficiency. This is described by equation 3.1, with

exact coefficients that depend on the (currently approximated) slope of the trend line.

Thus this trend may provide an observationally detectable signature indicating cloud

collapse as a real formation route for binary systems.

We replot the binary system mass data once again, now separated into the different

values of particle inflation factor, f∗, as shown in figure 3.4. Furthermore we use marker

size to indicate the separation of binary components relative to the Hill radius of the

primary (equation 2.16). We see that simulations with f∗ = 30 produced the most

Observable Binary systems. For low values of f∗ the particle collisional cross section is

small, therefore a reduced number of high mass systems is explained by the low collision

rate between particles. This is supported by the systems that we do detect for f∗ = 3 &

10 mostly belonging to the low mass Atomistic Binary group. As we increase f∗ → 30,

collision rate and mass accretion efficiency increases and more high mass systems with

m1 +m2 > 0.1Mc are produced.
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Figure 3.4: A breakdown of figure 3.3 by particle inflation factor f∗. Marker
colours/shapes are the same as before, and marker size scales with relative binary sep-
aration, abin/RHill. Panels a, b, c, d show the binaries produced by simulations with
f∗ = 3, 10, 30, 100 respectively.

When f∗ = 100 the mass accretion efficiency drops back down. With high f∗

we would expect an increased collision rate, but instead we hit the limit where these

extremely large inflated particles cannot form a tight binary without colliding and

merging into single body, which removes the binary system from our dataset. To

prove this we considered the binary separation relative to the simulation particle sizes,

abin/(rf,1 + rf,2), and discovered that there is a trend for decreasing relative separation

with increasing f∗. For all f∗ = 3, 10, 30 simulations the median relative separations are

abin/(rf,1 + rf,2) = 13.9, 6.6, 3.7 respectively, as shown in figure 3.5. At f∗ = 100, our

binary systems have a median relative separation of 2.4, which implies that the binary

components orbit extremely tight when compared to the particle sizes. These particles

could easily merge, especially if there was a change in binary orbital eccentricity.

3.2 Binary sizes

To compare our data with the binary systems of Nesvorný et al. (2010) we recreated

their figure 2: a plot of the binary secondary/primary size ratio, r2/r1 = (m2/m1)1/3,
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Figure 3.5: Median binary separation relative to the particle size, abin/(rf,1 + rf,2),
for all binaries produced by clouds of a particular value of particle inflation factor f∗

(plotted with a logarithmic scale). The error-bars indicate the standard error of the
median for each distribution of binary separations, which is 1.2533 × σ/√ndata where
σ is the standard deviation of ndata data points.

against the (uninflated) primary radius r1 (figure 3.6). For consistency with their work

we only considered binaries produced by clouds with rotation X ≤ 1.0 and moderate

values of inflation factor: f∗ = 3, 10, 30. However, we found that including the f∗ = 100

binary systems did little to change the overall distribution.

Comparing the figures we note that our implementation of GC produced larger

binaries. Nesvorný et al. (2010) produced a maximum primary radius of r1 ' 400 km for

the highest cloud mass, which corresponds to a fraction (400/750)3 = 0.15 of the initial

cloud mass. In contrast the largest particle in figure 3.6 is approximately (600/750)3 =

0.5 of the initial cloud mass. As shown previously in figure 3.3, we found that GC

generally accretes a large fraction (up to 75%) of the cloud mass into a binary system,

and that this process is invariant withMc. The cloud masses investigated span 3 orders

of magnitude and if the binaries all accreted approximately the same mass fraction, the

particle sizes will also cover a wide range. This explains why we have a less uniform

distribution in r1 than Nesvorný et al. (2010). This increased mass accretion efficiency

in our implementation of GC may be a result of enhanced collision resolution. As

described in section 2.5 we tailored the timestep for each cloud to ensure collisions were

accurately detected. Nesvorný et al. (2010) used a longer, fixed timestep of 0.3 days
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Figure 3.6: Binary size ratio against primary size from our simulations, shown in a
similar manner to figure 2 of Nesvorný et al. (2010). Marker size indicates the cloud
mass (given as an equivalent size Req = 3

√
3Mc/4πρ) and colour gives the cloud rotation.

As in the original we show only the results for f∗ = 3, 10, 30.

for all cloud masses, albeit with a collision detection method that extrapolates particle

trajectories to allow for longer timesteps (Richardson et al., 2000).

Furthermore, we found a wider spread in binary size ratio, but this is to be expected

as we have included all binaries found by the deep orbit search (section 2.6). In figure

3.6 we reproduce the trend of Nesvorný et al. (2010) that most large, equal-sized binaries

were produced by clouds with rotation X < 1. In contrast we found that some X = 1

clouds were able to produce large systems, but these are all low size ratio Satellite

Systems. At the other extreme we detected binaries from X = 1 clouds with small

primaries and an equal-sized secondary: these are the Atomistic Binaries. Taking into

account the larger particles and wider variety of systems included in this study, our

implementation of GC produced a subset of systems of appreciable mass and equal-

sized components, similar to Nesvorný et al. (2010).

3.3 Binary magnitudes

We then compared our binary systems with all the observed TNBs from the Grundy

(2019) database (accessed 2 Dec 2019, 102 objects). Within this dataset there are sys-
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Figure 3.7: Primary V band magnitude against magnitude difference between primary
and secondary for binaries produced by the GC simulations. Particle masses were
converted to a spherical radius (assuming uniform density) which was then converted
to a magnitude using a fixed albedo (pV = 0.15) and distance (R = 44 AU). As
with figure 3.2, marker colour and shape indicate the initial cloud mass. The mass
ratio for a given magnitude difference is shown on the upper x axis. The vertical line
indicates the mass ratio cut off of m2/m1 ≥ 10−3 used in the orbit search algorithm.
The observed TNBs from Grundy (2019) are shown as black ‘×’s. We represent ‘special
cases’ and dwarf planets (DP) as red ‘+’s. The red circle with error-bars represents how
Arrokoth (2014 MU69) would appear if its components could be separately resolved. An
approximate empirical detection limit (Noll et al., 2008) and a lower magnitude limit
of 25 are shown as red dotted lines.

tems classified as ‘special cases’, for example the known triple system Lempo (Benecchi

et al., 2010), contact/near contact binary 2001 QG298 (Sheppard & Jewitt, 2004; Lac-

erda, 2011), and some are placeholders for known binaries with incomplete orbits. We

excluded the unusual triple and contact systems. The dynamically complex Pluto and

Haumea systems are not included in this dataset, but other dwarf planet systems such

as Eris and Makemake, plus the ‘nearly certain’ dwarf planet candidates: 2007 OR10,

Quaoar, Orcus and Salacia (Brown (2019), accessed 3 Dec 2019) are included.

Similar to figure 3 of Nesvorný et al. (2010) we evaluated the apparent magnitude of

the binary primary as a function of the primary-secondary magnitude difference for the

simulated binaries and observed TNBs (figure 3.7). We used the uninflated radii1 for the
1Similar to section 2.7, uninflated particle radius was calculated from mass m and density ρ
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primary and secondary particles, r1 and r2, to calculate an observed V band magnitude

for each binary system, using the method in appendix E. Magnitudes were calculated

at a heliocentric distance of R = 44 AU to compare with the observed TNBs, most of

which are located in the classical belt. We highlight that the GC simulations were set

up at 30 AU, therefore we have to assume that either the binaries have migrated from

their formation region, or SI and GC are not strongly dependent on heliocentric distance

(Yang et al., 2017). A geometric albedo of pV = 0.15 was used for both components,

which is the observed median albedo for Cold Classical (CC) objects (Lacerda et al.,

2014), whereas Nesvorný et al. (2010) used pV = 0.08. Furthermore, in figure 3.7 we

have included a line representing an approximate empirical detection limit where the

PSF of the primary dominates over the signal from the secondary (see section 1.5.1

and Noll et al., 2008, figure 3), and a line at magnitude mV = 25 to represent a rough

observational brightness limit (Bannister et al., 2018).

We have also added a data point that is representative of the contact binary

Arrokoth, with magnitudes calculated using the same method as the binaries above.

The volumes of the primary and secondary components are V1 = 1400 ± 600 km3

and V2 = 1050 ± 400 km3 respectively (Stern et al., 2019). To compare with the

simulated binaries we assumed that both lobes are spherical and therefore have radii

r1 = 6.9± 1.0 km, r2 = 6.3± 0.8 km. We considered the hypothetical case where these

components are separately resolved such that one can calculate a primary magnitude

and a magnitude difference. In order to make a fair comparison with our simulated

bodies we assumed the same observational parameters for distance and albedo as used

above. Compared to the true distance R = 44.6 AU and albedo pV = 0.165 (Stern

et al., 2019), the difference in magnitude is minimal.

From figure 3.7 we see that each cloud mass produced a similar distribution of

binary systems, composed of a linear ‘fan’ and a ‘clump’. For each cloud mass these

different size regimes are a result of the additional systems found by the deep orbit

search (section 2.6). The clump is composed of the Observable Binaries which have

high system mass and mass ratios. The linear fan is composed of Atomistic Binaries

and Satellite Systems. We compare this to figure 3.3 where these classes were defined

and the linear trend of the Atomistic Binaries was first noticed. It is interesting that the
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observed TNBs follow a similar linear trend as the fan, however, one would expect that

in this case it is due to detection limits and observational biases. In particular, high

cloud mass binaries in the fan lie in a similar parameter space as the observed TNBs

with large ∆mV (figure 3.7). We emphasise again that our binary data points are

above the orbit search selection limit (figure 3.3), and this implies that there is either a

physical mechanism or simulation bias causing this trend. Figure 3.3 also demonstrated

that the distribution of binary mass properties is invariant when normalised by cloud

mass. In figure 3.7 we see that each cloud mass follows a similar distribution, but with

an offset in brightness. Naturally, more massive clouds produce more massive, brighter,

binaries.

In figure 3.7 we find that the Observable Binaries from the low cloud mass and the

Atomistic Binaries from the high cloud mass are the best match to the main cluster of

observed TNBs with mV ∼ 22–25 and ∆mV ∼ 0–1 mag. In terms of having high system

mass and high mass ratios, our Observable Binaries are comparable to the binaries

detected by Nesvorný et al. (2010), where they selected the single most massive binary

from each cloud. For the Atomistic Binary systems, although they are a small fraction

of the initial cloud mass, Mc = 1.77×1021 kg is orders of magnitude more massive than

the other clouds. This is why these two binary classes from different clouds occupy a

similar size/brightness range.

In contrast Nesvorný et al. (2010) found that it was the median cloud mass that

best replicated the observed TNBs. This discrepancy arises firstly because the binaries

produced in our GC simulations are generally larger (figure 3.6), and we have used a

higher albedo. This means that our binaries are brighter, which shifts the distribution

upwards in figure 3.7, pushing our median cloud mass Observable Binaries away from

the region of the observed TNBs. Secondly, we have investigated all bound systems

produced by GC whereas Nesvorný et al. (2010) did not consider the Atomistic Binaries.

We emphasise that there are many tunable parameters in this analysis, such as

heliocentric distance, albedo and density. For example, if the material density was

decreased to 250 kg m−3 objects would appear ∼ 1 mag brighter. On the other hand,

we have not taken into account possible increases in density caused by compaction

from collisions, or differentiation due to self gravity during planetesimal formation.

Furthermore, we have shown that the distribution of relative system mass and mass ratio
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is invariant with Mc, therefore we expect that increasing/decreasing the initial cloud

mass would shift the magnitude distribution to brighter/fainter values. Depending on

the mass distribution of pebble clouds formed by SI (Li et al., 2019; Nesvorný et al.,

2019a) one could find clouds that produce binary masses with a better match to the

observed magnitudes.

Interestingly, in figure 3.7 there is a distinct clump of simulated high cloud mass

binaries that have no observational counterpart amongst the TNBs. These are objects

that would have magnitudes comparable to the dwarf planets, with a comparably sized

companion, and should be easily detected. If these objects are not observed, perhaps

these binaries are preferentially destroyed by some mechanism. For example, tidal

evolution may shrink the orbit until the components collide and merge into a single

object. An additional factor is that it is relatively rare for the green points in figure 3.7

to lie in the clump, compared to the large number of binaries in the fan (12/66 binaries

are in the clump for the high mass cloud dataset). A more likely explanation, however,

is that such high cloud masses simply never existed and therefore these objects could

not be produced by GC. First of all, most CCs are observed to have a characteristic

diameter d ' 140 km, as this marks the break from the steep size distribution of larger

objects (Fraser et al., 2014). Therefore high mass clouds produce objects that are too big

to match observations. Secondly, the SI simulations of Nesvorný et al. (2019a) produce

a maximum cloud mass of Mc ∼ 1021 kg (depending on disk parameters, appendix F).

From these estimates, we see that the highest cloud mass is probably too large to be

easily formed by SI. Therefore it seems unlikely that the high system mass, high mass

ratio clump of Mc = 1.77 × 1021 kg binaries shown in figure 3.7 can be formed via SI

and GC.

In order to remove any distance bias from the dataset of observed TNBs we also

investigated the absolute magnitude distribution of the binaries, as shown in figure

3.8. We found that there is minimal change to the overall distribution of the observed

TNBs between apparent and absolute magnitude space, as most objects are in the

classical belt and are similar distances from the Sun. The structure of the simulated

binary distribution is unchanged as we originally calculated their magnitudes at a fixed

heliocentric distance. We would therefore draw the same conclusions from analysis on

either the absolute or apparent magnitude datasets.
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Figure 3.8: The same as figure 3.7, but with all data points converted from apparent
to absolute V band magnitude, in order to remove any bias in distance of the observed
TNBs.

3.4 Binary orbital elements

The distribution of binary orbital elements produced by GC: semimajor axis abin, ec-

centricity ebin and inclination ibin, are shown in figure 3.9. These are compared to the

35 observed TNBs for which there are full orbital solutions (Grundy et al., 2019). In

that paper and also the Grundy (2019) database, the angles defining the binary orbital

elements are given in equatorial coordinates, corresponding to celestial RA and DEC

(J2000 epoch) of the orbital poles. Table 19 of Grundy et al. (2019), however, refers

to a slightly different binary inclination, which is the angle between the binary orbit

plane and the heliocentric orbit plane (see Parker et al. (2011) for the orbital pole vector

equation). For the following analysis we use this inclination for the observed TNBs as

we can compare this value to our simulated binary inclination, which is given relative

to the rotating reference frame xy plane (i.e. relative to heliocentric orbital inclination

of the pebble cloud).

In figure 3.9 we see that each cloud produces a wide spread of orbits, spanning the

full range of eccentricity and inclination. There is a trend for larger binary semimajor

axis with increasing cloud mass, which is primarily caused by the longer mean free
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Figure 3.9: Binary orbital parameters for the simulated binaries, compared to the 35
observed TNBs (black ‘×’s) with full orbit solutions (Grundy et al., 2019, Table 19).
Again, marker shape/colour represent the cloud masses (figure 3.2), but here we use
larger, bolder points are to highlight systems with m2/m1 > 0.1 and (m2 +m1)/Mc >
0.1, i.e. the Observable Binary systems. The smaller, fainter points represent all other
systems in the dataset, i.e. the Satellite Systems and Atomistic Binaries. The faint grey
line at ibin = 90◦ divides the prograde and retrograde systems. The red line indicates an
approximate HST resolution of 75 milliarcsec (Noll et al., 2008) at a distance of 44 AU,
i.e. 2.4× 106 m. In reality, resolution of a binary also depends on the sky projection of
an orbit.

path of particles in more massive clouds. We have highlighted the orbital properties of

the Observable Binaries with bold markers. These objects are analogous to the binary

systems found by Nesvorný et al. (2010); they generally have low prograde inclinations

and low to moderate eccentricities.

We then reproduced figure 1 of Grundy et al. (2019), a polar plot of binary mu-

tual inclination on the azimuthal axis against the relative separation (abin/RHill) on the

radial axis for the 35 observed TNBs with full orbit solutions (figure 3.10). For com-

parison we have included our simulated binary systems, where RHill was calculated at

ahel = 30 AU (equation 2.16), which is the formation distance of binaries via GC in this

study. GC does not reproduce the tightest TNBs, i.e. those with log(abin/RHill) < −2.

This could once more be due to the biases in the simulation caused by particle inflation

f∗ preventing close systems from forming (section 3.1, figure 3.5). Or it may be that

that the systems produced by GC evolve onto tighter orbits after formation. As pointed

out by Nesvorný et al. (2019a) Kozai Cycle Tidal Friction (KCTF), which leads to the
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Figure 3.10: Binary mutual orbit inclination against semimajor axis relative to the Hill
radius, recreated from figure 1 of Grundy et al. (2019). We overplot with the binary
systems from our simulations using the same marker shapes and colours as figure 3.2 to
represent cloud mass. As in figure 3.9 the larger, bolder points highlight the Observable
Binary systems and the observed TNBs are black ‘×’s.

tightening and circularisation of orbits (Porter & Grundy, 2012), can be particularly

strong for wider binaries above a critical separation abin/RHill > 0.1 at inclinations of

ibin ∼ 90◦. This could explain what would happen to the excess of wide, high inclination

objects in our dataset, compared to the dearth of observed TNBs with such orbits in

figure 3.10, over the long period of time after their formation.

In the simulated binary dataset 29% of systems have retrograde orbits. In compari-

son, the observed TNBs have 20% retrograde orbits (Grundy et al., 2019), although we

note that the majority of the simulated binaries lie outside the observational limits in

figure 3.7. When we consider only the Observable Binaries, highlighted in figures 3.9 &

3.10, these systems have a 100% prograde, low inclination distribution. Assuming that

they formed via GC, the observed TNB inclination distribution is a combination of the

inclination of pebble clouds formed by SI, and the subsequent ∼ 4 Gyrs of Solar System

evolution. The simulated binary inclinations are given relative to the SI pebble cloud

rotation (always given by the ẑ axis), i.e. we have not taken into account that ∼ 20%

of pebble clouds generated by SI rotate retrograde, and so would any binaries (that we

would classify as observable) that formed from them (Nesvorný et al., 2019a). This is

because the findings of Nesvorný et al. (2010) showed that the inclination of binaries

produced by GC was low and prograde relative to the collapsing cloud. This observation

was used by Nesvorný et al. (2019a) to directly equate the obliquity of a pebble cloud
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Figure 3.11: Relation between the binary orbital parameters (eccentricity and inclina-
tion) and the binary mass parameters. Normalised system mass is shown on the x axis,
and mass ratio is represented by marker size. Marker shape and colour denote cloud
mass (same as figure 3.2).

formed by SI to the inclination of the binary system that is formed by GC of that

cloud. To directly compare our simulated binary orbits to the observed TNBs in figure

3.10 we would need to apply the SI cloud inclination distribution and the effects of post

formation evolution. This would include not only KCTF, but also the collisional and

close encounter history, which could alter or destroy the binary orbit after its formation

(Nesvorný et al., 2011, 2018b; Parker & Kavelaars, 2010, 2012; Brunini & Zanardi, 2016).

Figure 3.11 demonstrates how the binary orbital elements scale with the binary mass

parameters. There are a large number of high eccentricity (ebin & 0.5) and retrograde

(ibin > 90◦) orbits in our dataset, whereas in figure 5 of Nesvorný et al. (2010) there

is a preference for lower eccentricities and only prograde systems. In general these

more excited orbits occur for the lower mass binaries (m1 + m2)/Mc . 0.1, i.e. these

are the additional Atomistic Binaries detected by the deeper orbit search in this work.

Furthermore, at higher system masses the high ebin and ibin systems have small mass

ratios m2/m1 . 0.1, i.e. they are the Satellite Systems where a small companion has

been captured around a larger body.

For the complete dataset of 188 simulated binary orbits, 71% of systems are prograde

(median inclination = 32◦) and 29% are retrograde (median inclination = 123◦). In

contrast to the observed TNBs of Grundy et al. (2019) we found no obvious trend for
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wide binaries to have low inclinations, however, as mentioned above we have presented

a distribution for the time of formation in the rotating reference frame of the pebble

cloud undergoing GC. When we considered only the simulated binary systems with

m2/m1 > 0.1 and (m2+m1)/Mc > 0.1 (i.e. the Observable Binaries), all 35 are prograde

and these systems had a median inclination of 3.5◦ (figure 3.10). Furthermore, figure 3.9

shows that the Observable Binaries generally have only moderate eccentricities. These

properties agree with Nesvorný et al. (2010, 2019a), in which GC produces prograde

systems with low inclination relative to the rotation of the cloud and ebin < 0.6.

3.5 Gravitational collapse high multiplicity systems

As shown previously in figure 2.7, the GC simulations produced a number of Nsys > 2

bound systems. In this section we incorporate these systems, which make up 16%

of our dataset, into our analysis and assess their properties compared to the regular

binaries investigated thus far. In figure 3.12 we provide a snapshot look at all the high

multiplicity bound systems produced by the GC simulations. From this we can quickly

see that most multiple body systems are in a circumbinary configuration, i.e. an inner

bound pair with an additional particle on an outer orbit.

We consider the ‘main’ orbit in each multiple system, i.e. the orbit between the two

most massive particles, and assess their mass ratios as a function of separation (figure

3.13). These orbits have been categorised by their semimajor axes as either being the

outermost orbit in the multiple body system, or existing interior to another orbit. As

would be expected for a possible circumbinary system the innermost orbits in figure

3.13 have a low relative separation, most inner orbits have abin/RHill . 0.1, and the

outer orbits are wider. For the most part, only the tight inner orbits display higher

mass ratios of m2/m1 & 0.1, whereas the wider separation outer orbits all have low

mass ratios. This indicates that in general the inner binary orbit of a multiple system

is more likely to exist as a similar size, tight binary pair, which is orbited by a distant,

low mass outer satellite. Considering the Nsys = 3 triple body systems, the median

mass of the main orbit (mmain = m1 + m2) is a fraction 0.998 of the total mass of the

triple (msys = m1 + m2 + m3). The mass of the third body that we have chosen to

ignore in this analysis would change the total magnitude of the triple system by only
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Figure 3.12: All multiple-body systems, plotted in the XY plane of the heliocentric
frame relative to the main primary. Marker colour indicates particle mass relative to the
most massive particle, defined as m/M . Larger markers have a bound companion. All
systems contain Nsys = 3 bodies, except the last three panels in the bottom row which
have Nsys = 4. The outer-most bodies in the Nsys = 4 systems are low mass relative to
the primary, with similar masses (and therefore colours) to each other. There is a wide
range of orbital separations, as such each panel is plotted on a different length scale.
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Figure 3.13: Mass ratio against relative separation, for the orbit between the two most
massive particles in each of the multiple-body systems from figure 3.12. The marker
shape and colour indicates whether or not this particular orbit is the inner most orbit
of the nested multiple-body system.

∆mV = 5 log
(
[msys/mmain]1/3

)
= 0.001 (equation E.4), therefore analysing only the

main orbit in a multiple system is generally a good approximation.

3.5.1 Mass properties of high multiplicity systems

In figure 3.14 we replot the data from figure 3.3, but now include data points that

represent what a multiple system would look like as a binary, if we considered only the

properties of the two most massive particles in the system. We made this assumption

as we have shown above that most multiples in our dataset are in a circumbinary

configuration, where a tight inner binary is orbited by a more distant satellite. It is

likely that such a system could initially be discovered as a binary, as the inner pair may

be unresolved, or that a faint, distant satellite goes unnoticed. With further observation

it could be revealed that what appears to be a binary is actually a multiple-body system,

for example 1999 TC36 Lempo (Benecchi et al., 2010).

When we compare figures 3.3 & 3.14 we see that the multiple systems fall into

the mass range of the Observable Binaries and Satellite Systems, i.e. the main orbit

of a multiple-body system contains a reasonable fraction of the collapsing cloud mass.

The mass ratios between the two largest bodies, however, span the full range of possible

values. Multiple-body systems appear to bridge the gap between the two classes, adding

to the population of outlier points that form the original DBSCAN cluster search. We
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Figure 3.14: The data from figure 3.3 is replotted, but now including data points rep-
resentative of the high multiplicity Nsys > 2 bound systems. For these systems we plot
the total mass and mass ratio for the two largest particles in the bound system, and they
are highlighted by large, bold markers. The binary systems from figure 3.3 are included
as small, faint background points. When we perform a DBSCAN cluster search on all
data points only two clusters are detected compared to the three in figure 3.3. These
clusters are highlighted by coloured lines joining the boundary points.

repeated the DBSCAN cluster search for both binaries and multiples using the same

parameters as before (section 3.1), and found that classes (ii) and (iii) were instead

detected as a single cluster.

3.5.2 Magnitude properties of high multiplicity systems

We also replotted the binary magnitude distribution from figure 3.7, now with the main

orbit of each Nsys > 2 multiple-body system, as shown in figure 3.15. As expected

from figure 3.14 the high multiplicity systems span the parameter space associated

with the Observable Binaries and the Satellite Systems for each cloud mass. Hence

observationally it is possible that one would detect these two classes as a single grouping,

although we note that the high multiplicity systems more frequently have either high

or low m2/m1 than median mass ratios. Thus these systems would likely fall into

the Observable Binary and Satellite System categories anyway. Therefore there could

well be observed TNBs in this parameter space, disguised as binaries, that are actually
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Figure 3.15: The magnitude properties of the binaries are plotted similar to figure 3.7,
but now we include the Nsys > 2 systems. As in figure 3.14 the binary systems from the
original figure are represented by small and faint markers, the multiple-body systems
are large and bold.

host to multiple bodies. This implies that if there are observed TNBs that have an

intermediate magnitude difference, 1 . ∆m . 3, these objects may be good candidates

for hosting additional components. Given that 16% of systems produced by GC in this

study are high multiplicity, these objects should not be uncommon, assuming that they

survive further evolution to the present day with similar survival rates to the binary

systems.

Future work should consider further dynamical integration to investigate the sta-

bility of such systems over longer timescales to the present day. Collisions between

components may change the mass ratios, a component may be ejected, or the system

could be destroyed altogether.

3.5.3 Comparison to (47171) 1999 TC36 Lempo

As described by Benecchi et al. (2010) and Correia (2018), 1999 TC36 Lempo (referred to

as component A1) was found in 2002 to be host to a fainter companion Paha (component

B), thus classifying it as a TNB system. Continued observation allowed Benecchi et al.

(2010) to definitively confirm the presence of a third, more massive and closer, object
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in the system Hiisi (component A2). The total system mass is msys = 12.75× 1018 kg,

with mass ratios mA2/mA1 = 0.8 and mB/mA1 = 0.1. It is a distinctive property of the

Lempo system that all of its components are roughly similar sizes, and that the inner

components are near identical. As shown in figure 3.2, GC can easily produce the mass

and mass ratios of the individual orbits within the Lempo triple system. This system

mass is too large to be produced by our low cloud mass GC simulations, but it is only

20% of the median cloud massMc = 6.54×1019 kg, an accretion efficiency that is easily

achieved by GC. The mass ratios are consistent with the binary systems produced by

GC, however we note that in figure 3.13 our multiple systems have a maximum mass

ratio of around 0.5.

We also consider the orbital properties of the system. A2 orbits A1 on a tight,

relatively circular orbit, (aA2 = 867 km, eA2 = 0.10), and component B is more distant

and eccentric: aB = 7411 km, eB = 0.29. These relatively low eccentricities are easily

formed for such system masses and mass ratios via GC (figure 3.11). Furthermore the

two orbits are inclined by ∼ 10◦ to each other, which is again within the parameter space

typical of GC. As shown in figure 3.9 our simulations are unable to produce an orbit as

tight as A2, but as explained previously this is likely due to numerical limitations (e.g.

particle inflation factor f∗, section 3.4). Binaries formed by GC may in reality scale all

the way down to such small separations, or if they do form wide, evolutionary processes

such as KCTF may act to tighten the orbit (Porter & Grundy, 2012).

Although we have shown that GC can form each orbit (A1-A2 and A1-B) separately,

the high multiplicity systems in our dataset do not reproduce the high mass ratio of

components A1 and A2. Therefore we cannot conclude that it formed spontaneously as

a triple system during GC. Instead our results support the theory that the Lempo triple

formed initially as a binary system (Benecchi et al., 2010), most likely via GC which

can easily form a binary system with the observed properties. After its formation this

binary could then have captured a small outer satellite, for example via the dynamical

L2s and L3 mechanisms (Goldreich et al., 2002), thus forming the triple system.
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3.6 Simulation limitations

There are certain limitations to modelling GC, as originally discussed by Nesvorný et al.

(2010). The use of the particle inflation factor f∗ is necessary to increase the collision

rate in the GC simulation. In reality, the collision rate of the pebble cloud would be

high due to the high number density of particles, however, when simulating GC we

are limited to using a smaller number of computational particles. The use of f∗ can

be problematic. Firstly, as discussed in section 3.1, it severely limits the minimum

separation of binary systems that can be formed. Tight systems have a tendency to

merge into a single planetesimal due to the size of the particles. Secondly, the size

inflation means that the particles are unrealistically large and low density. Inflated

particle density is given by ρ∗ = ρ/f∗3, therefore when f∗ = 100, ρ∗ = ρ× 10−6 !

It has also been assumed that the effects of gas drag are negligible for these binary

formation simulations. The presence of gas is required for the initial formation of the

cloud via SI, however, Nesvorný et al. (2010) showed that the collision timescale of a

particle during GC dominates over the aerodynamic stopping time, therefore the effects

of the gas can be safely ignored. In addition they claimed that gas drag should not

significantly affect the binary orbits over the timescale before gas disk dispersal. With

the current interest in the CC contact binary, Arrokoth, McKinnon et al. (2019) and

Umurhan et al. (2019) state that this assumption may need to be revisited, especially

when investigating the long-term evolution of binary systems into contact binaries.

3.6.1 Cloud initial conditions

These GC simulations may also be limited by the simplicity of the pebble cloud model.

We have followed Nesvorný et al. (2010) in using a uniform spherical approximation

of the pebble cloud formed by SI. These conditions were originally chosen as hydrody-

namical simulations of the SI are generally not high enough resolution to resolve the

properties of the extremely dense particle clumps. In reality, SI is a more elaborate

process and the mass/velocity/angular momentum distributions are more complex. For

example, one would expect that mass is generally more concentrated in the centre of

the pebble cloud as opposed to a uniform distribution. The SI simulations of Nesvorný

et al. (2019a) and Li et al. (2019) produce particle clumps with a decreasing radial mass
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distribution within the Hill sphere of the clump. Furthermore, the shape of the cloud is

likely stretched by the local shear forces and would be more ellipsoidal. This increased

central density could lead to faster collapse times in the centre of the cloud compared to

the outer regions, and an ellipsoidal cloud would have more initial angular momentum,

both of which could effect the properties of any binaries formed. Future work of GC

simulations should investigate these more complex initial conditions.

High resolution hydrodynamic simulations have shown that there are mass limits

to the pebble clouds formed by SI. Nesvorný et al. (2019a) find an upper limit to the

clouds formed, and Li et al. (2019) provide evidence of a turnover at low clump masses

(appendix F). For the high resolution ‘Run I’ in Li et al. (2019), there is indication

of a turnover in the mass distribution of clumps produced by SI at 5 × 1017 kg, where

the distribution peaks. The simulations of Li et al. (2019) and Nesvorný et al. (2019a)

suggest that the maximum cloud mass produced by SI is 2 × 1020–1 × 1021 kg. In our

simulations, the low and median cloud masses lie between these lower and upper bounds,

and we see now that the highest cloud mass looks unlikely to form by SI. Our results

support that there is an upper limit on cloud mass; the high mass clouds produce binary

systems that are not observed (figure 3.7) and we will show in section 4.4.1 that a high

cloud mass produces an overabundance of observable single planetesimals. Given the

turnover and peak in frequency around 5×1017 kg it would be wise in future work on GC

to probe lower cloud masses. At low cloud masses we would expect a higher formation

rate of low mass systems, comparable to the components of Arrokoth. A cloud mass of

5 × 1017 kg is still relatively large compared to our estimate for the mass of Arrokoth,

however, we have shown that GC can easily produce binaries with low system masses

relative to the initial cloud mass (figure 3.3).

3.6.2 Numerical resolution

For simulations composed entirely of active particles with accurate collision detection

one cannot significantly increase the number of particles beyond Np > 105 with current

computational resources (Timpe et al., 2020). Despite the strong scaling of the REBOUND

code, increasing particle number leads to simulations that take too long to run within

the project timescale. Instead, we tested the numerical robustness of our simulations

by presenting a set of lower resolution Np = 104 GC simulations and comparing the
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results to see if they have converged, and that we therefore have adequate numerical

resolution.

We repeated the analysis used to produce the results for Np = 105 as presented in

chapter 3, but now for the Np = 104 runs. First of all we found that the efficiency

of producing binary systems was reduced. After further dynamical evolution only 173

bound systems were produced for a dataset of 144 collapsing clouds, compared to 223

bound systems in the original dataset. Similar to the main results, the majority (92%)

of these systems were binary pairs. This is a reduction in the number of independent

bound systems formed, but as in the main results it is still possible for a single cloud

to produce several bound systems; ∼ 1.2 systems per cloud on average.

We also found that the binaries produced by low resolution simulations have largely

the same mass and orbital properties as the main results. In figure 3.16 we show the

relation between the binary system mass and mass ratio for these runs. This plot may

be compared to figure 3.4 in the main results, and one can see that the distribution is

generally the same. A wide range of systems were produced, but in these simulations

there is less obvious clustering of binary systems into three distinct groups. Furthermore,

the least massive systems produced by the low resolution runs are roughly one order of

magnitude more massive than those produced by the Np = 105 simulations. This is to

be expected as the low resolution initial particle mass is one order of magnitude bigger.

The selection limit of our orbit search for the low resolution simulations, which

takes into account the larger initial particle mass and our chosen mass ratio cut-off

(m2/m1 = 10−3), is also shown in figure 3.16. This selection limit is higher than in the

main dataset and the data points lie closer to this line than before in figure 3.3. This

indicates that the lowest system mass/mass ratio binaries are less well resolved than in

the main runs and that any linear trends in figure 3.16 are most likely caused by our

method of searching for orbits and limited numerical resolution.. This highlights that

high numerical resolution is essential for analysing the smallest binaries one can resolve

with these simulations, which is particularly important for the study of small additional

binary systems such as Arrokoth (as will be discussed further in section 4.4.2). The

lower resolution runs show a similar trend in dependence of binary mass properties

on particle inflation factor f∗, whereby f∗ = 30 is the most efficient producer of high

mass/high mass ratio systems.
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Figure 3.16: A log-log plot of binary system mass normalised by cloud mass (indicated
by marker and colour) against the binary mass ratio for the Np = 104 dataset. As
in figure 3.4, the dataset has been split by the particle inflation factor f∗. The orbit
search selection limit for Np = 104 is included as black dotted line. Marker size indicates
binary separation. The Np = 105 data and selection limit from figure 3.4 are included
as faint grey ‘+’s and a faint dashed line respectively.

As shown in figure 3.17 the low resolution binary orbits show a similar distribution

of binary separations, eccentricities and inclinations when compared to the main results

in figure 3.9. The binaries cover a wide range of orbital parameter space, with the high

mass/high mass ratio systems (highlighted) in general having lower eccentricity and

low prograde inclination. Similar to the main results the large spread in ebin and ibin

comes primarily from the additional low mass/low mass ratio systems that our deep

orbit search detects.

Overall we find that the Np = 104 simulations are a good approximation for the

higher resolution runs completed in this work, provided we are interested only in the

most massive binary systems produced in each cloud. This is reassuring, as if the

results are largely similar it implies that the simulations are generally unaffected when

going from Np = 104 to Np = 105. Therefore in this numerical framework the fiducial

Np = 105 simulations should be sufficient for the investigation of binary formation via

GC, when comparing results to currently detectable binary systems.
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Figure 3.17: Distribution of the binary orbital elements (aei) for the Np = 104 dataset.
Similar to figure 3.9 binaries withm2/m1 > 0.1 and (m2+m1)/Mc > 0.1 are highlighted
with larger, bolder markers. The observed TNBs (Grundy, 2019) are shown as black
‘×’s and an approximate HST resolution limit is shown as a red line.

As discussed in section 3.6.1 any future work should consider exploring a wider

range of cloud initial conditions, for example non-spherical cloud mass distributions.

Given the significant speed increase in running lower numerical resolution runs (scales

as O(N logN)), and the similarity to higher resolution results, we suggest that one

should start by exploring the wider parameter space with Np = 104 simulations. The

most interesting initial cloud conditions could then be probed in more detail with higher

resolution simulations. It must be noted, however, that one of the intriguing results of

this work is the large number of additional low mass ratio binaries produced during GC,

and that lower resolution simulations are less suitable when exploring this particular

aspect (section 4.4.2).
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Chapter 4

Contact binaries via GC: collisions

and Kozai cycles

Two can be as bad as one

It’s the loneliest number since the number one
Harry Nilsson, One

Imaging from the New Horizons flyby of Arrokoth (2014 MU69) in January 2019 re-

vealed this small object to be composed of two distinct, similar sized lobes in a contact

binary configuration. It is highly likely that Arrokoth’s bi-lobate shape is primordial

and, as discussed by Stern et al. (2019), one of the favoured explanations is the for-

mation of Arrokoth via Gravitational Collapse (GC). This mechanism provides a path

for producing bound planetesimals with near equal masses, in a low velocity collisional

environment.

Our results have shown that GC is an extremely efficient method of producing binary

systems with a range of properties. Stern et al. (2019) comment that GC easily forms the

nearly equal size ratios of an Arrokoth-like object, with low merger speeds (Nesvorný

et al., 2010; Fraser et al., 2017), albeit for higher mass systems (see also Umurhan

et al., 2019; McKinnon et al., 2019). As pointed out by Nesvorný et al. (2018a) whilst

discussing the formation of comet 67P/Churyumov–Gerasimenko, Simon et al. (2017)

provide evidence that Streaming Instability (SI) may scale down to produce less massive

(smaller than < 100 km scale) objects via GC. High resolution simulations of SI by Li

et al. (2019), suggest that there could be a peak in the mass distribution of clouds

82



formed by SI at ∼ 5 × 1017 kg (appendix F), implying that clouds with masses lower

than this may be less common.

In figure 3.7 we demonstrated that GC can produce both large and small binary

systems from a single pebble cloud, including those that are equivalent to the masses

of the components of Arrokoth. Therefore we do not need to rely entirely on clouds

formed by SI scaling all the way down to masses similar to Arrokoth; with GC small

binaries can be produced in parallel to the larger TNBs. It has also been pointed out

that Arrokoth has an extremely high obliquity of 98◦ (Stern et al., 2019), and that

it would be uncommon to produce such an inclined orbit via GC (McKinnon et al.,

2019). As shown in figure 3.11, the small mass binary orbits in our dataset are not

constrained to have low prograde binary orbits. Rather, our simulations produce just

as many perpendicular orbit binaries as those with low inclinations, for systems in the

mass range of Arrokoth. This could perhaps explain the origin of Arrokoth’s obliquity.

Whatever way it formed (GC or otherwise), a low mass proto-Arrokoth binary system

would have to subsequently evolve into a contact binary. We note that GC favours

formation of binaries with an initial wide separation, typically abin ' 0.2RHill (figure

3.10). As discussed by Stern et al. (2019) and McKinnon et al. (2019), the binary

system would have had to lose angular momentum in order for the components to come

together.

In this chapter we first consider how a contact binary might form during GC, e.g.

via a gentle merging collision and/or KCTF. Other mechanisms, such as the removal

of binary orbital angular momentum via ejection of a bound body (Stern et al., 2019)

(which are certainly possible given that our GC simulations produce high multiplicity

systems, section 3.5) or collapse of a binary during heliocentric migration (Nesvorný

et al., 2018a), are left for future work. We then considered how the number of bound

systems within the cloud changed over the course of GC, as each of these systems are

potential proto-contact binary systems. Finally we estimated the mass of pebble cloud

most likely to generate a binary system with a mass similar to Arrokoth.
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Figure 4.1: The KDE probability density distribution of the median collisional velocity
for all recorded collisions with t > 50 yrs, for each GC simulation. Linestyle and colour
denote cloud mass. The median value of each distribution is denoted by a vertical line.

4.1 Formation of contact binaries via gentle collisions

McKinnon et al. (2019) suggested that a contact binary could form directly via the

collision of two bodies during cloud collapse. As was shown in figure 2.4, the mean

particle velocity in the collapsing cloud depends on cloud mass and changes as a function

of simulation time. There is an initial phase of low velocity cloud contraction, the

velocity peaks as the cloud collapses, and then relaxes slightly as particles are ejected.

To investigate the collisional environment we analysed the collision logs (section 2.4) of

each simulation. For each collapsing cloud the median collisional velocity for all recorded

collisions with t > 50 yr was calculated. In this case only the behaviour in the second half

of the simulations was considered, in order to gauge what the collisional environment is

like after the initial cloud collapse and particle growth phase. The distribution of these

median collisional velocities, grouped by initial cloud mass, is shown in figure 4.1.

The probability density distribution was calculated for each cloud mass using the

technique of Kernel Density Estimation (KDE) as implemented in the scikit-learn

package (Pedregosa et al., 2011). KDE can be used to estimate the underlying Proba-

bility Density Function (PDF) of a variable, and may sometimes be more representative

than a histogram where choice of bin edge/size may affect the perceived distribution.

Essentially, a kernel function is placed at each point in the distribution and the sum

of these kernels gives the total distribution. In figure 4.1 a gaussian kernel was used
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and one must choose the bandwidth, a parameter which controls the ‘smoothness’ of

the final distribution. Silverman’s rule of thumb is a good choice of bandwidth, h, for

gaussian-like distributions (Silverman, 1986) and is given by

h = 1.06σdatn
−0.2
dat (4.1)

where σdat is the standard deviation of a dataset of length ndat. The bandwidth was

calculated for the median collisional velocity distribution of each cloud mass and was

used to plot the appropriate KDE. As shown in figure 4.1 the distributions peak at

collisional velocities of ∼ 5, 10, 30 m s−1 for the low, medium and high cloud masses

respectively.

Collisional velocity is inversely proportional to cloud mass and this can be under-

stood through the free fall time (equation 2.10). For our initial conditions cloud bulk

density is the same for all cloud states, therefore the free fall time (i.e. time taken to

collapse) is fixed. The lowest cloud masses are physically smaller; therefore if all clouds

collapse in the same time, the rate of contraction in low mass clouds is the slowest.

As such, particles in low mass clouds generally have lower velocities, and so collisions

between the particles are slower also.

If the collisional velocity is low enough then a gentle merging collision may occur,

possibly producing a contact binary with distinct lobes similar to Arrokoth. In general,

merging collisions (where there is minimal mass loss) are possible when the collisional

velocity is less that the mutual escape velocity of the colliding bodies vcoll < vesc (Lein-

hardt & Stewart, 2012; Jutzi & Asphaug, 2015; Mustill et al., 2018). The escape velocity

of Arrokoth is given by

vesc = (2GmA/rA)1/2 (4.2)

however as New Horizons was a flyby manoeuvre, and the lobes were in contact as op-

posed to a binary orbit, the density and exact mass of Arrokoth are currently unknown.

Using the observed volumes of Arrokoth’s lobes, VA = V1 +V2, we calculated an equiva-

lent spherical radius of rA = (3VA/4π)1/3. Assuming a characteristic cometary density

of 500 kg m−3 up to the fiducial 1000 kg m−3, a mass range of mA = 1–2× 1015 kg was

calculated. The escape velocity of Arrokoth is therefore vesc = 4–6 m s−1.
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For Arrokoth, vesc is comparable to the median collisional velocity of the lowest cloud

mass, although ∼ 17% of collisions in the median cloud mass also have vcoll ≤ 5 ms−1

(when t > 50 yrs). If we consider only the collisions between particles with masses

m1 +m2 < mA the median collisional velocities are even smaller; ∼ 2 & 6 m s−1 for the

low and median cloud masses respectively. Therefore collisions in these clouds would

frequently be merging for Arrokoth-mass particles. When summarising possible contact

binary formation mechanisms, Thirouin & Sheppard (2019b) listed formation via GC

and gentle mergers as separate models. Our results suggest that these two models

can be intimately linked, whereby low velocity gentle mergers readily arise due to GC.

We have already shown that the GC simulations of the lowest cloud mass are able to

produce binary systems comparable to the mass of Arrokoth (figure 3.7). Combined

with the low collision velocities, we therefore claim that GC of pebble clouds of mass

Mc . 4.2×1018 kg appear to be good candidates for producing an Arrokoth-like system

via a gentle collisional merger. It should be noted however that for the median and high

cloud masses, particles as small as Arrokoth are beyond the numerical resolution of our

simulations (see section 4.4.2).

The detailed analysis of the collision of Arrokoth’s components, for example de-

formation of the bodies during collision, is beyond the scope of this work. However,

smoothed-particle hydrodynamic studies such as Jutzi & Asphaug (2015) and Sugiura

et al. (2018) indicate that there are impact parameters at these low velocities where

collisions can retain the shapes of the colliding bodies. Furthermore, if SI and GC does

indeed scale down to lower cloud masses to form Arrokoth as implied by Stern et al.

(2019), from the trend in figure 4.1 one would expect collisional velocity to also de-

crease. The collisional environment in these low mass clouds would then be even more

conducive to formation of a contact binary via a gentle merger.

4.2 Kozai cycles and tidal evolution

After performing the additional dynamical evolution, as described in section 2.7, it was

found that many of the binary systems were undergoing Kozai-Lidov oscillations. The

Kozai mechanism occurs for binary orbits perturbed by a distant massive object, in this

case the Sun. Kozai results in oscillations between binary eccentricity and inclination,
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Figure 4.2: Dynamical evolution of an example binary with a mass ratio of m2/m1 =
0.77 and system mass msys = 8.46× 1015 kg, similar to our estimates for the Arrokoth
system. On the left we show the evolution in binary semimajor axis (panel a), eccen-
tricity (panel b) and inclination (panel c) over 104 yrs. The passage of time is indicated
by the colour scale. On the right we show the evolution in ebin, ωbin phase space (panel
d). Panels b and c show clear Kozai cycles in ebin, ibin, with corresponding libration of
ωbin around 270◦ in panel d. We mark the point corresponding to the mean value of
ebin = 0.62 and ωbin = 270◦ with a black ‘+’.

connected by the conserved z component of the orbital angular momentum Kozai (1962)

Lz =
√

(1− ebin) cos(ibin) = const (4.3)

Therefore when ebin increases, ibin decreases and vice versa. As an example, in figure 4.2

we show the orbital evolution of a binary system from our dataset that has a comparable

system mass to Arrokoth (only a factor of ∼ 4 times more massive) and a near identical

mass ratio. We estimated the mass ratio of Arrokoth from its size ratio

m2

m1
=

(
r2

r1

)3

(4.4)

assuming equal density components and using the spherical sizes from section 3.3, which

resulted in (m2/m1)A = 0.76. In figure 4.2.d we prove that Kozai oscillations are

occurring in this binary by showing the orbital evolution in eccentricity–argument of

87



pericentre (ebin, ωbin) phase space (Wan & Huang, 2007). For a regular binary orbit

ωbin would circulate from 0–360◦, however for an orbit in the Kozai resonance ωbin

oscillates (librates) around a particular value. In this example ωbin is librating around

270◦.

The peaks in eccentricity during Kozai oscillation lead to close approach of the

components at the binary orbit pericentre, qbin = abin(1− ebin). In reality, during these

close approaches tidal forces between the binary components would dissipate energy

which shrinks and circularises the orbit. This is known as the Kozai Cycle Tidal Friction

(KCTF) mechanism as described by (Porter & Grundy, 2012). The rate of KCTF

evolution is strongly dependent on orbital eccentricity and can occur rapidly compared

to the overall lifetime of the binary system; the Kozai cycle timescale for known TNBs

is 103 – 106 yrs (Brunini, 2020). However, in our simple implementation to test the

stability of the bound systems produced via GC (section 2.7) we were focused on only

the point mass dynamical evolution within each system. Any dissipative effects were

ignored and the simulations simply followed the point mass evolution of the binary-Sun

system; hence there was no significant change in abin during the dynamical evolution

of the binary systems (e.g. figure 4.2.a). Including evolution via KCTF could lead to

the formation of a contact binary from such systems. The binary may collapse into a

contact configuration either due to ebin becoming high enough that the orbit pericentre

is less than the combined particle radii, or enough energy is tidally dissipated such that

the components spiral tighter and tighter until they make contact. This mechanism has

already been suggested as a possible formation mechanism for the supposed multitude of

close/contact binaries in the TNO region by Thirouin & Sheppard (2018) and Thirouin

& Sheppard (2019b).

In this work we have found that Kozai cycles are common amongst the binaries

produced by GC at a heliocentric distance of 30 AU. Kozai oscillations in initially

circular orbits can only activate for a critical binary orbit inclination range, 39.2 <

ibin < 140.8◦ (Kozai, 1962), but these constraints are loosened for non-circular orbits

(Porter & Grundy, 2012). We have shown that GC produces orbits with values of

ebin & ibin within the range vulnerable to Kozai oscillations (figure 3.9). It was noted

that such oscillations were frequently occurring during the further dynamical evolution

of the binaries and we would expect these systems to be affected by KCTF over the
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course of Solar System history. Moreover we have shown a concrete example of Kozai

evolution in a binary produced via GC with similar mass and mass ratio to Arrokoth

(figure 4.2). Future work should investigate this as a potential formation mechanism for

contact binaries by including the dissipative effects of KCTF and searching for collisions

between components.

4.3 Evolution of the number of binaries

The results thus far have shown that binary systems are readily formed via GC and

could be precursors to TNO contact binaries. However, a limitation of our work is that

we have focused entirely on the systems of bound particles within the simulation box

at t = 100 yrs. We have assumed that this single snapshot at the end of the simulation

is reflective of the entire process of GC. Therefore we now evaluate how the number of

bound systems formed during GC evolves over the course of the simulation. Additional

bound systems could form and then be destroyed by collisions or close encounters, or

perhaps be ejected from the cloud which means we would lose them due to our boundary

conditions (whereby particles are removed when they leave the simulation box). Any

additional binary systems that are found may provide more chances of forming contact

binaries early during cloud collapse.

Looking at the whole GC process (e.g. figure 2.2 and the animation in appendix A.1)

the cloud generally fragments as it collapses, forming multiple dense particle clusters.

The vast majority of the initial cloud mass ends up in a dense central cluster, where

most of the massive binary systems are formed. Although not as massive, there also

exists sub-clusters of particles that can contain a moderate fraction of the cloud mass,

and may even host small binaries themselves. These small clusters could be a potential

formation mechanism for an Arrokoth-like object; if this low mass clump of particles

were to collapse it could form a low mass binary.

A DBSCAN cluster search (Pedregosa et al., 2011) was conducted to find spatial

clustering of particles in xyz space part way through an example simulation. Similar

to the cluster search in section 3.1 we used standardised features, now with a distance

parameter of 0.1 and 10 nearest neighbours. The results are shown in figure 4.3;

there can be several dense concentrations of particles within the simulation box at a
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Figure 4.3: A plot of all particles in an example collapsing cloud simulation (f∗ = 3,
X = 0.5, Mc = 4.19× 1018 kg) part way through collapse (t = 55 yrs), highlighting the
existence of dense clusters. Clusters were identified using DBSCAN. The Hill radius
representing the mass of all particles in each DBSCAN cluster is shown as a red circle.
The same colour and size scales as figure 2.2 were used to represent particle masses.

given time. These smaller clusters lie far from the gravitational influence of the cloud

core (approximated by the Hill radius in figure 4.3), and instead their trajectories are

dominated by the Keplerian shear caused by the rotating reference frame (equation

2.6). These clusters are swept to the edges of the simulation box where they are then

removed due to the boundary conditions. If we tracked these clusters over the entire

simulation, we might expect a higher production rate of low mass binary systems than

we have reported in our results above.

As mentioned previously in section 2.6, the orbit search was performed for all

recorded timestamps for each simulation. We now consider the number of indepen-

dently bound systems of particles as a function of simulation time. For each timestamp

we counted the number of unique primary particles detected by the orbit search, in

order to obtain the number of independently bound systems nbound. For this test

we did not consider the orbital properties, stability or multiplicity of these systems.

It is possible that some of these systems are only instantaneously bound in the rich

dynamical environment of the collapsing cloud. Nevertheless we used nbound to get a
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Figure 4.4: Each plot line shows an estimate of the number of bound systems in each
simulation nbound, as a function of simulation time. Panels a, b and c show the results
from the low, median and high mass clouds respectively. The free fall time of the cloud
tff = 2.5× 108 s (equation 2.10) is shown as a dotted vertical line.

first order approximation of the number of bound systems as a function of simulation

time. The results of this search are shown in figure 4.4, and it is clear that the number

of bound systems over the course of the simulation follows the same trend for all cloud

masses we considered. There are initially only a handful of detected orbits, but this

number quickly spikes, corresponding to the collapse time of the cloud which may be

approximated by the free fall time tff = 2.5× 108 s (equation 2.10). The analytical free

fall time clearly holds true in our simulations. Referring back to figure 2.5, the first

spike in collisional excitation occurred around this time. Now in figure 4.4, this time

corresponds to a sudden increase in the number of detected bound systems. This is to

be expected as the cloud particles have fallen towards the origin of the simulation box

at the same time, for the first time. Particle number density in the core of the cloud

has rapidly increased and there are many collisions and dynamical interactions. The

number of bound systems then monotonically decreases over the rest of the simulation,

which could be due to either binary destruction through instability, collisions, close

encounters or by removal from the simulation box. Each cloud generally ends the

simulation with a few independently bound systems on average, as discussed in chapter
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Figure 4.5: The total mass within the simulation box Msim, normalised by the initial
cloud mass Mc, for each simulation as a function of time. The colour scheme denotes
different cloud rotations. The right hand panel shows the KDE (bandwidth = 0.05)
PDF of final cloud masses for each rotation state, with the median final value of Msim
marked by the dashed line.

3.

To determine where all the bound systems went the total particle mass within the

simulation box, for each simulation, as a function of simulation time was plotted in figure

4.5. We found that the fractional mass loss was independent of the initial cloud mass,

and is instead more dependent on the cloud rotation state as indicated by the colour

scheme in the figure. The cloud rotation determines the cloud angular momentum,

a higher value of cloud rotation factor X (equation 2.3) means faster rotation and

therefore higher angular momentum. Considering the ensemble results for the entire

GC data set grouped by X we have used KDE (gaussian kernel with a bandwidth of

0.05) to assess the distribution of final cloud masses at t = 100 yrs.

From the distributions shown in figure 4.5 the median cloud rotation state X = 0.75

consistently shows the least mass loss over the course of GC. A cloud rotation ofX = 0.5

generally loses more mass than X = 0.75. Although there is a wide spread of mass loss

values forX = 1.0, on average these simulations lose the most mass. At high rotation we

understand this to be caused by the self gravity of the cloud (that drives the collapse)

92



being weak relative to the angular momentum of the cloud (which resists collapse).

There is minimal collapse and particles are only weakly bound. They are either easily

ejected by scattering interactions or picked up by the Keplerian shear and removed.

For low rotation the high mass loss is likely caused by the opposite effect, whereby

collapse in the radial direction is unopposed by the azimuthal velocity and angular

momentum support from the cloud rotation. Particles therefore fall rapidly straight

into the cloud with little time to merge with others, which would have reduced overall

energy in the cloud via dissipative inelastic mergers. Particles remain dynamically

excited and ejection is high. It would then seem that X = 0.75 strikes the balance

between these two situations, there is enough angular momentum that the particles can

steadily collapse with plenty of time to interact and merge, but not so much angular

momentum that self gravity is overpowered. Future work should look deeper into the

physical mechanisms that drive the cloud collapse.

For most clouds we see that there is no significant shedding of mass until approxi-

mately half way through the simulation at t ' 1.5×109 s. Around this time the particles

that have been scattered and/or caught by Keplerian shear have started to reach the

edges of the simulation box, and are removed by the boundary conditions. Interestingly,

despite losing up to ∼ 60% of the initial cloud mass, the decrease in mass shown in fig-

ure 4.5 does not correspond to a significant drop in number of bound systems (figure

4.4). This would imply that most of the bound systems we detected over the course of

simulation history appear to remain in the simulation box, where they either survive

and make it into our final dataset or are destroyed.

Therefore we conclude that the we do not lose a significant number of binary systems

by ejection due to our boundary conditions. The systems found at t = 100 yrs are a

good representation of the end state of GC. However, in the context of contact binaries,

it is still interesting to note that during the early stages of GC there was a much

higher number of bound systems. Even if they were only temporary, and if they were

not ejected, the gravitational binding of these systems was most likely disrupted by

collisions or close encounters. We have already shown in section 4.1 that in general

the collisional environment in a collapsing cloud is low speed, which means that a high

proportion of these collisions could be gentle-merging and may perhaps preserve the

shape of both components. Therefore we now have a much larger number of potential
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progenitor contact binaries, than if we only consider the state of the simulation at

t = 100 yrs.

4.4 The ratio of single planetesimals to binaries

Based on observations of blue coloured binaries in the Cold Classical (CC) region Fraser

et al. (2017) found that all planetesimals that formed near the transneptunian region

must have formed as binaries (section 1.8). We have confirmed that GC is an efficient

producer of bound systems, therefore by considering the ratio of single planetesimals to

binary systems formed during GC we can constrain the typical mass of cloud that may

have been able to form a binary system similar to Arrokoth.

4.4.1 Particle mass distribution of gravitational collapse

We start by evaluating the particle mass distributions produced by GC of the cloud

masses used in our simulations. For each cloud in the dataset we plotted the mass

distribution of all particles in the simulation box at t = 100 yrs, as shown in figure 4.6.

The distribution of particle masses produced by a GC simulation is a steep power-law,

with a particle number that drops sharply with increasing mass. By assessing particle

mass m in units of the initial particle mass m0, the mass scale is normalised with

respect to initial cloud mass. We see that all three cloud masses in the dataset follow

similar distributions. A linear regression was performed for low particle masses with

log(m/m0) < 2, which shows that the mass distribution at this range generally follows

a power-law of the form

dn ∝ mqdm (4.5)

where q = −2.1, with roughly two orders of magnitude scatter about that power-law.

At higher masses the distribution flattens off; each simulation produces only a small

number of particles which contain a high fraction of the initial cloud mass.

We consider further the extent of the power-law distribution by assessing the cumu-

lative distribution function (CDF) of particles with mass less than m/m0, as shown in

figure 4.7. For each simulation the cumulative mass distribution was calculated. Im-

portantly, each CDF was normalised to represent the fraction of particles with mass

< m/m0 relative to the total mass within the simulation box at t = 100 yrs. This nor-

94



0 1 2 3 4 5

log(m/m0)

0

1

2

3

4

5

lo
g
(n

)

y = −2.1x+ 3.4

Mc = 4.19e+18 kg

Mc = 6.54e+19 kg

Mc = 1.77e+21 kg

Figure 4.6: Mass distribution of all particles in the simulation box at t = 100 yrs. The
number of particles n of mass m, in units of the initial particle mass m0 = Mc/Np,
are shown in log-log space. Marker colour and shape denote the three cloud masses. A
linear regression on all data points with log(m/m0) < 2 is shown to guide the eye to
the power-law distribution (equation 4.5).

100 101 102 103 104 105

m/m0

0.0

0.2

0.4

0.6

0.8

1.0

C
u
m

u
la

ti
v
e

F
ra

ct
io

n
(<

m
/
m

0
)

Mc = 4.19e+18 kg

Mc = 6.54e+19 kg

Mc = 1.77e+21 kg

n ∝ m−2.1
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malisation was performed to account for variation in the final number of particles and

total mass; some clouds ejected more particles than others during collapse. We see this

in figure 4.7 where each CDF reaches a value of 1 (when all particle masses have been

counted) at different points. To highlight the existence of the power-law trend previ-

ously indicated by figure 4.6 we include the CDF of a power-law n ∝ m−2.1 in figure 4.7.

As before this fit is only approximate, and is assumed to only be valid for m/m0 < 100.

There is a range of power-laws for the mass distribution of individual simulations, but

we see that a power-law exponent of q = −2.1 is a reasonable first approximation of

the ensemble results. Above m/m0 = 100 all CDFs . 1 which confirms that above this

cut off cloud collapse produces only a handful of objects, however, these bodies have

accreted a significant fraction of the initial cloud mass.

We first of all considered the number of particles produced by GC, which may be

singles or in a bound system, that would be above the observational limit of mV = 25, as

these are the objects that are most likely to be detected and comparable to observations.

In figure 3.7 this brightness is equivalent to a simulation particle mass of m25 = 1.4 ×

1017 kg. For the low, median and high cloud mass simulations the mean number of single

particles, with a brightness of 25 mag or greater, produced per cloud is nsingle(m ≥

m25) = (0.3, 1.4, 150.2) respectively. If we consider our entire dataset (binaries and

multiples), the 144 GC simulations produced 188 bound systems with msys ≥ m25.

The low, median and high mass clouds produced on average nbound(msys ≥ m25) =

(0.8, 1.0, 1.5) bound particle systems of at least 25 mag per cloud. Therefore, when we

compare the mean number of bound systems to single particles formed during cloud

collapse: nbound(msys ≥ m25)/nsingle(msys ≥ m25) = (2.6, 0.71, 0.01). Therefore, only

the low cloud masses are compatible with forming nearly all observable planetesimals

as binaries, as proposed by Fraser et al. (2017), with ∼ 2.6 bound systems produced

for every single planetesimal on average. On the other hand the higher cloud masses

produce an overabundance of observable single planetesimals. This is further evidence

against the formation of TNBs from GC of high mass clouds (see also section 3.3), and

supports an upper mass limit on clumps formed by SI (Nesvorný et al., 2019a).
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4.4.2 Extrapolation to lower mass clouds

We now consider the number of binaries in the mass range of Arrokoth that could be

produced by GC, with the assumption that such a binary may evolve into a contact

configuration. It must be noted however, that be considering only binaries with sepa-

rated components this analysis excludes any contact binaries that could form directly

in the collapsing cloud via gentle collisions (section 4.1). As discussed in section 3.6.2

a high numerical resolution is required when investigating low mass binaries especially.

This is because the choice of number of simulation particles limits the mass of the

smallest particles that can be investigated for a particular initial cloud mass. For the

low, median and high mass clouds in our dataset, a particle of mass mA = 2× 1015 kg

would be composed of n = (47, 3, 0.1) simulation particles (each of mass m0 = Mc/Np)

respectively. Clearly it is impossible to form such a small particle with a high cloud

mass simulation, and for the median cloud mass mA is below the orbit search limit of

msys = 4m0 used in this work (section 2.6). Furthermore we are most interested in

objects that have had a reasonable number of collisions, and have undergone collisional

evolution due to the process of GC, as these are the objects that are most likely to end

up hosting a bound system. Therefore, only the low cloud mass simulations are suitable

to probe such low system masses.

Alternatively, this work has shown that the process of binary formation via GC is

generally invariant with the initial cloud mass. For example the mass distribution of

particles (figure 4.6), the binary system mass/mass ratio distribution (figure 3.3), and

the binary orbital properties (figures 3.10 & 3.11) follow similar trends regardless of

cloud mass. This means we would expect that GC of cloud masses lower than what

we have investigated here should give results that are largely the same as for the cloud

masses in our dataset.

Lower cloud masses would be expected to form a higher number of binaries of mass

∼ mA, as mA/Mc is now a higher fraction of the initial cloud mass. Moreover the

simulation unit massm0 would be a much smaller fraction ofmA, therefore such binaries

would now be better resolved as they would have undergone more collisions to gain their

mass. For these reasons we assessed the number of Arrokoth-mass binaries that would

be formed by a lower cloud mass of Mc,low = 5× 1017 kg. This value was chosen based
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on state of the art hydrodynamic simulations (Li et al., 2019), cloud masses similar to

Mc,low may actually be the most common cloud mass formed by SI (appendix F).

The entire 144 cloud dataset was used and the masses of all particles/binaries were

analysed as fractions of the initial cloud massMc. This allowed comparison between the

different cloud masses, similar to figure 4.6. Using the estimated masses for Arrokoth

(section 4.1) we considered all binaries within a fractional mass range of 2 × 10−3 to

4×10−3Mc. We found that on average each cloud would produce ∼ 0.07 such binaries,

compared to 0.64 single particles of the same fractional mass. This means that for every

Arrokoth-like binary created via GC of a Mc,low = 5 × 1017 kg mass cloud, we would

expect to form ∼ 9 single planetesimals in the same mass range.

Given the first CC object visited by a spacecraft is a contact binary, this may imply

that a large fraction of small CCs could be contact binaries. Although we produced a

reasonable number of Arrokoth-mass binaries compared to the singles, from our estimate

we cannot claim that all CC contact binaries started their lives as binaries formed by

GC. Our predicted binary to single ratio is consistent with the estimate of Thirouin

& Sheppard (2019a) that ∼ 10–20% of the CC population could be contact binaries.

However, this is dependent on all binaries becoming contact systems, and as mentioned

previously (section 4.2) we have not accounted fully for the evolution of the binaries

after their formation.

In addition, this prediction for the binary to single ratio is highly dependent on the

choice of minimum cloud mass Mc,low. This value was obtained from Li et al. (2019)

where the conversion from simulation mass units to physical mass units depended on the

choice of Protoplanetary Disk (PPD) model (appendix F), let alone any uncertainties

in the reported value. In order to test this the above analysis was repeated for Mc,low =

1× 1017 kg, only a factor of 5 smaller than used previously. For this value of Mc,low we

obtained an estimated binary to single ratio of 3:1 for Arrokoth masses. This behaviour

is a result of the steep power-law mass distribution, and the break to a flat distribution

at log(m/m0) ∼ 2 as shown in figure 4.6. For a given cloud mass, when mA lies

below this break there will be a surplus of singles produced relative to the binaries.

An interesting implication of this is that if there is indeed a minimum cloud mass that

can form via SI, and the mass distribution is invariant with cloud mass, then there is a

critical mass below which nearly all planetesimals form as singles.
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Chapter 5

Simulating Binary Migration

It’s more fun to compute

Kraftwerk, It’s more fun to compute

The two main methods of binary formation, either dynamical interaction (e.g. L2s/L3

Goldreich et al., 2002) or via Gravitational Collapse (GC) (Nesvorný et al. (2010), chap-

ters 2, 3, 4), both occur early in Solar System history. As pointed out by Nesvorný et al.

(2018b), if t0 is the time of dispersal of the protosolar nebula, the former mechanism

takes place at time t ∼ t0 whereas the latter is t < t0. The dynamical binary formation

models require a dynamically cold planetesimal disk, whereas the GC mechanism re-

quires the presence of gas to allow SI to concentrate particles. Therefore no matter how

the binaries formed they are expected to have survived ∼ 4 Gyr of Solar System evolu-

tion from the time and place of their formation, through their subsequent dispersal, to

the present day and their current location. It is commonly accepted that the rich dy-

namical structure observed today in the transneptunian Solar System is a direct result

of radial migration of the planets, Neptune in particular. See the review by Nesvorný

(2018) for example. With that in mind, the following chapters focus on how a disk of

binary planetesimals in the outer Solar System is affected by the outward migration of

Neptune. We first describe the numerical framework of our simulations in this chapter,

then in chapters 6 & 7 we describe the effects of migration on the heliocentric and binary

orbital properties respectively.
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5.1 Planetary migration with REBOUND

In this work we repeat the original simulations of Fraser et al. (2017), in which Neptune

migrated towards an exterior disk of binary planetesimals. We use their migration code

and we take a deeper look into how the binary orbits are affected by migration. The

REBOUND package was used to set up an N -body simulation of planetary migration of the

four giant planets, where Neptune was forced to migrate outwards and the remaining

planets evolved normally under their mutual gravitational influence. The planets were

surrounded by a disk of outer Solar System planetesimals, which were assumed to all

exist in binary pairs.

We used the REBOUND leapfrog integrator with a timestep of dt = 0.5 days. Wolff

et al. (2012) found a timestep of dt = 200 days was sufficient for their planetary mi-

gration integrations but our timestep was chosen to ensure that the shortest timescale,

the binary planetesimal orbit, was well resolved. The Sun and the four giant planets

were included as ‘active’ particles, in that they had a gravitational influence on all

other particles in the simulation. The outer disk planetesimals were added as ‘test’

particles, meaning that they felt influence only from the active particles and not each

other. This is common practice within planetary migration simulations in order to save

computational resources and to prevent scattering interactions between the planets and

the disk planetesimals, which would cause deviations from a prescribed migration path.

As discussed by Wolff et al. (2012) and Nesvorný (2015b), directly modelling a disk of

massive planetesimals can dampen the secular orbital excitation caused by Neptune, or

it may cause orbital precession of Neptune which would again influence secular excita-

tion in the disk. These could be important effects, but they are frequently ignored for

computational gain and can be justified by low mass estimates for the early outer plan-

etesimal disk. For example, the ‘inner’ disk (30 − 35 AU) may have had a large mass

(20 − 30M⊕) which provided the source material for planetesimal-driven migration,

whereas the outer disk which we are interested in is believed to have never had a mass

greater than 0.1M⊕ (Morbidelli & Nesvorný, 2020). Furthermore, we are primarily

interested in the evolution of the binary planetesimal disk due to planetary migration,

and not the collisional behaviour between disk planetesimals or binary components.

Therefore we do not implement any collision detection. In these simulations particles
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that would have collided simply do not interact. This also acts to save computational

time as REBOUND does not have to monitor inter-particle distances.

The migration of Neptune was implemented by including the fictitious forces of Wolff

et al. (2012) in the REBOUND integrator, which mimicked planetesimal-driven migration

without the need to directly calculate the interaction of the planetesimals on the planets.

We follow the model of Nesvorný (2015a) and related work, in which there are two phases

of slow, smooth Neptune migration. In this model Neptune migrated steadily outwards

until it suffered an instability due to close encounter(s) with a fifth giant planet that was

ejected from the Solar System. At this point Neptune’s orbit jumped in semimajor axis

and eccentricity, after which planetesimal-driven migration continued. Furthermore,

we point out that our simulations have not been fine-tuned to recreate the observed

structure of present day TNOs in the same way that previous work may have been. We

based our model of planetary migration on generally accepted values for the migration

parameters, but this is just a ‘toy model’. Our primary goal was to use these simulations

as a probe to investigate the effects of outward migration on binary planetesimals.

5.2 Initial conditions

All of the simulations started with the Sun and the giant planets surrounded by a

dynamically cold disk of planetesimals, as shown in figure 5.1.

5.2.1 The planets

Jupiter, Saturn and Uranus are initialised on their present day orbits, using position, ve-

locity and mass data from the NASA HORIZONS system1. Previous work by Nesvorný

(2015a) found that the direct contribution of Jupiter, Saturn and Uranus to sculpting

the outer Solar System was minor, therefore it is a reasonable approximation to ignore

their migration and start them on their current orbits. This reduced the number of

parameters in our model and we were able to focus on the effects of Neptune migration

alone.

Guided by Fraser et al. (2017), Neptune was initialised on a pre-migration orbit,

defined by an initial semimajor axis aN,0 = 23.05 AU, eccentricity eN,0 = 0.02 and
1We used the same values as in the following REBOUND example: https://rebound.readthedocs.

io/en/latest/c_example_solar_system.html
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Figure 5.1: Top down view of the heliocentric xy plane of a typical binary migration
simulation at t = 0 Myr. The origin, and location of the Sun particle is marked with
a black ‘×’. Moving radially outward the position and orbit of the planets Jupiter,
Saturn, Uranus and Neptune are shown. The planets are surrounded by a disk of binary
planetesimals. The position and heliocentric orbit of the 50 binary primary particles is
plotted (the size of the binary orbit is much smaller than the scale of the plot).

inclination iN,0 = 2◦. This initial semimajor axis was chosen as Neptune is required to

have travelled 7 − 10 AU to its current semimajor axis, in order to adiabatically raise

the eccentricities of initially unexcited TNOs (Hahn & Malhotra, 2005), (Wolff et al.,

2012). We emphasise that the initial location of Neptune used here is not necessarily

its formation location, which was probably closer to the Sun (the Nice model: Gomes

et al., 2005; Tsiganis et al., 2005; Morbidelli et al., 2005). It perhaps attained this initial

orbit after early scattering/instability events amongst the giant planets (Wolff et al.,

2012), and now we pick up at the stage where smooth outward planetesimal-driven

migration begins. Our choice of initial Neptune eccentricity and inclination strikes a

balance between the circular, flat initial orbit used by Nesvorný (2015a) and the more

excited orbits of Wolff et al. (2012).

5.2.2 The binary planetesimal disk

The four giant planets were surrounded by a thin disk of binary planetesimals. In

each individual simulation the disk was composed of a total of 100 planetesimals, i.e.
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50 binary pairs. We considered primarily the case of equal mass binaries such that

mi = mj and msys = mi + mj = 1 × 1018 kg, a mass typical of the observed TNBs

(Grundy, 2019). We also performed some tests with a mass ratio of mi = 2mj but the

total binary system mass was always kept fixed at 1× 1018 kg. The heliocentric orbital

elements for the binary primary were chosen as follows. Semimajor axis, ahel, was drawn

from a random uniform distribution between 35− 45 AU. This range of ahel was chosen

such that we sampled initial conditions both within and interior to the current Cold

Classical (CC) region. Following Nesvorný (2015a) the planetesimal disk was assumed

to dynamically cold, i.e. low eccentricity and inclination, with distributions similar to

the present day CCs. Eccentricity, ehel, was chosen from a Raleigh distribution, with a

Probability Density Function (PDF) of

f(ehel) =
ehel
σ2
e,hel

exp
−e2

hel
2σ2

e,hel
(5.1)

with a scale parameter of σe,hel = 0.05. Inclination was drawn from a similar distribution

(Brown, 2001), as used by Nesvorný (2015a) and Fraser et al. (2017), with PDF given

by

f(ihel) = sin ihel exp− i2hel
2σ2

i,hel
(5.2)

with a width parameter of σi,hel = 2◦. The remaining angular orbital elements, ωhel,

Ωhel and fhel were chosen from a random uniform distribution between 0 and 360◦.

This process was repeated many times for each set of planetary migration param-

eters (as will be described in section 5.4). In figure 5.2 we show the total distribution

of all the binary primary heliocentric orbits which were randomly drawn for one set

of migration parameters in the main dataset. For these initial conditions the disk

straddles the inside CC edge, with 30% of the binary planetesimals initially within

the CC region. The distributions in ehel and ihel as described by equations 5.1 &

5.2 peak near their respective scale/width parameters and decrease steadily at higher

values. We note that the mean of a Rayleigh distribution is equal to
√
π/2σ. These

distributions result in the majority of the planetesimals being initialised on relatively

unexcited orbits, but there exists a small number of slightly more dynamically excited

orbits in the tail end of the distributions.
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Figure 5.2: Hexbin plot showing the initial conditions of the heliocentric orbits for all
the binaries in the main dataset with set 1 of the migration parameters (τa = 10 Myr,
τe = τi = 3 Myr, 8000 binaries). Colour indicates the number of points that lie in each
hexagonal cell. The present CC region is outlined in red. We also show a histogram
distribution of ehel and ihel in the right hand panel with dashed blue and dotted orange
lines respectively.

The secondary component of the binary pair was then placed relative to each primary

from a randomly generated binary orbit. We made no assumptions about the binary

formation mechanism and simply chose binary orbital elements that are circular ebin =

0, with separations abin chosen from a random uniform distribution from 3 × 106 m to

40 × 106 m, and both prograde and retrograde inclinations. We can also express the

binary separation in terms of the mutual Hill radius of the binary pair at its initial

heliocentric distance (Kominami & Makino, 2014)

RHill =
ahel,imi + ahel,jmj

mimj

(
mi +mj

3M�

)1/3

(5.3)

where heliocentric semimajor axis ahel of both particles with index i and j (masses

mi and mj respectively) are accounted for. The heliocentric distance and the binary

separation were both chosen randomly; the resulting range of relative separation for

all binaries investigated was 0.008 < abin/RHill < 0.137. For comparison the tightest
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observed TNBs have relative separations abin = 0.0013RHill, which increases up to

0.22RHill for the widest known object 2001 QW322 (Petit et al., 2008b). In our initial

conditions we have ignored the most wide binaries, Fraser et al. (2017) states that no

binary with a/RHill > 0.25 survives in their simulations. In the Grundy (2019) dataset

of observed TNBs, 79% of systems have 3× 106 < abin < 40× 106 m or in the relative

separation metric 53% have 0.008 < abin/RHill < 0.137. Therefore our chosen initial

binary separations are representative of the majority of known TNBs.

This range of binary semimajor axes results in a binary orbital period of Tbin = 46

to 2250 days for a binary system mass of msys = 1 × 1018kg. Thus the integrator

timestep of dt = 0.5 days (section 5.1) meant that the evolution of all the initial binary

orbits were well resolved throughout the simulations. This was tested by ensuring that

integration of an unperturbed binary orbit conserved orbital energy over the timescale

of the simulations. Binary inclination, ibin, was uniformly sampled from 0 to 180◦, and

the other angular orbital elements: ωbin, Ωbin and fbin, were chosen uniformly from 0

to 360◦.

The randomly generated binary orbital elements were converted into a Cartesian

position and velocity of the secondary relative to the binary primary (appendix D).

When converting from the relative orbit to the relative coordinates the mass ratio of

the particles does not matter, only the binary system mass parameter µ = G(mi +mj)

(Bertotti et al. (2003), chapter 11). This parameter was kept fixed for the main dataset

and all tests in this work.

5.2.3 Single planetesimal disk

Some simulations were carried out using a disk of single planetesimals, in order to have

a comparative dataset where particles felt only the effects of planetary migration. The

same process for choosing primary heliocentric orbital elements described above was

used, but we did not place any secondary objects. For each simulation we instead

repeated the drawing of heliocentric orbits to obtain a disk of 100 single planetesimals

(as opposed to 50 binaries) with the same distribution as shown in figure 5.2.
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5.3 Additional forces

The modular design of REBOUND allowed us to include a function which calculated forces

additional to Newtonian gravity, without having to modify the REBOUND source code.

This function was used to add the binding binary force between planetesimals and also

to force the migration of the Neptune particle.

5.3.1 Binary force

All planetesimals were initialised in the simulation as test particles, meaning they felt

no gravitational attraction between each other. The REBOUND leapfrog integrator calcu-

lated the motion of each planetesimal under the influence of the active particles (Sun

and planets), and the attractive force between the binary primary and secondary was

included in the additional force routine of Fraser et al. (2017) as described here. This

was implemented by manually updating the acceleration of each binary particle, due to

the influence of its companion. The change in acceleration in the x direction for binary

particles i and j separated by distance rji is given by

∆ai,x = +(−Gmjdx/r3
ji) (5.4)

∆aj,x = −(−Gmidx/r3
ji) (5.5)

where m is particle mass and the change in acceleration is given relative to particle i,

as is the x component of the particle separation, dx (hence the differences in signs).

These expressions are repeated for the y and z directions.

For speed and efficiency this routine looped over only the primary particles with

index: i = 0, 2, 4, ... and calculated the additional binary force between particles i and j,

where j = i+1. As a result of this, if a binary were broken apart into two single particles

(e.g. through a close planetary encounter) the routine would continue to calculate the

force between these particles throughout the simulation. Naturally, this force would

quickly tend to zero as separation increased and the orbit search (section 5.5) would

simply detect these objects as unbound. This meant that singles from different binaries

would never interact or possibly recombine as we did not calculate force between them.

The only possibility for interaction between singles is that which occurs between two

previously bound particles, and this is highly unlikely.
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The binary masses in equations 5.4 & 5.5 were hard-coded into the additional force

routine, therefore the code had to be modified slightly if the binary system mass or

mass ratio between the components was changed. Furthermore the binary force cal-

culation was removed altogether for the set of test runs that modelled a disk of single

planetesimals.

5.3.2 Forced planetary migration

Fictitious migratory forces acting on Neptune were implemented using the methods de-

scribed in the appendix of Wolff et al. (2012). By using fictitious forces to control the

evolution of a planet’s orbit one is able to quickly reproduce the results of computa-

tionally costly simulations that directly model the interaction of the giant planets with

a disk of many massive planetesimals. In the Wolff et al. (2012) numerical framework

the orbit is completely free to evolve in heliocentric semimajor axis, eccentricity and

inclination (a, e, i) and one can model this evolution with any arbitrary function: ȧ/a,

ė/e, i̇/i. We modelled only the migration of Neptune in this manner, similar to the sim-

ulations performed by Nesvorný (2015a) and related works. For this study we used the

following commonly used approximations of Neptune’s planetesimal-driven migration,

which causes the heliocentric orbital elements to evolve on secular timescales as

aN = aN,f + ∆aN exp
−t
τa

(5.6)

eN = eN,0 exp
−t
τe

(5.7)

iN = iN,0 exp
−t
τi

(5.8)

where ∆aN = aN,0 − aN,f = −7 AU is the distance travelled during migration to a

final semimajor axis value of aN,f, and aN,0, eN,0, iN,0 are the initial orbital elements of

Neptune.

The timescales for evolution of the semimajor axis, eccentricity and inclination are

τa, τe, τi respectively. The rate of radial outward migration is controlled by τa, and

τe, τi represent the damping of eccentricity and inclination in Neptune’s orbit due to

dynamical friction with the planetesimal disk. When modelling the effects of purely

planetesimal-driven migration, these timescales relate directly to the disk mass. A low

mass disk is less effective at driving migration and damping the Neptune orbit, as the
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planet-disk interactions are weaker. This results in longer migration timescales. For the

initial phase of Neptune migration investigated here, parameters with τa = τe = τi = 10

or 30 Myr corresponds to Mdisk ' 20 or 15M⊕ respectively (Nesvorný, 2015b).

For each timestep in the integration the additional acceleration of the Neptune parti-

cle due to equations 5.6, 5.7 & 5.8 was computed from the time derivatives of the Carte-

sian equations of motion of the planets, with respect to the heliocentric orbital elements.

The migratory forces are velocity dependent, and this was accounted for in REBOUND

by setting the force_is_velocity_dependent flag in order to ensure both velocity

and acceleration of the Neptune particle were updated within the additional_forces

framework. These methods could have been applied to any number of particles, for any

generic migration, but we focused on the evolution of Neptune alone via functions that

mimic planetesimal-driven migration. Previous studies have found equations 5.6 – 5.8

to be a good approximation in modelling such a migration, and they found that the

effects of the other planets on the outer Solar System to be minimal (Nesvorný, 2015a).

This meant that the other giant planets reacted naturally, in the standard Newtonian

gravity N -body way (equation 2.1), to the positions of all the other massive particles in

the simulation. They were not made to migrate but were influenced indirectly through

the forced migration of Neptune. These fictitious migratory forces were used in all of

our simulations, except for a set of test runs with no migration for which this routine

was removed.

5.4 Migration parameters

We chose to model the planetesimal-driven migration of Neptune in which there are

two phases of outward migration interrupted by a jump (Nesvorný, 2015a). This

situation arises in the simulations of Nesvorný & Morbidelli (2012), where current

Solar System architecture is best explained by planetary instability and the ejection of

an additional fifth giant planet early in Solar System history. The Neptune jump of

∆aN ' 0.2 − 0.5 AU and ∆eN ' 0.05 − 0.1 was caused by planetary encounters with

the fifth planet as it was ejected after scattering off of Jupiter. In this study we focused

only on the phase of Neptune migration prior to the jump, i.e. up until the point

when Neptune reached a jump distance of aN,jump = 27.8 AU. This is the heliocentric
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distance at which Neptune must jump in order to deposit the densely populated CC

kernel, which had been swept up by the 2:1 resonance (Nesvorný, 2015a), at its current

location around 44 AU. At this point we conducted an analysis of the heliocentric and

binary orbit properties of the planetesimal disk, as presented in chapters 6 & 7. This

of course means that we have only modelled the initial phase of Neptune migration.

After the jump Neptune continues to evolve outwards to its current orbit, but over

a longer timescale than the first stage (Nesvorný, 2015a). For simplicity we chose

not to model the Neptune jump or the second phase of migration. We justify this as

any planetesimals being directly excited by Neptune would have been decoupled from

Neptune by the jump and left in place. Furthermore it has been shown that there are

Neptune migration paths that allow preservation of the CC region (Wolff et al., 2012),

therefore further evolution post-jump need not have a strong influence on the CC-like

objects studied here.

We tested a range of migration and damping timescales, which determined the evo-

lution of aN, eN and iN as described by equations 5.6 – 5.8. Our choice of values was

guided by Fraser et al. (2017) and the references within (Nesvorný, 2015a; Nesvorný &

Vokrouhlický, 2016), where the migration timescale τa was chosen to best fit the origi-

nal, fully self-consistent, N -body migration simulations (Nesvorný & Morbidelli, 2012).

These studies found that τa = 10 or 30 Myr provided the best approximation to the

direct simulations of planetesimal migration. We always chose the damping timescales

such that τe = τi as in general radial migration and damping is best approximated

when the timescales are comparable (Nesvorný, 2015a). Previous studies have found

little variation in results when τa 6= τe, however the direct N -body migration simula-

tions with a massive planetesimal disk tend to produce results best approximated with

τe = τi less than τa by roughly a factor of 2−3 (Nesvorný, 2015a; Nesvorný & Morbidelli,

2012). As we were testing shorter damping timescales (τe = τi = 3 Myr) we also tested

some longer timescales with τe = τi = 100 Myr for comparison. Shorter timescales than

the values we have considered here do not fit constraints such as the wide inclination

distribution of Hot Classical (HC) and resonant populations, which require migration

to be slow enough for these populations to be adequately excited to their current he-

liocentric orbits (Nesvorný, 2015b). Longer timescales would require lower estimates of
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set τa (Myr) τe (Myr) τi (Myr) dt (days) tmax (Myr) tjump (Myr)

1 10.0 3.0 3.0 0.5 40.0 8.41
2 10.0 30.0 30.0 0.5 40.0 6.96
3 10.0 100.0 100.0 0.5 40.0 4.08
4 30.0 3.0 3.0 0.5 120.0 13.03
5 30.0 30.0 30.0 0.5 120.0 33.29
6 30.0 100.0 100.0 0.5 120.0 9.48

Table 5.1: All combinations of migration parameters that were investigated, and the
time at which Neptune reached ahel = 27.8 AU, tjump, immediately prior to its orbit
jump.

the planetesimal disk mass such that the mechanism of planetesimal-driven migration

is less efficient and slower.

Table 5.1 shows the 6 unique combinations of these timescales that we tested. To

ensure that we followed Neptune’s outward migration to completion we ran each sim-

ulation for at least several τa timescales. Therefore when τa = 10 Myr, tmax = 40 Myr

and τa = 30 Myr, tmax = 120 Myr. As shown in table 5.1, the time at which Neptune

reached aN,jump = 27.8 AU, tjump, was at least several factors below tmax for all cases

in this work.

For each of set of planetary migration parameters we conducted many individual

simulations. We repeated the simulation initialisation described in section 5.2; each

simulation had its own randomly generated planetesimal disk with corresponding ran-

dom binary orbits. During the integration the binaries did not effect the evolution of

the planet particles because they were added as test particles. Thus the trajectory

of the planets in all simulations with the same migration parameters were identical,

provided the simulations had the same timestep and were run on identical machines

(see section 6.1.4 on chaotic evolution). This meant that we could run a large number

of simulations with a small N = 100 disk of test particles. Each individual job was

fast to complete, and the simulations could then be combined together to get results

for planetary migration with a N >> 100 particle disk. This setup was a somewhat

crude way of running our simulations in an ‘embarrassingly parallel’ framework, but it

allowed us to take full advantage of the available computational resources by running

many small jobs simultaneously
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dataset Nsim Nbin Nsing
prtwo 160 8000 -

single_disk 16 - 1600
bin_21 16 800 -

no_migrate 8 400 -
prtwo_dt 2 100 -

prone 1 50 -

Table 5.2: For each dataset we launched Nsim simulations for each combination of
migration timescales (6 possible combinations, table 5.1). This gave us datasets that
modelled the evolution of a total of Nbin binaries (or Nsing singles) per set of migration
parameters.

5.5 Simulation output and binary orbit search

Simulation output was saved every 103 yrs of simulation time. At these points the full

heliocentric orbital elements and Cartesian position and velocity (all relative to the Sun

particle) of each simulation particle was recorded. As part of the analysis, for each

of these simulation timestamps the binary planetesimal orbits were found using the

calculate_orbit function within REBOUND. All binary orbital elements were calculated

relative to the binary primary particle. We restricted the search for binary orbits to

the pairs of planetesimals with particle index i, j = i + 1, as these were the only

test particles that experienced an attractive force (section 5.3.1). A binary orbit was

recorded provided 0 ≤ ebin < 1.

This data was then collated such that for each initially bound binary we had a

record of its heliocentric and binary orbit at each timestamp, for as long as the binary

remained bound. For simplicity we assumed that the heliocentric orbit of the primary

particle could be used to describe the heliocentric orbit of the binary pair.

5.6 Multiple datasets

The main dataset, which we refer to as prtwo, used the default set up described above

and formed the bulk of the results for this work, as will be presented in chapters 6 &

7. In addition to the primary dataset we launched several subsets of test simulations

(table 5.2). These were completed in order to verify our numerical method and to

explore deeper some of the interesting aspects of our simulations

To investigate the effect of the binary interaction within the planetesimal disk, the

single_disk dataset had the additional force between binaries removed such that there
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was absolutely no interaction between test particles. The single planetesimals were

evenly distributed around the disk, not in pairs as for the binary disk. Similarly, in

order to probe the dependence of results on binary properties, the bin_21 dataset had

the additional binary force modified to now represent a binary component mass ratio of

mj/mi = 0.5, keeping the total system mass fixed. The no_migrate simulations were

launched to see how the binary planetesimals evolved without the influence of the giant

planets. This allowed us to ensure that the integrator timestep was small enough to

accurately evolve the binary orbit. We used the same initial conditions as prtwo but we

altered the code so that only the Sun was an active particle. We kept the binary force

but we removed the forced migration calculations, such that the planets evolved as test

particles and did not influence the binaries. The prtwo_dt simulations were a repeat

of a subset of the main simulations but with slightly different timesteps dt = 0.25,

0.75 days. Also, a single simulation for each migration parameter (prone) was run on

a machine with different computational architecture to the main dataset. These last

two datasets allowed us to investigate the onset of chaotic evolution for our simulated

planetary architecture.
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Chapter 6

Heliocentric Orbital Evolution

I am putting myself to the fullest possible use, which is all I think that any

conscious entity can ever hope to do.
HAL 9000, 2001: A Space Odyssey

As described in section 5.4, this study was conducted by performing many N -body

planetary migration simulations, each with a small number of particles. Planetesimals

were included as test particles such that the motion of the planets would be unaffected

by different initial distributions of planetesimals. Therefore, different simulations with

the same migration parameters would have identical planetary evolution. We confirmed

this and then gathered together the results of individual simulations with the same

migration parameters. For the main dataset (prtwo) this resulted in a sample of 8000

binary planetesimals for each of the 6 combinations of migration parameters tested

(table 5.2).

In this chapter we present an analysis of the migration paths taken by the planets for

these sets of migration parameters. We find that these simulations frequently exhibit

chaotic behaviour, and we consider the possible causes of this. The influence of the

planets on the planetesimal disk is assessed and we classify the population of surviving

binaries by the heliocentric orbits they have evolved to.

6.1 Planetary migration

The migration paths of the planets in heliocentric orbital element space, for the 6

sets of migration parameters are shown in figure 6.1. In all cases the semimajor axis

of Neptune increases over the course of the simulation and the planet moves radially
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Figure 6.1: The forced planetary migration of Neptune and Uranus, for each set of mi-
gration parameters. On the semimajor axis graph the evolution in perihelion/aphelion
is also shown. The red dotted line shows the prescribed migration path in ahel given by
equation 5.6, and the black dashed line indicates tjump.
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outwards. This is as expected from the forced migration, however, we see that this

outward migration is not always smooth, as should be the case given the functional

form of equation 5.6 which describes the forced evolution of semimajor axis ahel. In

figure 6.1 we indicate the migration path Neptune would have, assuming it followed

equation 5.6 exactly. Sometimes the migration is punctuated by discontinuities in ahel,

which are caused primarily by interactions with Uranus. Uranus is the culprit here,

as with every jump in Neptune’s ahel there is a corresponding jump in the opposite

direction for Uranus. This anti-correlated evolution is a result of the orbital coupling

between Uranus and Neptune, which will be discussed further in section 6.1.2 below. In

between these instabilities Neptune continues its forced migration, with ahel increasing

at approximately the rate described by equation 5.6 but now offset in semimajor axis

due to the displacements. Solving equation 5.6 for ahel = 27.8 AU, the point at which

the simulations were analysed, means that Neptune should have reached this location

in time

t∗jump = 1.13 τa (6.1)

where τa is the migration timescale. This is the heliocentric distance at which Neptune

is believed to have taken a significant jump in ahel and ehel, leaving the Cold Classical

(CC) kernel implanted in place (Nesvorný & Morbidelli, 2012; Nesvorný, 2015a,b). As

the interactions between Neptune and Uranus generally displace Neptune outward, the

planet reaches a distance of ahel = 27.8 AU faster than one would have expected, in

some cases up to t∗jump/tjump ∼ 3 times faster (table 5.1).

In contrast, Jupiter and Saturn remain stable at their initial ahel throughout the

entire simulation. Given their large separation from the outer two planets they are

relatively detached from the evolution of Uranus and Neptune. We show an example

of this by plotting the evolution of all planets (including Jupiter and Saturn) for the

set 1 migration parameters in figure 6.2. It was found that all sets display similar

behaviour for Jupiter and Saturn. In general the inclinations of the planets oscillate

around their initial values. For Jupiter and Saturn these oscillations have an amplitude

of ∼ 0.5–1◦, whereas Uranus and Neptune generally have an amplitude of ∼ 2◦ (see

figure 6.2 for example). These pairs of planets display similar periodicities in their
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Figure 6.2: A more detailed view of figure 6.1.a showing the evolution of the orbital
elements of the four giant planets (including Jupiter and Saturn) for set 1 of the mi-
gration parameters. As before the red dashed line shows the evolution of ahel given by
equation 5.6. The simulation was halted when Neptune reached its jump location of
ahel = 27.8 AU at time tjump.

inclination oscillations, and these oscillations are out of phase. Likewise for eccentricity,

Jupiter and Saturn show small and stable out of phase oscillations which for the most

part are independent from changes in the rest of the planetary system. This implies

that secular evolution and orbital coupling dominates the behaviour of Jupiter and

Saturn, as will be discussed further in section 6.1.1. The only exception is when

Uranus and Neptune evolve to have particularly high eccentricities (ehel & 0.1), which

results in perturbations of Jupiter and Saturn’s ehel oscillations. During migration

Uranus and Neptune undergo unstable out of phase eccentricity oscillations where

the mean value of e always increases from the initial values. This behaviour arises

due to the input of angular momentum/energy into the planetary system via the

forced migration of Neptune. This trend for increasing ehel indicates that the exci-

tation caused by increasing system energy and the secular evolution of the planetary
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architecture dominates over the eccentricity damping used in the forced migration

(equation 5.7). Furthermore, we see that for all planets the oscillation in ehel and

ihel is dominated by two modes, a long period and short period, which implies that

the secular evolution is a sum of several sources (as investigated further in section 6.1.1).

Looking at specific migration parameters in figure 6.1, set 1 displayed a Neptune

migration path that closely followed equation 5.6. The migration is smooth with only

minor deviations from the prescribed path (figure 6.2). The time at which Neptune

reached 27.8 AU is a fraction 0.74 of the predicted jump time t∗jump (equation 6.1), which

was the closest fit to t∗jump for all the sets of migration parameters with τa = 10 Myr.

This was still faster than expected, which is a trend displayed in nearly all other sets of

migration parameters.

Set 5 had the most violent evolution. Near the beginning of the simulation Uranus

and Neptune interacted closely and swapped orbits. Neptune continued to evolve via

forced migration but on an orbit interior to Uranus. This configuration was dynamically

unstable and eventually the planets swapped back. Despite this dramatic interaction

Neptune then continued to evolve smoothly, and closely followed the predicted forced

migration path, arriving at ahel = 27.8 AU at tjump = 0.98 t∗jump. The eccentricity

of Neptune (and Uranus) during this orbit swap was excited, reaching ehel ∼ 0.2, but

afterwards it dampened down to lower values. This set also showed the highest degree of

inclination excitation. All other sets evolved with ihel ∼ 2.0◦, whereas in set 5 Neptune

and Uranus reached higher values of ihel ∼ 5–7◦ after the instability.

In sets 2 and 3 Neptune migrated smoothly outward for most of the simulation, but

small interactions and occasional jumps in ahel meant that Neptune reached 27.8 AU

too soon, by factors of approximately 2/3 and 1/3 respectively. Sets 4 and 6 under-

went a more discontinuous Neptune migration, although arguably less dramatic than

set 5. These periods of excitation coincide with times when the aphelion of Uranus

and perihelion of Neptune were close (shown by the faint lines in figure 6.1), which

allowed the planets to interact with each other directly. These periods of interaction

also correspond to a higher frequency oscillation in eccentricity of these planets, e.g. at

times t ∼ 4–6 Myr for set 4 and t ∼ 0.5–2.5 Myr for set 6.
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Figure 6.3: Similar to figure 6.2 we show the evolution of the planetary orbits for a
no_migrate simulation. Jupiter and Saturn are the only active particles in the simula-
tion; Uranus and Neptune evolve as test particles.

We expect all cases of non-smooth and/or excited Neptune migration to have a

strong affect on the planetesimal disk. Jumps in ahel make it harder to retain objects

in Mean Motion Resonance (MMR) during push-out, and high ehel will cause Neptune

to have more dramatic excursions towards the planetesimal disk. This excitation of

planetesimal orbits and scattering encounters will have a direct affect on binary survival.

6.1.1 Planet orbit coupling and secular architecture

We investigate the secular architecture of our planetary system by considering the evo-

lution of the planetary orbits when Neptune does not migrate. In figure 6.3 we show

the results of a no_migrate simulation where only Jupiter and Saturn are treated as

active particles. Uranus and Neptune are test particles and their heliocentric orbits

are perturbed only by the combined influence of Jupiter and Saturn. First of all we

see that Jupiter and Saturn evolve with fixed ahel, whilst ehel and ihel undergo steady

out of phase oscillations with the same frequency as seen in figure 6.2. This behaviour

is typical of coupled secular evolution. A secular resonance between two orbits occurs

when there is a commensurability between frequencies of the orbital precession (Malho-

tra, 2012). Therefore in figure 6.4 we consider the evolution of the difference between
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Figure 6.4: Evolution of the difference in orbital element angles for Jupiter and Saturn
for a no_migrate simulation where only Jupiter and Saturn are active particles (figure
6.3). We consider the difference in argument of perihelion ω, longitude of ascending node
Ω and the longitude of perihelion $ = ω + Ω. Libration of these angles, as opposed to
circulation, indicates that the orbits are in secular resonance.

the orbital angles of Jupiter and Saturn. When in secular resonance one or more of

these angles will librate around a particular value, otherwise they circulate between 0

and 360◦. Figure 6.4 shows that the difference in longitude of ascending node ΩJ − ΩS

is clearly confined to ∼ 0/360◦. This shows that the Jupiter and Saturn orbits are

strongly linked via a nodal secular resonance.

Figure 6.3 also shows that when Neptune and Uranus are non-interacting their

evolution in ehel and ihel is each now dominated by a single period. This perturbation

arises from the Jupiter-Saturn pair and manifests with different frequencies for Uranus

and Neptune due to their different heliocentric distances. We can now explain the

double period ehel, ihel oscillations in figure 6.2. The resonantly coupled Jupiter-Saturn

pair perturb Uranus and Neptune with two different periods. In the main simulations

when Uranus and Neptune are active particles they are themselves coupled, as will

be shown in section 6.1.2 below. Therefore the oscillations in ehel & ihel for Uranus

and Neptune are the sum of these two periods. Furthermore, Jupiter and Saturn then

feel the back reaction of Uranus and Neptune, as clearly shown in their two period

inclination oscillations in figure 6.2.
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6.1.2 Sources of Neptune instability

We now prove the coupling of Uranus and Neptune and consider the possible sources

of instability that lead to deviations from the desired migration path. Scattering en-

counters between Neptune and Uranus would seem to be the most likely explanation

for jumps in semimajor axis. Indeed figure 6.1 shows the crossing of Neptune’s orbit

with Uranus’ for sets 4, 5 & 6. However, the other sets also display sudden jumps in

the semimajor axis of Neptune (aN) but with no close encounters. We consider in detail

the evolution of Neptune in the set 3 migration simulations as this particular migration

path shows clear deviations from the desired migration path (figure 6.1.c), in particular

a large jump at t ' 3.6 Myr. However, the perihelion of Neptune and aphelion of Uranus

never cross and therefore they could not have had close encounters.

Instead the orbits may have become excited due to crossing of mutual MMRs (Volk

& Malhotra, 2019), therefore in figure 6.5.a we consider the main Uranus MMRs crossed

by Neptune as it migrates outwards. A MMR occurs when the orbital periods of two

orbits are commensurable, i.e. any integer ratio p : q, however low order resonances

where p and q are similar values are stronger and have a greater influence on dynamical

evolution. In figure 6.5.a we consider the location of the dominant MMRs (compare

to figure 1 of Malhotra, 2019). We see that sometimes Neptune gets stuck in MMR

with Uranus despite being forced to migrate outwards, e.g. at t ' 0− 0.5 Myr aN/aU is

fixed at the 4U:3N MMR. At other times a small jump in aN appears to coincide with

crossing an MMR, e.g. the 3U:2N at t ' 1.8 Myr. One must note, however, that in figure

6.5.a we have not taken into account the width of the various MMRs. Due to this width

Neptune does not have to be at the exact MMR location in order to feel resonant effects.

Furthermore, resonant width means that some MMRs will be overlapping; evolution in

these regions is known to be highly unstable and chaotic (Malhotra, 2012). This may

explain the large jump at t ' 3.6 Myr, which coincides with several closely packed

resonances; 3U:2N, 8U:5N, 5U:3N.

Secular resonances and long term secular chaos may also explain some of the

instabilities in Neptune’s outward migration (Lithwick & Wu, 2014). Unlike the MMRs

determining the actual location of a particular secular resonance is non-trivial; such

resonances generally occupy a complex surface in aei orbital element space. Therefore

rather than find the exact location of secular resonances in our evolving planetary
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Figure 6.5: Here we demonstrate the presence of mean motion and secular resonances
as Neptune migrates outwards for set 3 of the prtwo simulations (see figure 6.1.c).
Panel a shows the evolution of the semimajor axis ratio between Neptune and Uranus.
The location of some common Uranus MMRs are shown as horizontal coloured lines
(resonance widths are not considered). Panels b, c & d show evolution of the difference
in longitude of perihelion between the orbits of Neptune and Uranus, Saturn and Jupiter
respectively.

system we simply look for the effects associated with Neptune being in a secular

resonance at a particular time. To do this we plot the difference in longitude of

perihelion ($ = ω + Ω) between the orbit of Neptune and the other planets in figure

6.5. When this angle librates rather than circulates it is likely that the orbits are

in/near a secular resonance. First of all we see that $N − $U is strongly confined

to ∼ 180◦ for most of the simulation. This is proof of the strong Uranus-Neptune

coupling described in section 6.1 above. Furthermore, we note when this angle starts

circulating at t ' 2.6 Myr the short period oscillations in Neptune’s inclination are

greatly diminished (figure 6.1.c), i.e. the effect of being coupled to Uranus disappears.

For the most part Neptune seems to not be in significant secular resonance with Saturn,

although there is a potential entry into Jupiter secular resonance at t ' 2 Myr. At this
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point $N − $J starts to display a librating component, although overall confinement

of the angle to a single mean value is not strong.

In general this analysis demonstrates that there are many dynamical mechanisms at

play in this four planet, migrating Neptune system. It is beyond the scope of this par-

ticular project to pinpoint exactly the source of all instabilities in Neptune’s migration

so for now we summarise the main interactions at play (in addition to planet-planet

scattering/close encounters):

• The input of energy/angular momentum into the system via forced outward mi-

gration.

• MMR crossing and overlapping resonances (e.g. Malhotra, 2012).

• Secular interactions and the long term growth of chaos (Lithwick & Wu, 2014)

6.1.3 Comparison to other planetary migration studies

We emphasise that the main goal of this study was not to exactly recreate the plane-

tary migration paths that led to the creation of today’s observed transneptunian Solar

System, which is generally the focus of other migration studies. We are primarily in-

terested in the effects of migration on binary planetesimals and we consider how the

heliocentric evolution of a binary affects its survival. Bearing this in mind, we compare

our results for the evolution of the giant planets to other studies, simply to ensure that

the migration paths are reasonable and within published limits.

It is clear from figure 6.1 that planetary interactions in our simulations can cause

deviation from the prescribed migration scenario. Most published planetary migration

studies do not show the exact paths their planets have taken, despite the details of the

path likely having a large effect on the evolution of the system as a whole. This is not

an issue in studies that modelled only Neptune, for example Wolff et al. (2012), but as

noted by Volk & Malhotra (2019) small differences in simulation method can have very

different effects on planetesimal populations. If one can directly compare a migration

path, one can better quantify how these differences might arise. In our simulations

instabilities arose due to our choice of a moderately excited initial Neptune orbit, and

the inclusion of all giant planets as active particles. Neptune’s initial orbit (section 5.2.1)
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lies in between the dynamically unexcited orbit eN,0 = 0, iN,0 = 0◦ of Nesvorný (2015a)

and the range of more excited initial orbits studied by Wolff et al. (2012). The unexcited

initial Neptune orbit used by Nesvorný (2015a) presumably played a significant role in

ensuring their planetary system was more resistant to instability. On the other hand,

as Wolff et al. (2012) modelled only Neptune there could be no perturbations to its

migrations and the planet would have followed a smooth outward migration.

These previous studies found that constraints can be placed on Neptune migra-

tion based on the observed dynamical structure of the modern transneptunian region.

Assuming that the dynamically unexcited CCs formed in situ at ahel > 40 AU, Wolff

et al. (2012) found that Neptune eccentricity must remain eN < 0.18, with inclination

iN < 6◦, throughout Neptune migration in order to prevent excessive excitation of this

region. This constraint is for a scenario where aN,0 = 20 AU and migration and damping

timescales are slow (τ ≥ 3 Myr), which is similar to the migration parameters investi-

gated here. Likewise, Nesvorný (2015b) found that their optimal migration parameters,

τ & 10 Myr & aN,0 . 25 AU, were able to preserve the CC region provided Neptune’s

orbit had eN < 0.1 and iN < 2◦.

As discussed above, figure 6.1 shows that in most cases the inclination of Neptune

oscillates around the initial value of iN,0 = 2◦. Therefore we meet the constraint of

Wolff et al. (2012) that iN < 6◦, but we do not satisfy the more restrictive inclination

requirement of Nesvorný (2015b). As for eccentricity, set 1 exhibits the smoothest

Neptune migration path which best satisfies the constraint that eN < 0.1, although

there are two brief instances around t = 6 Myr when Neptune’s orbit just about reaches

ehel ' 0.1, best seen in figure 6.2. All other sets generally display an increase in the

eccentricity of Neptune throughout the simulation, but always end with ehel . 0.2.

The exception is set 5 where Neptune’s eccentricity dampens quickly after the orbit

swapping with Uranus, and reaches values that are for the most part less than 0.1.

If failing to meet these previously established constraints is an issue then it will

manifest in the results of our simulations through the heliocentric excitation of plan-

etesimals in the CC region. We can still use our simulations to probe the effects of

migration on the binaries, but failing to fufill some of these constraints will likely result

in not exactly reproducing the observed present-day distribution.
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From all the migration parameters we investigated, we selected two ‘reference’ sets

of simulations for deeper analysis in the following sections. Of all the τa = 10 Myr sim-

ulations set 1 followed the predicted migration path most closely, and τa = 10 Myr is

commonly chosen as the migration rate in the literature (Nesvorný, 2015a,b; Nesvorný

& Vokrouhlický, 2016). Furthermore, Nesvorný (2015a) suggest that the damping

timescales (τe, τi) should be lower than the migration timescales by a factor of 2–3,

based on self-consistent migration simulations. For these reasons we favour set 1 to use

as a reference.

We also simulated a migration rate of τa = 30 Myr, moreover, previous studies tend

to favour Neptune migration timescales of τa = τe = τi = 30 Myr (Nesvorný, 2015a;

Nesvorný & Vokrouhlický, 2016; Fraser et al., 2017). Sets 4, 5 & 6 with τa = 30 Myr

all have large jumps in the Neptune migration path. Set 5 displays a significant double

orbit swap between Neptune and Uranus, and yet also shows the closest fit to the

desired migration path of all the parameters studied here. We therefore choose to study

set 5 further as well, so that we can assess how the resulting evolution of the binary

planetesimal disk is affected by a temporary instability in the planetary architecture.

6.1.4 Chaotic evolution

In figure 6.6 we show the evolution of Neptune’s semimajor axis for repeated runs of the

set 1 and set 5 migration parameters. All sets started with identical initial conditions for

the Sun and giant planets, which are the only active particles in the simulation. These

repeats were either performed on a different machine to that used for the main dataset,

or using slightly different timesteps of 0.25 and 0.75 days compared to the fiducial 0.5

days. These results show that our simulations can produce different outcomes when

only minor changes are made in the implementation of the numerical method. There

is clear variation between the migration paths, and this greatly affects the time at

which Neptune reaches 27.8 AU. Such behaviour is the hallmark of chaotic evolution

in a system. However, we emphasise that although these simulations clearly exhibit

chaotic behaviour, this is by no means a guarantee of the actual physical system of

planets we are simulating being a true chaotic system in a strict mathematical sense.

As described by Corless (1994), ‘numerical methods can introduce spurious chaos, or
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Figure 6.6: Evolution in semimajor axis of Neptune for sets 1 & 5 of the migration
parameters in the main dataset (prtwo), indicated by the green line. Repeated simula-
tions were performed using either different timesteps or processors (additional coloured
lines). The horizontal line indicates the location of the Neptune jump, ahel,N = 27.8 AU.
For clarity the migration data has been down sampled by a factor of 50 compared to
figures 6.1 & 6.2.

even suppress actual chaos’. This is due to the four levels of abstraction involved in

numerical methods:

(1) The physical reality

(2) The continuous mathematical model describing reality

(3) The numerical discretisation of the mathematical model

(4) The floating point calculation of the numerical discretisation

whereby the translation from one level to the next provides opportunities for errors to

emerge and results to diverge. In this study the approximations required in moving

from (1) to (2) are described in our choices of how to model planetary migration

(chapter 5). For example we make simplifications such as including only the 4 giant

planets as active particles and artificially forcing the migration of Neptune. The step

from (2) to (3) brings in the inevitable errors due to the numerical integration method,

in this case the REBOUND second order leapfrog integrator. The final stage (4) adds
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yet another inescapable layer of error caused by the finite precision of numbers as

represented in a computational environment. The net effect of these errors can lead to

chaotic behaviour via their propagation and exponential growth in calculations.

There are also several possible physical explanations for chaotic behaviour in plan-

etary systems. Even in a system of non-migrating planets it is likely that chaos would

manifest itself naturally given enough time. The current Solar System architecture has

been shown to be chaotic over a timescale of ∼ 5 Myr (Laskar, 1989) and it has been

shown that perturbations due to the presence of Jupiter and Saturn often leads to in-

stability (Clement & Kaib, 2017). This chaotic behaviour is usually attributed to the

interaction of MMRs between the giant planets. For example a 2:1 resonance crossing

between Jupiter and Saturn is believed to cause the giant planet instability in the Nice

model (Morbidelli & Nesvorný, 2020). Conditions for the onset of chaos and instability

in planetary systems are only somewhat constrained, a typical constraint being the Hill

stability criterion (Morbidelli, 2018), which means a system might be stable provided

the orbits are kept sufficiently separated. Therefore the probability of close encoun-

ters is reduced and also resonances cannot interact. See also the resonance overlap

criterion (Chirikov, 1979). In our simulations, by forcing the migration of Neptune we

are increasing the chances of resonance overlap, and thus chaotic evolution, eventually

occurring.

Deck et al. (2012) discuss the two primary modes of instability in planetary systems.

First of all there are close encounters and collisions; systems that are too densely packed

will eventually have close encounters and destabilise (i.e. the Hill stability criterion). A

gravitational close encounter can be approximated by ‘hardsphere’ scattering and Heggie

(1991) neatly demonstrate how a small change in impact angle (due to different initial

conditions or computational error) can exponentially grow in the resultant motion. Such

an encounter is clearly visible in repeats of the set 5 simulations (figure 6.6) where the

outcome of the Uranus-Neptune orbit swap has wildly different outcomes. Secondly

there is the Lagrange instability which is brought on by repeated weak interactions.

Orbital variations develop through the exchange of angular momentum/energy between

the planets. This instability manifests in our simulations as small variations in what
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should otherwise be a smooth migration, for example the small changes in ahel that are

present in the evolution of set 1 (figures 6.1 & 6.2).

It is well established that chaotic behaviour is commonplace in forced planetary

migration simulations. For example Dawson & Murray-Clay (2012) found that chaotic

behaviour arises due to interaction between Neptune and Uranus. Furthermore, Volk &

Malhotra (2019) state that ‘Because the exact excitation that results from resonances

depends on the phases of the planets when they encounter them, even tiny changes in

the initial conditions can lead to wildly different outcomes’. Given the similarities of

the planetary architecture in these examples to our model it is a reasonable assumption

that most of the causes of physical chaos discussed above are also present in our

implementation.

The divergent behaviour in figure 6.6 is therefore a combination of the numerical/-

computational chaos of the method and the presence of any fundamental chaos within

the physical system. The difference between the prtwo and prone simulations, which

were identical but calculated using a different processor and compiler, demonstrates

the onset of numerical/computational chaos. REBOUND is designed to be a bitwise repro-

ducible code, as such all of its standard routines use only operations that are guaranteed

by IEEE 754 (and C99) floating point standards: i.e. the arithmetic and square root

operations (Rein & Tamayo, 2017). This means that the same code will give exactly the

same answer, down to computer precision1 when run on different processors and/or com-

pilers. However, the custom additional forces routine used in this study (section 5.3.2)

uses trigonometric operations which are not guaranteed by these standards. Computa-

tion of these operations can be dependent on the processor/compiler used to execute

the simulations, which leads to small numerical errors for different runs of the same

code. In this situation these errors quickly propagate and grow, leading to divergent

behaviour especially when close encounters are involved.

The repeats in which the timestep was changed can be interpreted from a numerical

and/or a physical chaos point of view. We emphasise that the original timestep, dt =

0.5 days, was chosen to accurately simulate the binary orbit timescale. This timestep is

orders of magnitude lower than what should be necessary to resolve planetary motion
1IEEE 754 double floating point standard is typically 16 decimal digits
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during smooth migration, e.g. compare to dt = 200 days which was used by Wolff et al.

(2012). In the repeated simulations the timestep was changed by minuscule amounts to

dt = 0.25 & 0.75 days respectively. In figure 6.6 each repeat of the simulation leads to a

completely different Neptune migration, especially around the strong scattering events

in set 5. This is due to the magnification of small changes in initial conditions during

scattering encounters (Heggie, 1991).

In addition, it is important to note that in our simulations we have used forced

migration (section 5.3.2). It is not entirely clear how these fictious forces interact

with the evolution of chaos in the planetary system. These forced changes to the

orbital elements, in particular the damping of ehel and ihel, may actually suppress true

chaotic divergence. This analysis highlights that N -body simulations may not always

accurately encapsulate the true behaviour of planetary migration.

The issues discussed above have already been recognised by Volk & Malhotra (2019)

as a common problem with planetary migration simulations. Their work highlights that

slight differences in the choices of how to simulate the problem, e.g. damping ehel and

ihel, the numerical method of including additional forces, how many planets to force,

etc. can lead to very different results. We note that most of the sets of migration

parameters investigated in this work do not result in the smooth outward migration of

Neptune that was expected. Given the chaotic variation in migration path when the

timestep is changed slightly, it may be possible to alter the timestep until a smoother

Neptune migration is achieved. Such an approach would require many repeats of the

simulations to fine-tune the timestep, and then cherry-picking our favourite outcomes.

This represents additional computational effort and also the added issues of how to

choose the ‘best’ simulations. Furthermore we are still limited to results obtained from

a unique machine due to the computational errors of non-standard operations in our

additional forces routine.

Instead, future work into binary survivability might consider modelling the migra-

tion of Neptune alone, similar to Wolff et al. (2012). When only Neptune is included

there are no external perturbations to its forced migration, or possible scattering en-

counters with other planets, therefore there are fewer sources for chaotic evolution to

take hold. Neglecting the direct influence of the other giant planets on the planetesi-
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mals can be justified, it has been shown that Neptune is the dominant force in sculpting

the outer Solar System (Nesvorný, 2015a). However, as our simulations have shown,

the secular architecture of the Solar System is intimately linked to the migration path

of Neptune through close encounters and instabilities between the planets. As such,

one must be wary of simulations with only Neptune as the migration path would be

an idealised parametrisation that does not contain the same level of detail encoded by

a fully interacting four planet simulation. Finally, for complete safety one should de-

velop code that is fully bitwise reproducible, e.g. use only standard operations and/or

pre-calculate trigonometric values were possible, an approach already taken by Volk &

Malhotra (2019).

6.2 Migration paths of the binaries

In figure 6.7 we show the heliocentric orbital elements of the surviving binary plan-

etesimals, at the time when Neptune reaches 27.8 AU, for sets 1 & 5 of the migration

parameters. The heliocentric distributions are displayed using a hexbin plot; the plot

area is divided into hexagonal cells and the colour of each cell indicates the number of

data points that lie within each cell. A hexbin plot allows us to better see the structure

and density of points within the distribution of ahel, ehel, ihel, as opposed to a scatter

plot where structure may be lost in a high density of markers.

First of all, we see that binary planetesimals readily survive the Neptune migration

paths shown in figure 6.1. In table 6.1 we show the fraction of binaries that survive the

simulations with bound heliocentric orbits, which is 90.4% and 42.1% for sets 1 and 5

respectively. Furthermore, these binaries have evolved onto a wide range of heliocentric

orbits. In both sets the vast majority of objects lie within the bounds of figure 6.7:

ahel < 200 AU, ehel < 1, ihel < 60◦ contains 100% of heliocentrically bound binaries

for set 1 and 98.96% for set 5. The majority of binaries remain concentrated near

their starting region; the hexbin distributions peak near the area straddling the inner

edge of the CC region (ahel = 42 AU) for both sets. The objects that underwent more

significant evolution follow the trend that as ahel increases ehel increases also. As a result

these objects tend to be found along curves of constant perihelion qhel, highlighted in

the upper panels of figure 6.7, as expected for a scattering process. In addition, most
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set binary survival fraction CC fraction Excited fraction Centaur fraction
1 0.904 0.268 0.620 0.016
2 0.807 0.167 0.605 0.035
3 0.953 0.277 0.662 0.014
4 0.632 0.151 0.452 0.029
5 0.421 0.044 0.363 0.015
6 0.864 0.232 0.604 0.027

Table 6.1: Migration paths of the binaries. All surviving binaries at tjump were sorted
into the dynamical classes defined in section 6.2. The fraction of each population is
defined as the number of binaries in each group relative to the initial number of binaries
in the planetesimal disk. Binaries that did not survive were either destroyed or evolved
onto unbound heliocentric orbits. See figure 6.14 for a visualisation of this data.

objects follow an inverse relation between ihel and ahel, where ihel is low for objects with

high ahel and vice versa. This is because the objects with low ahel are closer to Neptune

and have experienced greater dynamical excitation. The objects that started at large

ahel have been not been as significantly perturbed from their initial orbits and so their

low inclination is preserved.

When we compare sets 1 and 5 we see that both follow the trends described above,

however, set 5 shows significantly more excitation than set 1 and has a much wider

spread in orbital element space. This is to be expected, in set 5 Neptune and Uranus

undertook a dramatic orbital swap early in the simulation. This initial instability

had a disruptive effect on the binary planetesimal disk, hence the reduced fraction of

surviving binaries compared to set 1. Also, as a result of this interaction Uranus and

Neptune achieved higher ehel and ihel than set 1 which increases the level of excitation

in the disk. Additionally, set 5 had a longer migration timescale and tjump was over

3× longer than for set 1. There was more time for Neptune to influence and excite the

planetesimal disk via secular evolution and planetary encounters in the set 5 simulations.

We classify the surviving binaries by their heliocentric orbits using the following

criteria, based loosely on the taxonomy of Gladman et al. (2008):

1. Centaur: ahel < 30 AU

2. Cold Classical: 42 < ahel < 47.5 AU, qhel > 36 AU and ihel < 6◦

3. Excited: everything else
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Centaurs are objects that spend most of their time inside Neptune’s current orbit

and typically have dynamical lifetimes of ∼ Myrs, due to crossing the orbits of the giant

planets in the modern Solar System (Peixinho et al., 2020). Given their short dynamical

lifetimes we do not consider such objects further, although we note that binary Centaurs

do exist in the present day Solar System and are an active area of research: e.g. Ceto

and Phorcys (Grundy et al., 2007) and Typhon and Echidna (Araujo et al., 2018). We

then defined the CC region, using the boundaries 42 < ahel < 47.5 AU, qhel > 36 AU

and ihel < 6◦ (Fraser et al., 2017). There are no definitive cuts to the CC region, and

there is variation on prescribed limits within the literature. We emphasise that these

boundaries simply reflect the majority of observed objects that could be considered to

be dynamically cold.

After classifying the Centaurs and CCs we assumed that everything else was in a

population of objects with ‘Excited’ orbits. These ‘Excited’ objects have orbits with

higher ehel and ihel than the CCs, which would place them in the HC and scattered

disk in today’s Solar System architecture. We made this simplification as a Scattered

Disk Object (SDO) has a very specific meaning according to Gladman et al. (2008),

where an SDO is ‘currently scattering actively off Neptune’. In addition, we have not

explicitly classified the groups of objects that end the simulation in a MMR with Nep-

tune. Classifying both these sets of objects is non-trivial. Numerical integrations must

be carried out to check for close encounters with Neptune, or to assess the libration of

resonant angles. Moreover, the non-smooth migration of Neptune means that the MMR

locations are changing discontinuously throughout the simulation, further complicating

resonant classification.

In figure 6.8 we show the implementation of the classification scheme described above

for set 1. The structure in orbital element space is the same as in figure 6.7 but we now

use scatter points and marker colour to show the data points that occupy the regions

of parameter space representative of the Centaurs, CCs and Excited objects. N.B. it is

difficult to discern structure in the crowded scatter plot compared to the hexbin plot,

especially for the Excited binaries which require the use of transparency in their plot

markers. The fraction of surviving binaries in each dynamical class, relative to the

initial number of binaries, is given for all sets in table 6.1. The fraction of binaries in

each population sums to give the total fraction of binaries that survived. The missing
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Figure 6.9: Logarithmic probability density distribution of the final minus initial he-
liocentric orbital elements, for all surviving heliocentric bound binaries in the set 1
simulations. Zero change is marked by the solid black line, the median change in each
orbital element is shown as a dotted red line.

binaries were either destroyed (leaving behind two single planetesimals) or evolved onto

unbound heliocentric orbits.

6.2.1 The change in heliocentric orbital elements

In figures 6.9 & 6.10 we show the distribution of the change in heliocentric orbital

elements of the binaries that survived the simulations, for sets 1 and 5 respectively. By

showing the final minus initial difference we are able to consider both the magnitude

and direction of the change.

In both figures a significant fraction of objects experience no major change in ahel,

with both distributions peaking around ∆ahel ' 0 (N.B. the logarithmic scale of the

distribution). For set 1 the median change in ahel was +0.01 AU and 59% of surviving bi-

naries had |∆ahel| < 0.5 AU. Set 5 had lower overall binary survival and higher levels of

excitation; the median change was +1.33 AU and 15% of binaries had |∆ahel| < 0.5 AU.

This is as expected given the longer migration timescale, and dynamical instabilities of

set 5. Furthermore, in figure 6.10 we restricted the dataset to surviving binaries that
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Figure 6.10: The same as figure 6.9 but for the set 5 migration parameters. We have
cut 35 binaries that reached a final semimajor axis ahel > 200 AU.

ended the simulation with ahel < 200 AU. This cut 35 binaries from the set 5 dataset

(1% of all surviving binaries), 9 of which ended on orbits with ahel > 1000 AU.

The planetesimal disk was initialised with low, but non-zero, ehel and ihel (figure

5.2) with distributions peaking around 0.05 and 2◦ respectively). As expected a large

number of objects have their eccentricity and inclination increased under the influence

of planetary migration. The majority of binaries ended up on orbits that were more

excited and in general the orbital excitation is lower for set 1 compared to the more

violent set 5 simulations: median ∆ehel = 0.02, 0.23 and ∆ihel = 1.4◦, 7.6◦ respectively.

There are also some objects that evolved onto orbits with lower ehel and ihel, this was

possible because of the non-zero initial values of these parameters.

Overall these results imply that a large number of binaries can remain near their

formation region relatively unscathed for these particular migration paths (which model

only the first phase of Neptune migration) although it is common for some of these

objects to become dynamically excited.
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set CC fraction bin implanted fraction retained fraction implanted/retained
1 0.268 0.024 0.861 0.067
2 0.167 0.018 0.510 0.079
3 0.277 0.026 0.883 0.071
4 0.151 0.013 0.478 0.062
5 0.044 0.005 0.136 0.080
6 0.232 0.011 0.749 0.036

Table 6.2: Possible evolution paths into the CC region. The overall CC fraction for
each set of migration parameters is duplicated from table 6.1. The fraction of objects
that were implanted is the number of binaries that started interior to the CC region
and evolved into it, relative to the total number of objects that were initially interior
to the CC region. The retained fraction is the number of binaries that started and
ended within the CC region, relative to the total number of objects that were initially
in the CC region. These two fractions cannot be compared directly, therefore the actual
number ratio of implanted binaries to retained binaries is also provided.

6.2.2 Cold Classical population

As shown in table 6.1 the number of binaries that end the simulation in the CC region

varies for each set of migration parameters. Set 1 shows a high CC fraction with 27%

of binaries ending in this region, whereas the more dynamically unstable set 5 has only

4% CC binaries. For comparison, the heliocentric initial conditions used in this work

meant that approximately 30% of all binaries started in the CC region. For a binary to

end in the CC region it must have either been implanted there under the influence of

Neptune migration or survived the simulation unscathed.

a. Implantation

We first considered the binaries that were successfully implanted into the CC from the

region interior to our chosen CC limits. The initial population was taken to be all

binaries that started the simulation with ahel < 42 AU. The fraction of these objects

that successfully evolved into the CC region, whilst also maintaining their binary orbit,

is given for all sets of migration parameters in table 6.2 as the implanted fraction.

In order to be moved outwards these binaries must either survive gentle push-out by

Neptune resonance, or have only evolved outward by a small amount from an orbit that

was initially near the CC boundary.

Table 6.2 shows that the implantation survival efficiency differs with the migra-

tion path of Neptune. Migration parameters that resulted in significant excitation of

Neptune’s orbital evolution have lower rates of implantation and binary survival. The
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of Neptune’s 2:1 MMR at tjump is shown as a purple vertical line.

migration parameters with relatively gentle, smooth evolution such as set 1 allowed

2.4% of binaries to survive being pushed into the CC region. This value is comparable

to the results of Fraser et al. (2017) for binaries of similar separation to that inves-

tigated here (see their supplementary figure 2). In set 1 these binaries were pushed

out distances ranging from 0.05 to 3.6 AU, or 1.2 AU on average. This is illustrated

in figure 6.11 where we plot the heliocentric orbital elements of binaries that end the

simulation in the CC region. Other sets of migration parameters display similar or lower

rates of binary implantation into the CC region (table 6.2). The range of maximum

push-out distances spans values similar to set 1, up to higher values of 6–9 AU for some

sets. We have limited detailed analysis in figure 6.11 to the smooth set 1 simulations,

but these additional results highlight how the migration timescales and exact details of

the migration path will influence the effectiveness of resonant push-out. For example,

the other sets generally display more unstable Neptune migration with jumps in ahel,
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which makes it harder to retain objects in these jumping resonances. The importance

of the exact details of a particular migration path offers an explanation for Fraser et al.

(2017) reporting push-out distances of up to 6 AU compared to our nominal maximum

of 3.6 AU.

Their result was obtained using the same REBOUND code and migration timescales of

τa = τe = τi = 30 Myr, however, we cannot directly compare with our set 5 simulations

due to the large Neptune-Uranus instability in our integration. This implies that the

resonant push-out distance is not just a function of migration parameters, whereby the

migration speed affects retention of planetesimals in resonance, but is also dependent

on the exact migration path of Neptune. As was shown in figure 6.6 small changes

in numerical setup can lead to wildly different outcomes through chaotic evolution.

We suspect that by running their code on a different machine, Fraser et al. (2017)

were able to obtain a smooth migration path for Neptune with the set 5 migration

parameters, which resulted in a high retention rate for the sweeping 2:1 MMR over

greater push-out distances. Our set 5 simulations are almost directly comparable to

the fiducial simulations of Fraser et al. (2017). The migration parameters are identical,

but they used a different initial Neptune orbit: aN,0 = 23.07 AU, iN,0 = 1◦, eN,0 =

0.01. This means that our initial Neptune orbit (section 5.2.1) was marginally more

dynamically excited and started at a slightly lower heliocentric distance. It is not clear

if the difference between our results for set 5 and those of Fraser et al. (2017) are driven

primarily by a more excited Neptune orbit, or the inherent chaos of the N -body system

as discussed in section 6.1.4 (or a combination of both). As seen in figure 6.2, even our

smoothest set 1 simulations had small jitter in the migration path, which manifested as

a difference between actual and predicted Neptune migration time (tjump = 0.74 t∗jump).

This highlights the strong dependence of these simulations on the exact details of their

numerical implementation, as discussed by Volk & Malhotra (2019). Future work should

look deeper into constraining the effects of migration parameter and chaotic evolution

on the push-out distances of binaries in the sweeping 2:1 Neptune MMR.

In figure 6.11 binaries that only moved by a small amount were already close to the

inner boundary of the CC and only minimal perturbations were required to push them

into this region. The binaries that were pushed out greater distances must have been

deposited there by interaction with Neptune’s 2:1 resonance for at least part of the sim-
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ulation. In figure 6.11 we see that there are a range of data points spread from the inner

CC edge to the location of the 2:1 resonance at the end of the simulation. The large

group of objects near the CC edge have only been pushed out by a small amount, and

have likely evolved into the CC via small perturbations. The objects that end near the

location of the 2:1 resonance are those that were pushed out the furthest. The objects

inbetween are those that dropped out of resonance early; the distance that an object

has been pushed out in ahel is represented by marker colour. Objects dropped out of

resonance due to small jumps and deviations in Neptune’s migration path, which in this

simulation was caused by interaction with the other giant planets (onset of Lagrange

instability) as discussed in section 6.1.4. This is related to the argument in the litera-

ture for grainy vs smooth Neptune migration (Levison & Morbidelli, 2003; Nesvorný &

Vokrouhlický, 2016). If Neptune’s migration were completely smooth objects would be

easily retained in resonance during push-out. Graininess (small jumps) is required to

avoid an overabundance of resonant TNOs compared to present-day observations.

There is also a trend of secular resonant excitation in ehel for the objects that have

undergone resonant push-out. The further an object has been pushed out, the longer it

has been in resonance, and the higher its eccentricity becomes (Malhotra, 2012). We see

that some of the binaries that have been pushed out the furthest are approaching the

qhel upper limit of the CC. One can see a similar result in figure 3 of Fraser et al. (2017).

This trend means we would expect survivors of resonant push-out to have higher ehel

than objects that formed in situ. Furthermore, there are many more objects that are

pushed out by the 2:1 resonance, however, they have been dynamically excited out of

the CC region (as will be discussed in section 6.2.3).

In general our results show agreement with the findings of Fraser et al. (2017). A

population of binary planetesimals that formed interior to the CC region (with distinc-

tive properties to objects that formed in the CC, e.g. bluer surface colours) can survive

resonant push-out during Neptune’s migration. As such we draw similar conclusions to

the original work, in particular that nearly all the planetesimals that were pushed out

must have formed as binaries or multiple systems in order to account for practically all

blue coloured CC objects existing as binaries.
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b. Survival

Likewise, we considered the fraction of binaries that started the simulation within the

boundaries of the CC region and managed to remain there when the simulation was

ended at tjump. This population is referred to as the retained fraction in table 6.2. The

fraction of objects retained in the CC region is once again dependent on the overall level

of dynamical excitation of the migration. Naturally, set 5 shows the lowest retention

rate whereas the smooth and gentle migration of set 1 is able to retain a high fraction of

its initial CC binaries. In these simulations the majority of objects that ended in the CC

region were there to begin with. This implies that a large fraction of the CC binaries

could have formed in situ and survived the first phase of smooth outward Neptune

migration. SI is possible over a wide range of protoplanetary disk conditions (Yang

et al., 2017), and so binary formation via GC could possibly occur at ∼ 44 AU where

most TNBs are now found.

In order to reconcile in situ formation with the findings of Fraser et al. (2017), one

must invoke a mechanism by which GC at different heliocentric distances would pro-

duce binaries with distinct properties. Firstly, there would have to be a compositional

gradient whereby the surface colours of planetesimals exhibit increasing spectral slope

with increasing heliocentric radial distance of formation. This means the binaries that

originally formed interior to the CC region must exhibit bluer surface colours, and those

that formed in situ should be redder. Secondly, the blue binaries must have all formed

with wide orbits (abin > 5500 km from observations) whereas the red binaries must all

be tight. To achieve this Fraser et al. (2017) proposed that the mass and angular mo-

mentum of the pebble clouds undergoing GC must decrease with heliocentric distance,

or that there is a binary widening process that we did not model. Brunini & Zanardi

(2016) show that binaries can be widened by the combined action of Kozai Cycle Tidal

Friction (KCTF) and collisional evolution (see supplementary figure 3 of Fraser et al.,

2017). In particular, non-disruptive collisions can impart impulses to the binary which

increases angular momentum and therefore binary separation.

6.2.3 Excited population

As explained in section 6.2 we cannot easily classify objects as scattering according to

the definition of Gladman et al. (2008). This would require confirming that an object is
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actively scattering off Neptune, but in our simulations we did not explicitly track close

encounters between the planets and planetesimals. The output resolution of 103 yrs was

too long to resolve close planetary encounters in the analysis. For example, during the

migration from ahel = 23.05 to 27.8 AU, Neptune’s orbital period varied from TN ∼ 110

to 150 yrs. Neptune has close encounters with planetesimals from the disk and such

encounters take place over timescales t << TN. In any case, the simulations successfully

created binaries that have achieved dynamically excited heliocentric orbits that occupy

parameter space typical of today’s scattered disk: qhel & 30 AU, ahel & 48 AU in figure

6.7.

In table 6.1 we present the fraction of binaries that were neither CCs nor Centaurs,

and are left in the ‘Excited’ class, relative to the total number of initial binaries in the

disk. There are approximately half the number of binaries on Excited orbits in set 5

than set 1. However, comparing set 1 and 5 we see that fewer binaries survive the set

5 simulations altogether. If we instead calculate the ratio of Excited objects compared

to all surviving binaries we get 0.69 for set 1 and 0.86 for set 5. The binaries that did

survive the more intense set 5 simulations generally achieved more excited heliocentric

orbits than set 1; there is a larger spread of orbits in figure 6.7. In general, when

Neptune is more excited it raises more planetesimals onto orbits with higher ehel, ihel.

This process unbinds more binaries and therefore there are fractionally fewer binaries

in the Excited population (as will be shown in figures 6.12 & 6.13).

The survival of a large fraction of binary systems, including those on relatively

excited orbits would appear to be at odds with the findings of Parker & Kavelaars

(2010), who found that wide binaries with abin/RHill & 0.05 were efficiently destroyed

by scattering encounters with Neptune. Compare this to figure 7.6 in the next chapter,

which shows survival as a function of binary separation. In summary we see that

the survival of Excited binaries appears to be relatively constant up to separations of

abin ' 0.12RHill. This is not totally incompatible with the results of Parker & Kavelaars

(2010) for the following reasons.

First of all we used different initial conditions for the planetesimal disk; in contrast

to Parker & Kavelaars (2010) (who used planetesimals with 20 AU < ahel < 34 AU) we

started our binary planetesimals far from Neptune. For the most part of the simulation

Neptune acts on the planetesimal disk at a distance. Excitation does not occur until
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Neptune’s MMRs start to reach the disk. This causes some planetesimal orbits to

increase in eccentricity until the perihelion crosses Neptune’s orbit, at which point the

planetesimal can interact directly with the planet and possibly be scattered. The bottom

panel of figure 7.10 illustrates an example of this happening, and highlights that for the

majority of the simulation the heliocentric orbit of the binary is unaffected by planetary

migration. This means that although some of our Excited binaries have been scattered

by Neptune in a similar manner to the simulations of Parker & Kavelaars (2010), in our

work they have not experienced scattering over as great a distance which would further

reduce their survivability.

Furthermore, the widest binaries in our initial planetesimal disk had abin =

0.137RHill whereas Parker & Kavelaars (2010) considered separations up to abin =

0.3RHill. The widest binaries are extremely vulnerable to destruction during migration,

as can be seen in figure 4 of Parker & Kavelaars (2010) where the probability of

destruction rapidly approaches unity for increasing binary separation. From the same

figure we see that approximately 20% of our widest binaries would have survived the

scattering encounters in the Parker & Kavelaars (2010) simulations, therefore it is

unsurprising that we observe binaries that have been excited onto scattering orbits in

our simulations.

Finally, our definition of an ‘Excited’ orbit does not strictly contain only objects

that have been scattered by Neptune. This is because of our rather loose definition

of an ‘Excited’ planetesimal (section 6.2), which encapsulates everything that is not

a CC or a Centaur. This definition would include scattering objects (similar to those

investigated by Parker & Kavelaars, 2010), but also relatively unexcited Hot Classicals

and objects interior to the CC region with low ehel and ihel (e.g. figure 6.8). A more

complete comparison would require explicitly selecting the binaries that have undergone

scattering encounters with Neptune (such as the example shown in figure 7.10).

In figure 6.8 we see that there are two clusters of Excited objects located near

the 2:1 resonance with Neptune. We identified these clusters of binaries as having

ahel within the CC region, with either ehel < 0.15 (top panel, cluster a) or ihel < 5◦

(bottom panel, cluster b). We highlighted the objects that satisfied these constraints,

and lie within ±0.5 AU of the 2:1 Neptune resonance. N.B. that we have assumed that
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these objects might be in resonance with Neptune based only on the concentration of

data points and their proximity to the 2:1 resonance. These two groups have low ehel

but high ihel or vice versa, as such these objects do not lie in the CC region. Resonant

push-out has secularly excited either their inclination or eccentricity. Push-out is

necessary to move objects into the CC region, but this example highlights how objects

are excited out of the dynamically cold CC region by the Neptune resonance, similar

to figure 6.11.

The current population of the scattered disk should be 0.3-1.5% of the original

disk (Nesvorný et al., 2019b), whereas we have obtained values that are a much higher

fraction of the starting population. We cannot make an exact comparison as our rather

loose definition of the Excited population covers parameter space beyond that of just the

SDOs. For example in our classification scheme the Hot Classical objects are included

with the Excited objects. In addition, this snapshot of the outer Solar System does

not include the subsequent phase of Neptune evolution after its supposed jump, and

the long period of evolution up to the present day. According to Nesvorný (2015a) this

second phase of Neptune migration would take place over longer τa timescales. Although

we have presented results for when Neptune reached 27.8 AU, all simulations were run

for a full integration time of either 40 or 120 Myr. We found that when we analysed

the simulations at this maximum time, i.e. ignoring the jump and allowing Neptune to

continue its forced migration, the overall binary survival fraction dropped significantly.

For example in set 1 the survival fraction drops from 0.904 for tjump = 8.41 Myr to 0.231

for tmax = 40 Myr. The longer timescale allows more time for Neptune to heliocentrically

excite, and destabilise, the binary planetesimals in the outer Solar System.

However, the Neptune jump that preceded this extended migration would have acted

to decouple these binaries from the 2:1 resonance. The jump is usually implemented by

a manual adjustment in the semimajor axis and eccentricity of Neptune, representing

an interaction with an ejected giant planet. The consequence of this jump is that any

objects that were being swept up in the Neptune 2:1 MMR are now out of resonance

and are left behind as the CC kernel. Nesvorný (2015a) shows that this kernel can

survive Neptune’s post-jump migration; during this time the heliocentric orbits of the

CC region experience only minimal changes (mean ∆ehel = −0.05 and ∆ihel = −0.4◦)
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with a 65% survival rate. Given that heliocentric perturbations are minimal during

Neptune’s extended migration then the binary orbits would also be relatively unper-

turbed. Therefore we expect the objects in the CC region at the end of our (short,

pre-jump) simulations to be stable against continued Neptune migration (post-jump),

and that their properties at this time are effectively frozen.

On the other hand, we cannot say the same for the objects on ‘Excited’ orbits.

Continued Neptune migration is likely to strongly affect these objects with high ahel

and ehel, as qhel may evolve to become Neptune crossing. This continued interaction

with Neptune would lead to higher rates of binary dissociation, and possibly ejection

from the Solar System, leaving us with a lower binary fraction amongst the dynamically

excited TNOs, as is observed today (Stephens & Noll, 2006).

6.2.4 Ejected binaries

As mentioned in figure 6.10 some binaries in set 5 achieved heliocentric semimajor axes

greater than 200 AU, furthermore, some binaries became heliocentrically unbound (they

evolved to orbits with ahel < 0, ehel ≥ 1). The presence of a small number of binaries

on distant/unbound heliocentric orbits implies that it is possible for binary orbits to

survive dramatic scattering by Neptune. When we consider the results of all the main

simulations (prtwo), a total of 45 binaries evolved to ahel > 200 AU and 64 were found

on unbound heliocentric orbits. The majority of these unbound binaries were produced

by set 5, as would be expected given the extreme planetary interactions (figure 6.1) and

the high level of excitation/scattering amongst the planetesimals. Set 5 produced 50 of

all the 64 ejected binaries; a fraction 0.00635 of planetesimals in the set 5 simulations

were ejected.

Overall we produced a fraction 64/(8000×6) = 0.0013 of ejected binaries, across all

six sets of migration parameters in the prtwo dataset. A total of 4092 single planetes-

imals were also ejected, therefore a total fraction of 0.044 of the initial planetesimals

were ejected as either singles or binaries. This is consistent with the ejection fraction

in the single_disk test simulations, where the planetesimal disk was composed of sin-

gle planetesimals. For these simulations approximately 0.046 of particles were ejected

from the Solar System. By considering the ensemble results, which encompass several

possible Neptune migration paths, we calculate the ratio of ejected binaries to ejected
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singles to be 64/4092 = 0.0156. As such we estimate that ∼ 98.5% of all interstellar

planetesimals would be ejected as singles, assuming that all planetesimals in the disk

existed as binaries before planetary migration.

We note that this result is highly dependent on the migration parameters, in partic-

ular how ‘violent’ the planetary migration was. For example the greatest ejection rate

was for the highly unstable set 5 simulations, which also had the lowest binary survival

fraction. Furthermore, we have investigated a limited range of relatively tight binary

orbit separations (0.008 < abin/RHill < 0.137, section 5.2.2). One would expect that

the survival rate for wider binaries would drop significantly. For comparison, the widest

known scattered disk binary has a separation of abin ' 0.015RHill (Noll et al., 2020).

Taking these provisos into account this is an extremely interesting result; there is the

possibility that a small number of binary planetesimals can survive being ejected dur-

ing formation of the early Solar System. This is particularly relevant given the recent

discoveries of interstellar objects 1I/‘Oumuamua (Meech et al., 2017) and 2I/Borisov

(MPC, 2019), with large surveys such as the LSST expected to discover on the order

of one interstellar object every year (Trilling et al., 2017). These objects were most

likely ejected from their parent systems which underwent their own planetary migra-

tion, a process which is expected to eject a significant proportion of the planetesimals

(’Oumuamua ISSI Team, 2019). Therefore, drawing analogy between the formation of

our Solar System and an exoplanetary system: if it is common for planetesimals to

form as binaries then we would expect that at least some of these planetesimals could

survive ejection as a bound binary pair. There has even been speculation that the

unusual lightcurve of 1I/‘Oumuamua could be explained if it was in a contact binary

configuration (Bannister et al., 2017; Gaidos, 2018).

Assuming that a binary planetesimal survives ejection from its parent system, fu-

ture work should consider the evolution and survivability of such a binary in interstel-

lar space. Given the large distance from sources of radiation, one would expect that

radiation-driven effects such as Binary YORP (Walsh & Jacobson, 2015) would be neg-

ligible. Furthermore, the chances of a disruptive collision with another object would

be practically non-existent in interstellar space. Tidal evolution could affect the binary

orbit, provided the component planetesimals were aspherical or on an eccentric mutual

orbit. However, there would be no consistent influence of a third body (e.g. the Sun)
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set single fraction CC fraction Excited fraction Centaur fraction
1 0.089 0.003 0.061 0.025
2 0.184 0.003 0.130 0.051
3 0.047 0.004 0.032 0.012
4 0.310 0.004 0.237 0.069
5 0.394 0.001 0.337 0.056
6 0.131 0.005 0.087 0.039

Table 6.3: The number of single planetesimals, classified by their heliocentric orbits at
tjump according to the scheme described in section 6.2, as a fraction of the total initial
number of planetesimals in the disk. Compare to table 6.1 for the binary planetesimals,
and see figure 6.14 for a visualisation of this data.

to trigger rapid binary orbit evolution via KCTF. An additional threat to interstellar

binary survival would be the (cumulative) effect of stellar flybys/encounters. Future

work should investigate these effects; the binary may be destroyed or it could collapse

into a contact configuration, giving it an elongated appearance which may be similar to

1I/‘Oumuamua.

6.3 Single planetesimals

6.3.1 Dissociated binaries

In the prtwo simulations we started with a 100% binary disk, therefore any single

planetesimals at the end of the simulation have been created by the destruction of a

binary. In table 6.3 we show the fractions of single objects that ended up in the various

dynamical classes as defined in section 6.2. The fraction of objects in each population

was calculated such that direct comparison to the binary population fractions in table

6.1 could be made. The number of single planetesimals in each population at tjump

was counted and then divided by the total number of planetesimals in the initial disk,

Nsingle = Nbinary×2. We also recreated the binary planetesimal hexbin plot (figure 6.7),

now showing the orbital element space covered by the single planetesimals at tjump, as

shown in figure 6.12. The figure limits were again restricted for clarity, in this case there

are 98.74% of heliocentrically bound singles within the figure boundaries for set 1, and

92.26% for set 5.

First we note that the overall fraction of single planetesimals is low in comparison

to the fraction of binaries (table 6.3). The majority of the planetesimals were able to

survive planetary migration as a binary pair, which implies that most of the surviving
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Figure 6.12: Figure 6.7, replotted for the single planetesimals on heliocentric bound orbits when Neptune reached ahel = 27.8 AU. Results are for
set 1 (left) and set 5 (right) of the migration parameters.
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binaries have avoided destructive planetary encounters. It makes sense then that the

majority of single planetesimals are found on ‘Excited’ heliocentric orbits. The Excited

fraction in table 6.3 is high relative to the CC and Centaur populations. Furthermore,

by comparing figures 6.7 & 6.12, one can see that the single planetesimals are spread

across a wider range of heliocentric orbital parameter space relative to the binaries.

The distribution of single planetesimal orbits peak (brighter hex colours) at orbits with

higher eccentricity and inclination. The process of evolving onto these more excited

heliocentric orbits, e.g. via interactions with the migrating planets, are more likely to

destroy the binary orbit thus explaining the larger spread in heliocentric orbits of the

single planetesimals (Parker & Kavelaars, 2010).

In section 6.2.2 we found that a decent fraction of binary planetesimals could end the

simulation within the CC region, 27% for the set 1 simulations. Most of these binaries

started in this region and were not greatly disturbed by planetary migration; the initial

number of binaries in the CC region was 30% for all simulations (section 5.2.2). In

contrast, we now find an extremely low fraction, 0.3%, of single planetesimals within

the CC region at tjump (table 6.3). This is because if the heliocentric orbit of a binary

is not greatly perturbed then it is unlikely for the binary orbit itself to be destroyed.

Therefore when most binaries that start in the CC region are not greatly disturbed, and

are not broken down into single bodies, the only mechanism to get single planetesimals

into the region is via migration. In section 6.2.3 we found that approximately 2% of

binaries that started interior to the CC region were successfully pushed outwards into

the CC region (table 6.2). Repeating this analysis for the single planetesimals we find

that the fraction of single objects implanted into the CC region is 2 orders of magnitude

lower with an implantation fraction of ∼ 0.02%.

This implies that when a binary is implanted into the CC region (e.g. via resonant

push-out during planetary migration) despite only 2% of the inner disk making it into

the CC region nearly all of the binaries (∼ 99.98%) being pushed out would be expected

to survive the process. This result complements the findings of Fraser et al. (2017) on

the scaricity of blue single CCs, where all but one of the blue objects in the CC region

exist as binary pairs.
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Figure 6.13: A plot of the heliocentric orbital element distribution of the binaries and singles at the end of the set 1 & 5 simulations, similar to
figures 6.7 & 6.12. Here the logarithmic colour scale refers to the number ratio of binary to single planetesimals. It is important to note that the
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6.3.2 Binary to single ratio

In figure 6.13 the heliocentric orbital element distribution of the binary and single

planetesimals (from figures 6.7 & 6.12) are directly compared to obtain the distribution

of binary to single ratio in orbital element space. Each cell in figure 6.13 indicates the

number of binaries relative to the number of singles, in that region of orbital element

space. As before the results of the set 1 simulations are shown on the left, and set 5 on

the right. The diverging colour scale results in a plot where cells with no objects or a 1:1

binary to single ratio are white. Cells with more binaries than singles are red, and cells

with more singles than binaries are blue. When interpreting results one must be aware

of some non-physical hexbin plotting effects. Firstly the cell width limits resolution

and the hexagonal shape can distort the appearance of a straight edge of a distribution

in orbital element space. Secondly, there are some isolated red cells on excited orbits

that would appear to indicate a high concentration of binaries. These are cells that

happened to have zero singles and perhaps one binary, and appear as distinct outliers

due to the choice of colour scale.

Figure 6.13 highlights that in these simulations of planetary migration the majority

of binaries are found not too far from their starting orbits. Some binaries may survive

scattering onto more excited orbits, however, this region of orbital element space is

dominated by the singles created by the destruction of scattered binaries. Comparing

the results of set 1 (a relatively gentle migration) and set 5 (violent migration), one

can see that these trends hold in both cases. However, in the more dynamically excited

set 5 simulations a greater fraction of singles reach even more excited orbits than set

1. Furthermore, in set 5 the overall area where binaries outnumber singles is slightly

reduced compared to set 1. Due to our assumption of a 100% binary fraction in the

initial planetesimal disk, this figure provides an upper limit on the binary to single

ratio expected for different dynamical populations as a result of planetary migration.

However, for a direct comparison with modern binary fractions, e.g. ∼ 30% in the

CC region Noll et al. (2008), one must take into account the subsequent evolution of

binaries in the disk after planetary migration, and their observability. Furthermore, this

distribution and the resulting binary to single ratio would be altered if the scattering

of an inner planetesimal disk were also included in the simulations.
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Figure 6.14: A graphical representation of tables 6.1 & 6.3, showing the fraction of
binaries and singles in each dynamical class (CC, Excited, Centaur, see section 6.2), for
each set of migration parameters. The sum of these fractions is calculated and compared
to the results of test simulations that were initialised with a disk of single planetesimals.

6.3.3 Testing a single particle disk

A final important investigation was to assess the impact (if any) of binary orbits be-

tween pairs of planetesimals on the heliocentric migration paths of those planetesimals.

A subset of the prtwo simulations were repeated, but with the initial planetesimal

disk composed entirely of single planetesimals. These simulations are referred to as

single_disk, and with the exception of the planetesimal disk, the initial conditions

and migration parameters were identical to prtwo. The analysis in section 6.2 was

repeated, whereby all the planetesimals were sorted by their orbital elements into the

three main dynamical classes at tjump. In figure 6.14, for each set of migration parame-

ters, we show the number of all single planetesimals in each dynamical class as a fraction

of the initial number of planetesimals in the disk at t = 0 yrs. We also plot the fraction

of binaries and singles in each class from the corresponding sets of migration parameters

in the main prtwo simulations. This figure therefore acts as a visualisation of the values

from tables 6.1 & 6.3. We have calculated the fraction of objects in each population
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relative to the total number of planetesimals in the initial disk, thus accounting for

some objects starting as binary pairs. As such we were able to add the values from

tables 6.1 & 6.3 to get the total heliocentric evolution of all planetesimals (binaries +

singles) in the prtwo simulations, allowing us to directly compare with the heliocentric

orbit distributions of the single_disk simulations.

Figure 6.14 shows that for the most part there is excellent agreement between the

heliocentric end states of the prtwo and single_disk simulations. The percentage

difference between the combined binary and single prtwo dataset (pink dashed line)

and the single planetesimal single_disk dataset (solid brown line) is typically only

∼ 1%. The largest percentage difference, up to ∼ 14%, occurs for the fraction of

objects that end on Centaur-like orbits, for sets 4, 5 and 6. This is most likely a result

of the reduced number of particles in the dataset; single_disk used a factor of 10

fewer particles than prtwo. Furthermore, the Centaur population is always the smallest

in all sets of migration parameters, therefore any stochastic variation in planetesimal

evolution (which is likely in particularly unstable migrations) is magnified compared to

the more populous Excited and CC populations. Overall, figure 6.14 shows that the

presence of binary orbits does not affect the heliocentric evolution of a population of

planetesimals. As expected, the binary centre of mass motion in the heliocentric frame

would be well approximated by a single particle.
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Chapter 7

Binary System Evolution

The Cosmic ballet goes on.

Leonard Nimoy, The Simpsons

In this chapter we focus on how the binary orbits evolved during planetary migration.

In general we find that the majority of binary orbits are not significantly changed by

the initial phase of planetary migration that we have investigated. Only binaries above

a critical separation undergo binary Kozai evolution, and this would appear to be a

fundamental property of binary Kozai cycles. Finally, we consider whether or not one

can relate a distribution of primordial binary orbits to the currently observed orbits. It

would appear that the tight Cold Classical (CC) binaries likely have not changed much

since their formation.

7.1 The change in binary orbital elements

The difference between the final and initial binary orbital elements is shown for the

set 1 simulations in figure 7.1. This figure shows that in general the binary orbital

elements are unchanged by the outward migration of Neptune. The majority of objects

show no major change in eccentricity, 71% and 61% of binaries have ∆ebin ≤ 0.1 and

0.01 respectively. Although for the binaries that do undergo changes, ∆ebin spans a

wide range of values. As orbits were initially circular eccentricity always increased.

The inclination also changed by a reasonable amount for some objects, but usually not

enough to evolve a binary from prograde to retrograde unless the binary was already

on the boundary with ibin ∼ 90◦.

153



−2 0 2 4 6

∆abin (m) ×107

10−10

10−9

10−8

10−7

10−6
set 1, τa=10.0 Myr, τe = τi=3.0 Myr

0.0 0.2 0.4 0.6 0.8 1.0
∆ebin

10−2

10−1

100

101

102

−80 −60 −40 −20 0 20 40 60 80

∆ibin (degrees)

10−4

10−3

10−2

10−1

−0.10 −0.05 0.00 0.05 0.10 0.15 0.20

∆(a/RHill)

10−1

100

101

102

lo
g

(P
D

F
)

Figure 7.1: Logarithmic Probability Density Function (PDF) of the change in binary
orbital elements of all surviving binaries in the set 1 simulations (τa = 10 Myr, τe =
τi = 10 Myr). From top to bottom is shown the change in binary semimajor axis,
eccentricity, inclination and relative separation. The black vertical line indicates zero
change, and the red dotted line marks the median of the distribution.
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For the set 1 simulations with migration timescales τa = 10 Myr, τe = τi = 10 Myr,

only ∼ 1% of surviving binaries flipped from prograde to retrograde. For the binaries

that flipped there was a median change in inclination of |∆ibin| ∼ 8◦, and a maximum

change of 88◦. Of these binaries 87% and 68% had |∆ibin| ≤ 10◦ and 5◦ respectively.

This confirms that any evolution of prograde to retrograde and vice versa is between

near polar binaries (possibly driven by Kozai-Lidov oscillations, see section 7.1.1), with

only a small number of true flips. For comparison, we recreate figure 7.1 for the set

5 simulations (τa = τe = τi = 30 Myr) as shown in figure 7.2. In this case ∼ 6% of

binaries have flipped, and there is a higher median and maximum change in inclination,

|∆ibin| = 27◦ and 146◦ respectively. This increased level of excitation in the binary

orbits is presumably caused by the more unstable planetary migration path of set 5

(figure 6.1), leading to stronger interactions between Neptune and the planetesimal

disk.

It should be noted that the changes in figures 7.1 & 7.2 are only an instantaneous

snapshot of what may be an evolving binary orbit. As will be shown in section 7.1.1 the

inclination and eccentricity of many binary orbits are intimately linked by the Kozai

mechanism. This could explain the excited values of ebin and ibin observed for the

overall population, but for individual binaries these terms are oscillating, and therefore

any particular binary would be in a different configuration at a slightly different time.

The majority of unchanged binary orbits corresponds to most planetesimals un-

dergoing only minimal changes in heliocentric orbital elements (section 6.2.1). If the

heliocentric orbit is unchanged, then we expect that the binary orbit was also not sig-

nificantly perturbed. In these cases the binary has likely escaped any disruptive close

encounters or entrapment in Neptune resonances that would have caused secular exci-

tation. This is confirmed by the binaries experiencing only small changes in relative

binary separation abin/RHill, as changes in this parameter are accounted for primarily

by changes in heliocentric semimajor axis ahel (equation 5.3). In figures 7.1 & 7.2 we see

that the vast majority of objects lie around ∆abin ' 0, indicating that the binary com-

ponents have only undergone minimal changes in separation. Indeed, for sets 1 and 5,

96% and 77% of binaries had |∆abin| < 1×106 m respectively. We recall that the initial

orbits were initialised with 3 × 106 ≤ abin ≤ 40 × 106 m (0.008 < abin/RHill < 0.137).

In sets 1 and 2, 67% and 41% of binaries experienced even smaller changes in semi-
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Figure 7.2: The same as figure 7.1, but replotted for the set 5 simulations, which have
migration timescales: τa = τe = τi = 30 Myr.
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Figure 7.3: The distribution of binary orbital elements abin, ebin, ibin for all the binaries
that survived the set 1 migration parameter simulations until tjump (blue circles). The
binaries that are found within the CC region are highlighted with red dots. There is a
high density of CC data points with ebin ∼ 0, which are better resolved in figure 7.4.

major axis of |∆abin| < 1 × 104 m respectively. Nesvorný et al. (2018b) show in their

simulations of migration of the binary Jupiter Trojan, Patroclus-Menoetius, that the

final binary separation is a good approximation for the initial separation for tight bina-

ries even after planetary encounters. Our simulations confirm that binary separation is

generally robust to scattering and excitation during planetary migration.

7.1.1 Binary Kozai cycles and eccentricity excitation

In this section we investigate in detail the dynamical excitation of the binary orbits at

the end of our simulations. In figure 7.3 we show the binary orbital element end state

of all surviving binaries from the set 1 migration parameter simulations. As discussed

above most binaries retain their initial low eccentricity, and very few binaries achieve

wider separations beyond the initial conditions. For the most part, the distribution in

ibin is unchanged, except for a paucity of ibin ∼ 90◦ objects at wider separations. Most

striking is the excitation in eccentricity, with the majority of high ebin objects also being

on wide orbits.
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Figure 7.4: A log-log plot of binary eccentricity against semimajor axis normalised by
the binary Hill radius. The binary orbit inclination is shown as a colour scale. We plot
only the binaries that end the simulation within the CC region, for the set 1 migration
parameters. The red lines are to guide the eye, most binaries have ebin . 0.015 and
in general only binaries with abin & 0.05RHill have higher eccentricities. This is caused
by binary orbit Kozai cycles. Two outliers are highlighted with red circles, both are in
MMR with Neptune at the end of the simulation.

In figure 7.4 the data are replotted showing only the objects that ended in the CC

region, as these are the objects that most prominently display the excitation behaviour

shown in figure 7.3. We see that there are two populations of binary orbits, those with

extremely low ebin and those with ebin > 0.015, highlighted with the horizontal red line

in the figure. The excitation in ebin is dependent on the binary separation, here given as

the semimajor axis relative to the Hill radius, which is in turn also dependent on binary

heliocentric distance (equation 5.3). By using this relative separation we account for

the distribution of the binaries in ahel, which affects the strength of perturbations from

the Sun. This allows us to better compare the whole population, which is spread over

several AU in the heliocentric frame. Only the binaries above a critical separation of

abin ' 0.05RHill (highlighted by the vertical red line) are able to achieve high eccentricity

orbits. Recreating figure 7.4 for all sets of migration parameters showed that this

excitation occurs at a similar critical separation in all cases.
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Inspection of the binary orbit evolution of these objects indicated that the Kozai-

Lidov mechanism was the culprit for this behaviour. Only the binaries with median

values of inclination, 40 . ibin . 140◦, were able to evolve to higher values of ebin, as

shown by the inclination colour scale in figure 7.4. These objects show clear oscillations

in ebin and ibin, this is proved when the evolution of an example binary in this population

is considered in detail (section 7.2.2). The binaries with nearly flat prograde/retrograde

orbits do not undergo Kozai cycles and retain low ebin throughout the simulation. We

see both of these behaviours clearly illustrated when an animation is made showing

figure 7.4 as a function of time (appendix A.2).

As for the significance of this critical separation, Nesvorný & Vokrouhlický (2019)

say that in order for the Kozai mechanism to be effective ‘binary components must be

roughly spherical and/or the binary separation must be large’. Seeing as how we have

made no considerations for binary component shape or tidal forces in our model, figure

7.4 shows the activation of Kozai cycles when going from tight to wide binaries. Inter-

estingly, Nesvorný & Vokrouhlický (2019) pick abin > acrit ' 0.05RHill and ibin ∼ 90◦

as the parameters for which Kozai oscillation is significant, because observationally we

only observe binaries with ibin ∼ 90◦ for abin < 0.05RHill. The initiation of Kozai in

our simple binary model appears to correspond neatly with the empirically observed

result. In addition, despite the variation in planetary migration parameters (and Nep-

tune migration path), all other simulation sets in our study display similar binary orbit

excitation behaviour around relative separations of acrit.

In the TNB literature a separation of abin ' 0.05RHill is commonly taken to be

the division between tight and wide binaries. For example this division is associated

with different distributions in binary inclination (Grundy et al., 2019). Furthermore,

evidence of Kozai cycling in wide binaries during planetary migration has been displayed

before in supplementary figure 2 of Fraser et al. (2017), although its significance was

not discussed at the time. Their figure shows the same behaviour as we have found

here (excitation around acrit), but at a lower resolution. We emphasise that the quoted

critical separation is an estimate based on observations; Nesvorný et al. (2019a) make a

similar argument to Nesvorný & Vokrouhlický (2019) but pick a value of acrit > 0.1RHill.

This value is only an approximation to help parse observations, with no defined exact

value.
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This is an interesting phenomenon that occurs in our simulations and there is merit

in determining the physical (or possibly numerical) mechanism that causes it. The em-

pirical statements of Nesvorný & Vokrouhlický (2019) make sense; a tight binary should

be more resistant to external perturbations. As discussed by Fabrycky & Tremaine

(2007), weak perturbations from the outer perturber (the Sun) can induce inner binary

orbit oscillations. However, small additional forces within the inner binary can negate

this. These could be caused by non-spherical components, or when the components

are tight enough that solar perturbations cannot overcome the binary force to initiate

Kozai. What is most puzzling about this result is how suddenly Kozai kicks in at this

critical separation (figure 7.4). It seems unlikely that this is simply a numerical issue; we

have chosen a small timestep of dt = 0.5 days which is more than adequate for resolving

the binary orbits investigated (shortest period of ∼ 40 days). Furthermore there are a

large number of data points either side of the critical separation, so the regime change

is well resolved. We conducted some preliminary tests in an attempt to narrow down

other possible causes.

In the Kozai-Lidov mechanism the binary orbit is perturbed by the Sun. However, in

our simulations additional perturbations caused by the migration of Neptune may affect

the behaviour of Kozai oscillations. We performed a test set of runs where the forced

migration of the planets was turned off, and all planets were treated as test particles.

Therefore the only forces acting on each pair of binary planetesimals is the Sun particle,

and the additional binary force: i.e. each binary evolves completely independently. We

see in figure 7.5 that the same excitation occurs, at the same critical separation. This

is not entirely surprising as the binaries in figure 7.4 are all in the CC region, which

we have shown is roughly where they started the simulation, i.e. they have not been

significantly influenced by Neptune migration (section 6.2.2), but it is important to rule

out these additional perturbations. Furthermore by showing that this is not a feature

caused by planetary migration, we show that this critical separation is a fundamental

property of the binaries that undergo Kozai.

We also considered another test where we repeated the default planetary migration

simulation but changed the binary mass ratio from m2/m1 = 1 → 0.5, to see if the

properties of the binary system affect acrit. Again we see no discernible change in the

onset of Kozai cycling. In all datasets we have only considered one value of binary
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Figure 7.5: We remake figure 7.4, but for the set 1 migration parameters of the test
datasets, in order to probe the onset of Kozai cycling. The simulations with no planetary
migration (no_migrate, panel a) and a binary mass ratio ofm2/m1 = 0.5 (bin_21, panel
b) show similar results to figure 7.4. There are fewer data points in these figures as fewer
simulations were run for tests (table 5.2).

system mass msys = 1 × 1018 kg, however, the Kozai mechanism is dependent on the

z component of angular momentum (Kozai, 1962), which in turn depends on system

mass and separation. Future work should look deeper into the physics of the Kozai

mechanism and would perhaps benefit from further test simulations being performed;

e.g. investigating more values of binary system mass and a wider range of mass ratios

to see if this influences acrit.

7.1.2 Binary survival by separation

Here we assess the survival rate of binaries as a function of their separation. We have

already shown that the majority of binary orbits are unchanged in abin, therefore a

change in distribution of binary separations would be caused primarily by destruction

of the binary orbit. In panel a of figure 7.6 we show the histogram distributions of

binary separation at the start and end of the simulation. Although we chose uniform

initial distributions of ahel and abin we have a non-uniform distribution in abin/RHill.

This is due to the scaling of RHill with ahel. For a fixed abin the relative separation will

depend on the ahel it is initialised with. In our simulations there are fewer wide binaries

(high abin/RHill) because it is less likely to randomly draw both a high abin and ahel

in one go. In addition to overall binary survival, the distribution of surviving binary
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Figure 7.6: The top panel (a) shows the distribution of the number of binaries with a
given separation (as a fraction of the binary Hill radius) at the start and end of the
simulation. We do not consider binaries that end the simulation with relative separations
outside the initial distribution. In the bottom panel (b) we show the fraction of binaries
that survived the simulation in each width bin, the final/initial distribution is shown by
the green line. We also consider the subset of binaries that ended within the CC region
(purple line), or were Excited (brown line).

separations was assessed for the binaries that ended the simulation in the CC region or

with ‘Excited’ heliocentric orbits (section 6.2). These results are shown in panel b of

figure 7.6.

Although binaries may shrink or get wider, we truncated the final distribution at the

maximum initial relative separation of abin = 0.137RHill. This was to allow us to make

a direct comparison between the initial and final distributions. This is a reasonable

cut, as discussed in section 7.1 only a small fraction of binaries evolve to have widths

outside the initial range (see also figure 7.3). To obtain the survival fraction we divided

the number of binaries in each width bin by the initial number of binaries in that bin,

in order to compensate for the non-uniform initial distribution.

For the set 1 simulations we see that the distribution of overall binary survival

is roughly constant at tight separations, with most binaries surviving. This survival

fraction then starts to drop at larger separations, abin & 0.08RHill. It should be noted
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however that these wide separations bins have the fewest objects, and therefore a higher

percentage error in the fractions calculated from them. When we consider specific

migration paths, we see that binaries ending in the CC region also show a lack of wide

separations, dropping to near zero survival around abin ' 0.12RHill. For the Excited

binaries, survival is constant until abin ' 0.12RHill. The loss of the wide CC binaries

is presumably due to excitation caused by Neptune resonances passing through the

CC region and destabilising the widest objects. The overall downturn in total binary

survival at abin & 0.08RHill is driven primarily by the steady loss of wide CC binaries,

with the loss of wide Excited binaries only contributing for the widest separations. The

relatively unchanged survival fraction for the Excited binaries may appear surprising

compared to the results of Parker & Kavelaars (2010). In figure 4 of their work they

show that binary destruction increases rapidly with increasing separation, whereas our

results only show a drop in survivability at the widest separations in our dataset. As

was discussed in section 6.2.3, our results are still compatible with those of Parker &

Kavelaars (2010) once we take into account several factors, namely the different initial

conditions for the planetesimal disk, our limited range of binary separation, and our

loose definition of an ‘Excited’ orbit.

7.2 Some binary evolution paths

In this section we look at specific binaries from the simulations in order to highlight

some of the various evolutionary paths they take. Considering the set 1 simulations

only, which has the smoothest Neptune migration path, a sample of interesting examples

are shown below. These showcase a broad spectrum of binary orbit evolution due to

resonant migration, Kozai cycling and scattering encounters with the planets. Similar

examples can also be found in other sets of migration parameters, but the frequency

with which the different cases occur may change. For example a set with less smooth

Neptune migration would have fewer cases of binaries undergoing steady resonant push-

out.
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Figure 7.7: An example of a binary that was gently pushed out by the Neptune 2:1
resonance over the course of a simulation with set 1 migration parameters. The top three
panels show the evolution of the binary orbital elements abin, ebin, ibin. The top panel
also shows the relative binary separation in grey as an additional axis. The bottom panel
shows the heliocentric semimajor axis of the binary, with perihelion/aphelion indicated
by the grey lines. Neptune’s semimajor axis and the location of its major resonances
are shown by the coloured lines.

7.2.1 A migrating binary

The binary system in figure 7.7 is shown as a concrete example of a binary that is swept

up and pushed outwards by the 2:1 resonance of an outward migrating Neptune. The

binary orbital elements are largely unchanged, oscillations in abin, ebin, ibin are stable

and of small amplitude. The biggest change is in abin/RHill, but this is due to the

outward migration and increasing value of ahel. The bottom panel of figure 7.7 clearly

shows the push-out. As Neptune migrates outwards its resonances sweep ahead of the

planet, and we can see for most of the simulation ahel of the binary’s heliocentric orbit

corresponds with, and is steadily increased by, the 2:1 Neptune resonance. Although

the binary orbit is relatively unchanged, the expansion of the perihelion/aphelion lines

indicate an increase in ehel, i.e. the heliocentric orbit is being secularly excited during

the resonant push out. When we consider the entire dataset, although we find many

binaries that are pushed out significant distances by the 2:1 Neptune resonance, many

of these end with ehel and ihel that are too high to be in the CC region.
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This binary stays in the 2:1 resonance until we stop the simulation at anep = 27.8 AU.

In the favoured migration scenario Neptune is assumed to jump in semimajor axis

at this point due to an instability and ejection of a giant planet (section 5.4). Any

binaries in the 2:1 resonance like this object would be left behind and continue to

evolve decoupled from Neptune. We also see a large number of binaries that are only

transiently captured by the 2:1 resonance (figure 6.11). Similar to Fraser et al. (2017)

we find that some objects enter/leave the 2:1 resonance before the jump, due to the

non-smooth migration of Neptune in our simulations, and that there is a range of

possible distances over which objects can be pushed. The ability to retain an object in

a migrating resonance is dependent on the migration path of Neptune, e.g. even slight

jumps in Neptune’s semimajor axis will result in the loss of objects from its resonances.

Furthermore, the resonance width and ‘stickiness’, related to Neptune’s eccentricity and

the resonance strength respectively (Gallardo, 2018), play important roles in particles

remaining within MMR during push out.

7.2.2 A Kozai cycling binary

In figure 7.8 we show an example of a binary orbit that is undergoing Kozai-Lidov

cycles. This binary was selected from the upper right quadrant of figure 7.4, and as

such has a relative separation abin > 0.05RHill and ibin ∼ 90◦ which is within the

critical range for Kozai cycles to occur (40 . ibin . 140◦). We see that ebin and ibin

oscillate out of phase, which is typical of Kozai behaviour. In investigating the high

ebin population of figure 7.4 we found that approximately 50% of the binaries oscillated

with ebin and ibin in phase. All of these binaries had retrograde inclinations and were

simply undergoing retrograde Kozai cycles. The Kozai-Lidov mechanism is the same for

prograde or retrograde orbits; when ipro = 180◦−iretro the sign for inclination oscillation

in retrograde orbits is flipped, thus it appears that the eccentricity and inclination are

oscillating in phase (Huang et al., 2018).

To verify that this object is undergoing Kozai cycles, we also plotted the phase space

of the binary eccentricity and argument of pericentre (figure 7.9). A unperturbed orbit

would circulate, whereas an orbit undergoing Kozai cycles oscillates/librates. As shown

in figure 7.9 the binary orbit evolves in a bow tie shape, which is librating around the
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Figure 7.8: The same axes as figure 7.7, but focused on the last 0.1 Myr of the simulation,
for a binary undergoing Kozai oscillations in ebin and ibin.
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Figure 7.9: Kozai phase space of the binary orbit shown in figure 7.8. This phase space
is composed of the binary orbit eccentricity ebin and argument of pericentre ωbin, as
a function of time t, which is indicated by the colour scale. A path that is librating
(instead of circulating) is an indicator of Kozai oscillation.
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Figure 7.10: The same axes as figure 7.7, but now we consider a binary that has evolved
onto an excited heliocentric orbit through close encounters with Neptune.

ωbin = 0 and 180◦ values (for comparison see Lawler & Gladman (2013) figure 6 and

Wan & Huang 2007).

7.2.3 A scattered binary

In figure 7.10 we show a binary that has been placed onto a distant and excited heliocen-

tric orbit due to close encounters with Neptune during planetary migration. One can see

that the perihelion of the orbit began to approach Neptune’s orbit at around t ∼ 7 Myr

at which point the interactions steadily became more extreme. This object ended the

simulation with high semimajor axis ahel ' 55 AU and perihelion qhel ' 30 AU, which

places it on a heliocentric orbit typical of today’s scattered objects. For most of the sim-

ulation, while its heliocentric distance was increasing the binary orbit was unchanged.

It was not until a dramatic close encounter with Neptune at t ∼ 8 Myr that the binary

orbital elements took a sharp jump. Even so the changes are not drastic, e.g. the binary

semimajor axis changed by ∼ 500 km (or 0.01RHill) and eccentricity and inclination

changed by approximately 0.15 and 20◦ respectively.

Looking back to figure 7.3, when we consider the heliocentric evolution of the outlier

binaries (either tight orbits and high ebin or orbits wider than the initial distribution),
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these objects had heliocentric orbits that were significantly excited similar to the exam-

ple in figure 7.10. This also explains the origin of the outliers in figure 7.4. As shown

in section 7.1 changes in abin are generally either negligible or very small, therefore the

binaries with the widest final separations in figure 7.3 were initially wide. Similarly the

tight, high ebin binaries started tight but their binary orbits still suffered excitation.

Compared to the CC binaries (section 7.1.1) which only show excitation for abin > acrit

due to Kozai, these scattered binary orbits become excited due to their heliocentric

evolution. Their binary orbits have been changed primarily by the influence of close

encounters with the giant planets.

Other investigations have also focused on the survival of TNO binaries in a migration

scenario. As shown by figure 7.6 we do not see a preferential destruction of tight vs

wide binaries during their heliocentric excitation, except for the widest binaries in our

dataset. As discussed in section 6.2.3, Parker & Kavelaars (2010) investigated close

encounters of binary systems with Neptune during planetary migration, in order to

implant them into the TNO region and form the wide TNBs. They found that binaries

wider than 0.05RHill are efficiently destroyed (probability of destruction & 40%). This

is compatible with our findings when we consider that their work used different initial

conditions for the planetesimal disk, and the encounters they examined were based off a

different set of planetary migration simulations (Levison et al., 2008). They investigated

planetesimals with orbits straddling that of Neptune, hence there would have been more

frequent destructive encounters in the vicinity of Neptune throughout the migration.

Also the binaries would have had to evolve greater distances via scattering to reach the

CC region. Our simulations are gentle in comparison, given the large initial separation

between Neptune and the planetesimal disk (> 10 AU). The binary and heliocentric

orbits only experience perturbations from distant Neptune resonances for most of the

simulation, until they are excited enough to have a proper close encounter. For example

in figure 7.10 the binary perihelion eventually evolves to be near the semimajor axis

of Neptune, at which point there is then opportunity for close encounters between the

binary and the planet. Furthermore, as discussed previously, (Parker & Kavelaars,

2010) considered binaries with wider, more fragile orbits. Our initial conditions did not

probe binaries this wide and so we have a higher relative fraction of binaries surviving

scattering in our dataset.
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In other works, Araujo et al. (2018) tested the survival of the TNB Centaur Typhon-

Echidna (TE) during close encounters with the planets. By their metric none of the

encounters within 2 to 3 ‘tidal disruption’ radii were disruptive, which agrees with

our findings that a reasonable fraction of binaries can survive being emplaced onto

excited heliocentric orbits. TE is a tight binary (abin ∼ 0.01RHill), and it would take a

significant close encounter to disrupt such a system. However it should be noted that

Araujo et al. (2018) only considered the effects of single encounters, not cumulative

effects (which were important in Parker & Kavelaars, 2010). In their study of the

Patroclus-Menoetius system, Nesvorný et al. (2018b) found that the survival probability

of the binary during planetary encounters is ' 72%. However, similar to Parker &

Kavelaars (2010) they found that wide binaries are more likely to be destroyed. This

is again a result of their work simulating a different encounter history, in this case

evolution to the Jupiter Trojan region, and highlights that in general our simulations

do not regularly contain extreme close planetary encounters that would preferentially

remove the wider binaries.

7.3 Evolution after formation

Both of the main theories of binary formation, Gravitational Collapse (GC) and the

dynamical mechanisms (such as L2s, L3) suggest that binaries formed early, either before

or near the time of Protoplanetary Disk (PPD) dispersal (Nesvorný et al., 2018b). These

binaries would then experience the full extent of planetary migration as investigated

here. If this is the case, can we assume that the binary properties observed today are

representative of the properties they formed with? Many aspects of modelling binary

formation, and hence placing constraints on planetesimal formation/PPD conditions,

depend on recreating the observed binary properties with your formation model of

choice. For example, Nesvorný et al. (2019a) recreate today’s inclination distribution

of TNBs by invoking formation via the streaming instability and GC. However, if the

binary inclination distribution has been significantly altered since formation this result

would be thrown into question. As stated by Brunini & Zanardi (2016), ‘post formation

orbital evolution could have erased some of the primordial features’.

169



What has been shown in the simulations of binary evolution presented here is that

it is difficult to change the separation of a binary during the first phase of planetary

migration with a Neptune jump. However we have not included crucial effects such as

tidal friction. We have shown that wide binaries readily undergo Kozai oscillation if

they exceed a critical inclination and separation. If tidal effects were included one would

expect these objects to rapidly shrink and circularise their orbits, as they experience

the largest increases in eccentricity and the most extreme tidal forces. Such effects

could be accounted for by including tidal dissipation (Porter & Grundy, 2012) or using

a damped mass-spring model (Quillen et al., 2017) in the simulations. The binary

may even be dynamically destroyed or the components could collide, possibly forming a

contact binary. What we can say is that if a binary forms tight, or wide but with a low

prograde/retrograde inclination, we expect that it can survive a smooth, slow migration

of Neptune without significant changes to its primordial orbit. Brunini & Zanardi (2016)

find that Kozai Cycle Tidal Friction (KCTF) causes orbit shrinking predominantly for

objects with initial ebin > 0.6 (see Fraser et al. (2017) supplementary figure 3). At

high ebin, Kozai cycles cause the binary orbit to reach low periapsis and therefore the

binary experiences strong tidal effects. After Kozai has been initiated in our binaries,

we assume that if ebin cycles breach this limit then the binary may be vulnerable to tidal

effects. In set 1, 35% of the wide binaries (abin > 0.05RHill) that ended the simulation

in the CC region reached ebin ≥ 0.6 for at least some point during their evolution. From

Porter & Grundy (2012) at least 90% of TNB orbits would survive 4.5 Gyr of KCTF

evolution and a third to a half of these systems decay to circular orbits. We would

therefore expect most of our Kozai cycling binaries to survive, but at least some would

have orbits strongly evolved by KCTF (Brunini & Zanardi, 2016).

Looking back to the results of chapter 3 we could not produce tight binaries via

GC (this is possibly a numerical resolution issue, see section 3.1), so we would expect a

large number of those binaries to be vulnerable to KCTF evolution. Furthermore, we

have shown previously that GC produces binaries with a wide range of ebin; the binaries

with high ebin would then be vulnerable to these tidal effects. The results of Porter &

Grundy (2012) show that KCTF occurs regularly in binary systems and should overall

cause orbital tightening and circularisation of the TNBs, and this would also mean that

the primordial ebin and ibin distribution will have been altered. Although we would
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expect the inclinations to have changed, in general these changes are not enough to flip

an orbit from prograde to retrograde or vice versa. KCTF is expected to preserve the

prograde/retrograde distribution which is the main discriminant test for TNB formation

via GC as proposed by Nesvorný et al. (2019a).
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Chapter 8

Conclusions

Look on my Works, ye Mighty, and despair!

Percy Bysshe Shelley, Ozymandias

8.1 Origin of the TNBs

The first major study in this project was to investigate the formation of the Transnep-

tunian Binaries (TNBs); objects with wide separations, similar size components and

a distinctive inclination distribution (chapters 2, 3 & 4). In the literature there are

several possible formation mechanisms, however, we chose to focus on Gravitational

Collapse (GC) of a pebble cloud in the early protoplanetary disk. This mechanism was

first investigated by Nesvorný et al. (2010) and since then there has been additional

supporting work in the literature, e.g. Fraser et al. (2017), Nesvorný et al. (2019a).

Furthermore, the recent New Horizons flyby revealed the bi-lobate nature of Arrokoth,

stoking interest in GC as a possible formation mechanism of Cold Classical (CC) contact

binaries (Stern et al., 2019), and planetesimals in general. Our aim was to investigate

in greater detail the formation of the TNBs via GC, and to reinforce the previous work

by using an independent numerical framework within the REBOUND N -body package.

We used a brute force overlapping particle collision detection method and tested the

robustness of our collision resolution. We did not limit ourselves to investigating the

properties of only the single most massive binary formed by each cloud. Instead our

orbit search considered all bound systems of particles, which were then dynamically

evolved to ensure their stability. By analysing the mass, size, magnitude and orbital

properties of the binaries produced by GC we found that:
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• GC is extremely efficient at producing bound systems, frequently producing mul-

tiple bound systems per cloud.

• We were able to reproduce the findings of Nesvorný et al. (2010); GC produces

binaries with similar size components (r2/r1 & 0.5) on wide separation (abin ∼

0.2RHill), low to moderate eccentricity (ebin . 0.5) and low prograde inclination

(ibin ∼ 3.5◦) orbits.

• By performing a deep orbit search we found a number of additional binaries pro-

duced by collapsing clouds; these systems span a range of masses, mass ratios,

and binary orbital properties.

• Our results support the upper limit to primordial cloud mass inferred from recent

SI simulations; the highest cloud mass in our simulations produces binaries that

have no observational counterpart and is also inconsistent with all planetesimals

forming as binaries.

• GC can produce binary systems whose components could perhaps evolve into a

contact binary similar to Arrokoth with low system mass and high mass ratio, low

velocity merging collisions and high obliquity binary orbits.

Our study supports the results of Nesvorný et al. (2010); GC can form binary

systems that have near equal size components, prograde low inclination and moderate

eccentricity orbits. When compared to the latest TNB data, we find that we can produce

binary systems with similar properties to the observed population. In our dataset,

observations are best matched by GC of a low mass cloud, Mc ' 4× 1018 kg, although

cloud mass is a somewhat tunable parameter that could be further tweaked to reproduce

observations. Furthermore, by performing a deeper orbit search on particles in the

collapsed cloud, we have found that a single cloud can produce several bound systems.

These additional systems display a diverse range of properties when one considers system

masses, mass ratios, binary orbital elements and multiplicity. We have shown that GC

is an extremely efficient mechanism for producing bound planetesimal systems.

Our simulations also produce binaries for which there is no observational equivalent,

agreeing with the most recent simulations of Nesvorný et al. (2019a) in constraining the

upper mass of clouds formed by SI. This is further supported by high mass clouds
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producing an excess of single planetesimals. Only the collapse of a low mass cloud

can produce all planetesimals as binaries, a requirement of Fraser et al. (2017). Also,

when we consider the distribution of binary orbital elements in our dataset (including

those that are currently outside the detectable limits), we produce a much wider range

of binary orbit eccentricities and inclinations than what is seen in the TNBs observed

today.

Importantly, by performing a deeper orbit search we find binary systems down to

very low masses, similar to objects such as Arrokoth. We show that a low mass collapsing

cloud has a favourable low velocity environment for merging collisions. This lends

support to theories of formation of contact binaries via GC. In addition, the low mass

binaries in our dataset are not constrained to the same inclination distribution as the

systems found by Nesvorný et al. (2010), spanning the full range of inclinations 0◦ <

ibin < 180◦. The collapse of such systems into contact binaries perhaps offers a route

of reproducing Arrokoth’s extreme obliquity of 98◦.

8.2 Evolution of the TNBs

The aim of the second part of the project was to investigate the evolution of TNBs

during the process of planetary migration (chapters 5, 6 & 7). It is well established

that the planets did not form on their current orbits and likely evolved into the current

architecture via a phase of instability and planetesimal-driven migration, which can

be generally described by the Nice model (Morbidelli & Nesvorný, 2020). This past

migration has been imprinted into the current dynamical structure of the outer Solar

System, which constrains the possible paths the planets could have taken. Regardless

of the mechanism by which the TNBs formed it was likely that they formed early in

the protoplanetary disk or immediately after its dispersal, and before the planets had

achieved their final configuration. Binaries can be destroyed by close encounters with the

giant planets, therefore the presence of TNBs in the outer Solar System offers a further

constraint on planetary migration. Following similar work by Fraser et al. (2017), we

set up a REBOUND N -body simulation of the four giant planets, with Neptune poised to

migrate outwards. The planets were surrounded by a distant disk of planetesimals, all of

which were initialised as pairs of mutually bound binary particles. Fictitious forces were
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used to force the migration of Neptune (Wolff et al., 2012), and as it moved outwards

the planetesimal disk felt its influence via sweeping Mean Motion Resonances (MMRs)

and scattering close encounters. The simulation progressed until the nominal location

at which Neptune is believed to have experienced a jump in its orbit (Nesvorný, 2015a).

At this point the evolution of the heliocentric and binary orbits of all planetesimals was

assessed.

Through either physical instability, or numerical/computational accuracy con-

straints, the migrating planet system frequently displayed chaotic behaviour. In our

simulations Neptune often diverged from the expected smooth outward migration,

experiencing close encounters with other planets and jumps in its semimajor axis.

It was common for the binary planetesimals to survive planetary migration. The

binary survival fraction was dependent on the level of excitation in the planetary system

and varied from 42% to 95% for the sets of migration parameters investigated. As

would be expected, when migrating Neptune took larger/more frequent jumps in its

orbit due to interactions with the other planets, its influence on the planetesimals was

more extreme and fewer binaries survived. The main results of the effects of planetary

migration on a binary planetesimal disk can be summarised as follows:

• The binaries that began the simulation within the CC region survive Neptune

migration relatively unscathed. This holds true across a range of different Neptune

migration paths. This implies that the observed CC TNBs could have formed in

situ.

• A significant number of binaries survive resonant push-out. Approximately 2% of

these binaries end in the CC region and the rest are secularly excited to higher ehel

and ihel orbits. Other binaries survived excitation onto orbits similar to scattered

disk objects and some even survived ejection from the Solar System.

• Kozai cycling of the binary orbit occurs frequently, but only above a critical sep-

aration of abin > acrit ' 0.05RHill. Regardless of formation mechanism, the wide

binaries would be vulnerable to Kozai-driven evolution, however, the initial binary

prograde/retrograde inclination distribution should be preserved.

We were most interested in the binaries that ended the simulation in the CC region,

as this is where most of the observed TNBs are found today. Our initial conditions
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for the planetesimal disk straddled the inner edge of the current bounds of the CC

region. A large fraction of the binary planetesimals that started in the CC region were

able to survive there, and a number of the binaries that started interior to the CC

region survived resonant push-out by Neptune’s sweeping resonances, in particular the

2:1 MMR. Objects undergoing resonant push-out had a tendency to have increasing

heliocentric eccentricities, due to secular MMR excitation (Malhotra, 2012). This result

may be used distinguish push-out candidates in observations. These findings are in

general agreement with that of Fraser et al. (2017). The majority of the present day

CC TNBs (with red surface colours) can form in situ via GC, and the small number of

blue binaries are contaminants that were implanted into the CC region during planetary

migration.

We then assessed how the binary orbits themselves were changed by the process of

planetary migration. We found that the majority of binaries that survived the simula-

tions did not suffer significant changes in their binary orbit semimajor axis, eccentricity

or inclination. Many of these binaries had not undergone significant changes in their

heliocentric orbits either, i.e. it is possible for binaries that are born in the outer Solar

System to survive there, untouched by the migration of Neptune and preserving the

properties that they formed with.

It was found that a number of binaries in the CC region readily underwent Kozai

cycling. This is unsurprising as the Kozai mechanism is a well established effect known to

influence binary evolution (e.g. Porter & Grundy, 2012). What was interesting however

is that the onset of Kozai cycles in our simulations only occurred for CC binaries of

separation abin > acrit ' 0.05RHill. In the literature this value is commonly taken to be

the approximate cut off between the tight and wide binaries that are found in different

dynamical classes of the transneptunian region, and display different properties. If the

wide systems readily undergo Kozai cycling then we would expect them to be vulnerable

to circularisation and tightening via Kozai Cycle Tidal Friction (KCTF). The earlier

simulations investigating TNB formation via GC did not produce any orbits tighter

than abin ' 0.01RHill, therefore KCTF offers a path for wide binaries to evolve into

tight ones that are observed today.

Our collapsing cloud simulations also support the hypothesis that a combination of

Streaming Instability (SI) and GC imparts a unique distribution of prograde to retro-
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grade binary orbits. During planetary migration we found that any changes in binary

inclination were generally small and that it was rare for a binary to change orientation

completely. Thus we conclude that planetary migration would not significantly alter

the primordial binary properties that are used to used today to discriminate between

different binary formation mechanisms. We note, however, that these results are only

valid up to the maximum binary separation in our dataset (abin = 0.137RHill) and that

other studies of binary evolution such as (Parker & Kavelaars, 2010) considered wider,

more fragile binaries up to abin = 0.3RHill.

8.3 Future work

Due to the time contraints of completing a PhD project there were some avenues of

investigation into the processes of GC and binary migration that we did not have time

to look into, and areas that could be studied in more detail. Additionally, certain

unexpected areas of interest only came to light as a result of the main analysis, at

which point there was not sufficient time to delve deeper. Here we list some of the areas

that we think future work into the origin and evolution of TNBs should focus on.

8.3.1 Gravitational collapse

The first step in further study of GC would be to perform more simulations, considering

the most relevant cloud masses and a wider range of cloud mass/angular momentum

distributions. First of all, our analysis has shown that the collapse of clouds of mass

Mc ' 4 × 1018 kg best reproduces the observed TNBs, and that lower cloud masses

are better candidates for forming low mass contact binary systems such as Arrokoth.

Higher cloud masses generally produce binaries that are too large to match observations

and so the focus of future studies should be on GC of low mass clouds. Secondly, one

should investigate a wider range of cloud initial conditions that may be more realistic

than the simplified model of a uniform spherical cloud. For example, it seems that SI

would be more likely to form pebble clouds with a radial mass distribution, that could

also be ellipsoidal in shape due to Keplerian shear. These different initial conditions

may well affect the properties of any binaries formed during their collapse and so the

effects of changing such parameters should be constrained.

177



Such future work would be greatly aided by some improvements to the REBOUND code.

The main limiting factor in our implementation of GC was ensuring accurate collision

resolution. As collisions were recorded for overlapping particles the timestep must

be small enough to prevent particles passing through each other, which leads to large

computational times. If a collision module that extrapolated particle trajectories within

an oct-tree framework could be implemented in REBOUND, similar to that used in pkdgrav

by Nesvorný et al. (2010), then we could perhaps loosen our timestep restrictions. With

longer timesteps each simulation would be significantly faster and exploration of more

initial conditions would be feasible. In addition to running more simulations faster

via strong scaling, improving the computational speed would allow us to perform more

intensive simulations with a higher numerical resolution, i.e. more simulation particles

Np. Going to higher numerical resolution would give us more accurate simulations of

cloud collapse, and provide finer mass resolution for the smallest binaries that could be

formed.

Another important aspect, touched on here but requiring full and detailed study, is

the further evolution of bound systems over the course of Solar System history. The

results we have presented show only a snapshot of the binary systems at the time of their

formation via GC and during planetary migration shortly after. It is well known that

there are several mechanisms that can alter or destroy binary orbits, such as KCTF,

collisions and close encounters (Brunini, 2020). Such long term evolution is required

in order to make a direct comparison between the simulation results and the currently

observed TNBs, such that we can constrain the evolution of binary systems from the

time of their formation until the present day.

A study of this nature could also encompass the formation of contact binaries,

similar to Arrokoth. Steady tightening of a binary orbit into contact, or perhaps a

distinct collision between components, are recognised end states of binary KCTF and/or

collisional evolution (Porter & Grundy, 2012; Brunini & Zanardi, 2016). Seeing as how

GC is able to readily produce binaries with equal size components it would be highly

informative to see how these components may then evolve into contact. Collisional

modelling would be required, perhaps with detailed smoothed-particle hydrodynamics

simulations (e.g. Sugiura et al., 2018), in order to test whether the components could
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retain their shapes and form an object with a distinct bi-lobed structure under the

circumstances.

8.3.2 Binary migration

Future investigations into the evolution of binary planetesimals during planetary mi-

gration should perhaps consider several changes to the simulation method. In our sim-

ulations with 4 massive planets we found that the system frequently underwent chaotic

evolution. This causes problems in terms of reproducibility of results, if a different

machine or slightly different timestep were used it could lead to completely different

migration paths. This could be solved by including only Neptune in the simulation.

With no other planets to perturb its motion the forced migration of Neptune would

follow the intended evolution. This approximation is justified by previous studies which

indicate that the direct influence of the other giant planets on sculpting the outer Solar

System is minor (Nesvorný, 2015a). Alternatively, the forced migration code could be

written to use only computationally standard operations and hence be bitwise repro-

ducible.

Furthermore, our study could be extended by investigating a wider range of initial

conditions for the planetesimal disk. Compared to other studies of planetary migration,

the disk was initialised far from Neptune, approximately in situ near the present day CC

region. This meant that for most of the simulation the planetesimals were not strongly

affected by Neptune’s migration, which proved that binaries can survive untouched near

their formation region. If the disk was extended inwards one would get a better picture

of how the massive inner disk of planetesimals, where the majority of TNOs are expected

to have formed, was affected by the close influence of Neptune.

In addition, it would be necessary to look into more varied initial conditions for

the mutual orbits of the binary planetesimals. The evolution of the widest binaries in

particular should be considered, as these are the objects most vulnerable to destruction

from external perturbations. Extending our initial binary orbits to larger separations

would allow a more direct comparison to other work considering binary survival during

migration, in particular Parker & Kavelaars (2010). Starting with a wider range of

binary eccentricities may affect the onset of Kozai cycles in the binary orbit. Moreover,

in these migration simulations we have considered only one system mass and identical
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mass components. The currently observed CC TNBs, which presumably survived the

migration of Neptune, cover a range of size ratios r2/r1 & 0.5 (Nesvorný & Vokrouhlický,

2019) which is equivalent to mass ratios of m2/m1 & 0.125. Also, system masses

typically span a range 1017 kg . msys . 1019 kg (Grundy, 2019). Therefore more

variation in the mass properties of the binaries should be considered in the migration

simulations.

In this study our initial focus was on the binaries that ended planetary migration

within the bounds of the CC region. As such, we did not explicitly track close encounters

with planets that would identify scattering objects and we did not perform an extensive

search for planetesimals in MMRs. This limited our study of binary survival when

evolving to more excited orbits, and robustly classifying objects in resonance would

have benefited further the study of resonant push-out. Future work could track close

encounters during simulation, otherwise sensible cuts in orbital element space or further

integration could be used to identify scattered binaries. Objects in MMRs can be

identified by searching for libration of resonant angles, (e.g. Khain et al., 2020). By

explicitly identifying these populations we could conduct a more detailed study into the

survival of binaries during Neptune scattering similar to Parker & Kavelaars (2010) and

also track the exact evolution of binaries in the sweeping 2:1 Neptune MMR over the

course of the migration.

Finally, similar to the study of binary systems formed by GC, a more complete

assessment of the mechanisms affecting binary evolution is required. In the migration

simulations the binary components were modelled as simple point masses, therefore the

effects of tidal forces and collisions were neglected. We showed definitively that Kozai

cycles frequently occurred for the wider binary systems, and one would expect this to

lead to evolution of the binary orbit via KCTF. This mechanism would alter the final

distribution of the binary orbits, and may affect the survival fraction if the orbit were to

collapse. In our simulations Kozai only affected binaries with abin > acrit ' 0.05RHill.

This critical separation held true across a variety of tests of our numerical method,

implying that there is a physical reason that this separation is special. Future work

should seek to pin down the exact cause of this effect, as this critical separation has

already been noted in the literature as dividing the TNBs into tight and wide groups

with distinct properties. Collisions are another important mechanism that can affect
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binary evolution that we neglected in our migration simulations. As well as collisions

between components, the dense collisional environment of the early planetesimal disk

can impart momentum kicks that may alter or destroy the binary orbit (Brunini &

Zanardi, 2016). Furthermore, the simulations showed that a small fraction of binaries

can survive ejection from their host Solar System during planetary migration. Study of

the evolution of binary systems could be extended to include mechanisms relevant to

possible interstellar binary planetesimals, such as tidal forces and stellar encounters.
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Let there be light

Let there be moon

Let there be stars and let there be you

Let there be monsters, let there be pain

Let us begin to live again

Devin Townsend, Genesis
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Appendix A

Animations

Animation can explain whatever the mind of man can conceive. This

facility makes it the most versatile and explicit means of communication

yet devised for quick mass appreciation.
Walt Disney

A.1 Gravitational Collapse

The file gravitational collapse animation.mp4 1 is an animation showing the com-

plete process of gravitational collapse for a pebble cloud with the parameters: f∗ = 10,

X = 0.5 and Mc = 6.54× 1019 kg. This is the same simulation as shown in figure 2.2.

The left-hand panel shows the xy projection of particle position in the simulation box.

Marker size scales linearly with particle radius rf and colour scales logarithmically with

particle mass m according to mrel = log(m/m0)/ log(Mc/m0). The panel is initially

zoomed in on the cloud and then zooms out until it shows the extent of the whole simu-

lation box. The centre of mass of the cloud is marked with a black ‘×’ and the position

of the most massive particle is shown with a red ‘+’. The right-hand panel shows an

expanded view centred on the most massive particle. Here the marker size scales with

r2
f to emphasise the larger particles. The blue ellipse indicates the binary orbit that

is detected between the most massive particle and its largest companion. One can see

the cloud contract and collapse within the free fall time tff = 2.5 × 108 s ' 8 yrs, and

a handful of particles accrete mass extremely efficiently. These particles interact and

grow, eventually forming a large, similar size binary pair.
1doi:10.17034/6f4b3d90-c3ba-4510-add5-69e504480a74
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Figure A.1: Final frame of the GC animation, showing the process of cloud collapse
and binary formation in the rotating Hill frame.

A.2 Binary migration orbital excitation

The file binary migration animation.mp4 2 is an animation that shows the excitation

of binary orbits during the planetary migration simulations with set 1 of the migration

parameters. The animation shows figure 7.4 as a function of time, for the last 1 Myr

of the simulation. This is a log-log plot of binary orbital eccentricity against binary

semimajor axis relative to the Hill radius of the binary. Binary orbit inclination is

shown by the colour scale. Only a subset of the runs that made up the total dataset

was used to make this animation. We display the results for two simulations, both of

which initially had a planetesimal disk made up of 50 binary pairs. This was done

for ease of plotting and to ensure clarity for the points that are shown. We see that

below the critical separation of abin < acrit ' 0.05RHill the binaries are not significantly

excited in eccentricity and remain below ebin . 0.015. These approximate limits in

separation and eccentricity are indicated by the red lines. For binaries with separations

abin & 0.05RHill only the systems that have inclinations above a critical pro/retrograde

value experience large changes in eccentricity. The datapoints can be seen to oscillate

in eccentricity, while remaining fixed in semimajor axis. They are undergoing Kozai-

Lidov oscillations, just like the object in figures 7.8 & 7.9. N.B. that the oscillations in

inclination are not easily noticed with the colour scale, which was chosen to span the

full range of 0◦ < ibin < 180◦ and does not necessarily resolve smaller scale oscillations.

2doi:10.17034/10897f0a-a552-4e16-b70f-3a58ba00c3af
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Figure A.2: Final frame of the binary migration animation, which shows the evolution
of the binary orbital elements over the last 1 Myr of planetary migration for set 1 of the
migration parameters.
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Appendix B

Seed Positions

If you can look into the seeds of time, and say which grain will grow and

which will not, speak then unto me.
William Shakespeare, Macbeth

For the initial conditions of the GC simulations, it was decided to distribute the

initial particle positions in a uniform sphere. To do this one must randomly select the

three coordinates that describe the position of each particle, and this can be done in

either Cartesian (x, y, z) or spherical (r, θ, φ) coordinates. We generated seed positions

with normalised (0→ 1) radial distances, such that one could rescale the distributions

to any cloud mass/radius. If one were to do this in Cartesian coordinates, it is a simple

matter of drawing three random numbers between 0 and 1 for each coordinate. As we

want a spherical distribution we would then have to make a check each particle based

on the radial distance of the point from the origin

r =
√
x2 + y2 + z2 ≤ 1 (B.1)

We would continue to draw numbers until we had N particles within the bounds of the

sphere. This method would work fine for our purpose, however it becomes trickier to

implement if we ever want to generate a non-uniform distribution.

Alternatively we could draw positions in spherical coordinates. Here one must be

careful as simply drawing random numbers for radius r = 0→ 1, polar angle θ = 0→ π

and azimuthal angle φ = 0→ 2π, will result in a non-uniform distribution. This is due

to the scaling of enclosed volume with radius and the enclosed circular cross-section
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for a particular polar angle, and results in increased particle density near the core and

poles of the sphere.

We therefore use the method described in the appendix of Aarseth et al. (1974).

Three random numbers X1, X2, X3 where generated with a uniform distribution from

0 to 1. To obtain a random radial distance within the uniform density unit sphere of

radius R = 1 we equate the mass M enclosed by a sphere of radius r < R with the

value of X1

M(r)

M(R)
=

r3

R3
= X1 (B.2)

∴ r = 3
√
X1R (B.3)

The r = (x, y, z) coordinates for a uniform spherical distribution were then calculated

as follows

z = r(1− 2X2) (B.4)

y =
√
r2 − z2 sin(2πX3) (B.5)

x =
√
r2 − z2 cos(2πX3) (B.6)

It is clear that this method can easily be adapted to fit other mass distributions

M(r), and non-spherical distributions can be accounted for by adjusting the angular

equations appropriately.
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Appendix C

Coordinate Transforms

You realize the sun doesn’t go down

It’s just an illusion caused by the world spinning round
The Flaming Lips, Do You Realize??

Here we consider the coordinate transforms required to move between the heliocen-

tric reference frame and the rotating reference frame used in the Hill frame approxima-

tion when simulating gravitational collapse (figure 2.1). These operations are required

as a binary orbit is only correctly described when using coordinates in the inertial he-

liocentric reference frame, whereas the N -body integrations are carried out in rotating

reference frame coordinates.

We define the fixed heliocentric frame H, which has axes (X,Y, Z). The rotating

reference frame is defined by R, axes (x, y, z). In frame H the origin of R, OR, moves

on a circular orbit of radius a and angular velocity Ω, centred on the heliocentric origin,

OH. The orbit of OR is flat and lies in the XY plane, therefore the angular velocity

vector is Ω = (0, 0,Ω). The axes xy and XY share the same plane, and z and Z are

perpendicular to their respective planes and are therefore parallel. The x and y axes

are normal and tangential, respectively, to the circular orbit of OR. This requirement

means frame R is rotating at the same angular velocity as its orbit, Ω (equivalent to

tidal locking). At time t = 0 the position of R relative to H is rR/H(0) = (a, 0, 0), such

that the x and X axis lie in the same direction at this time.
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C.1 Position Transforms

We describe the position of some point A, relative to frame H as

rA/H = rR/H +Rz (Ωt) rA/R (C.1)

where rR/H is the position of the origin of frame R relative to frame H, rA/R is the

position of point A relative to frame R and Rz is a rotation matrix, here describing the

rotation of R about the z axis by an angle Ωt.

Rz (Ωt) =




cos(Ωt) − sin(Ωt) 0

sin(Ωt) cos(Ωt) 0

0 0 0




(C.2)

where the inverse is the same matrix with a negative angle: Rz(θ)Rz(θ)
T =

Rz(θ)Rz(−θ) = I. Given our initial conditions described above, the position of

R relative to H as a function of time can be described as

rR/H(t) = a




cos(Ωt)

sin(Ωt)

0




(C.3)

We can then describe the position of A relative to frame R as

rA/R = Rz(−Ωt)rA/H −Rz(−Ωt)rR/H (C.4)

where the first term undoes the rotation of frame R and the second term undoes the

orbital motion of R.

C.2 Velocity Transforms

The velocity transformation can be found by taking the time derivative of the corre-

sponding positional transform. For this we must define the time derivative of a rotation
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matrix, using the skew symmetric operator for a vector (0, 0, ω) (Zhao, 2016)

[ω]× =




0 −ω 0

ω 0 0

0 0 0




(C.5)

∴ Ṙz(Ωt) = [Ω]×Rz = Ωt, Ṙz(−Ωt) = −[Ω]×Rz = −Ωt (C.6)

We transform velocity from the rotating frame A, to fixed frame H using the following

relation

vA/H = Ω × rR/H + Ṙz(Ωt)rA/R +Rz(Ωt)vA/R (C.7)

The first term is the velocity due to the circular motion of frame A, the second term is

due to the position within the rotating frame, and the third term is the transformation

of the velocity itself in the rotating frame.

The reverse transform from fixed to rotating coordinates is

vA/R = Ṙz(−Ωt)rA/H +Rz(−Ωt)vA/H − Ṙz(−Ωt)rR/H −Rz(−Ωt)vR/H (C.8)

where the first two terms are the transformation of the position and velocity in the

fixed frame, and the last two terms account for the position and velocity of the rotating

frame.
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Appendix D

Orbital Elements

Kepler’s laws, although not rigidly true, are sufficiently near to the truth to

have led to the discovery of the law of attraction of the bodies of the Solar

System.
Isaac Newton, The Principia

D.1 Orbital elements from the position and velocity

The relative Cartesian position r = xî + yĵ + zk̂ and velocity v = vxî + vy ĵ + vzk̂

of a particle of mass m can be used to find the relative orbit of that particle about a

central particle of massM . The gravitational parameter for this two body system is µ =

G(M +m). The six Cartesian coordinates are equivalent to a set of six orbital elements

that fully describe the particle’s motion in 3-D space. We use the set of variables (a,

e, i, Ω, ω, f) which refer to the semimajor axis, eccentricity, inclination, longitude of

ascending node, argument of periapsis and true anomaly respectively (Bertotti et al.,

2003). The following steps may be followed to convert between Cartesian and orbital

element space at a particluar time t (Vallado, 2007)

• find the magnitudes of the relative position and velocity

r =
√
r · r (D.1)

v =
√
v · v (D.2)
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i

Figure D.1: An illustration of a Keplerian orbit and the associated orbital elements
in 3 dimensional space. A particle (black dot) is on an inclined orbit relative to the
origin. This is shown by the red line: solid above the xy plane is solid and dotted below.
The nodal line is dashed. The angular orbital elements i, ω, Ω, f are illustrated. The
angular momentum vector h is perpendicular to the plane of the orbit and the unit
vectors ep, eQ lie in the plane. For comparison a flat, circular orbit is shown by the
solid blue line. In all simulations we used the positive direction of the x axis as the
reference direction.

• calculate the energy equation and semimajor axis

E =
v2

2
− µ

r
(D.3)

a = − µ

2E
(D.4)

• find the angular momentum vector and magnitude

h = r × v (D.5)

h =
√
h · h (D.6)
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• obtain the eccentricity vector and magnitude

e =
1

µ

[
v × h− µr

r

]
(D.7)

e =
√
e · e (D.8)

• the inclination is then

cos i =
h · k̂
h

if





cos i ≥ 0, 0 ≤ i ≤ π/2

cos i < 0, π/2 ≤ i ≤ π
(D.9)

• the nodal vector and magnitude are given by

n = k̂× h (D.10)

n =
√
n · n (D.11)

• the longitude of ascending node is

cos Ω =
n · î
n

if





ny > 0, Ω < π

ny < 0, Ω > π

(D.12)

• calculate the argument of periapsis

cosω =
n · e
ne

if





ez > 0, ω < π

ez < 0, ω > π

(D.13)

• finally, true anomaly is given by

cos f =
r · e
re

if





r · v > 0, f < π

r · v < 0, f > π

(D.14)

N.B. there are special cases where certain angular orbital elements may not exist or

are ill defined, e.g. when i = 0 and/or e = 0. In these cases one may use alternative

orbital elements such as longitude of periapsis $ = Ω + ω, and the mean longitude
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l = $+f . When searching for binary orbits we are only concerned with bound Keplerian

orbits, most of which are non-circular. The REBOUND calculate_orbit function is a

handy implementation of this algorithm, including exceptions for these special cases.

D.2 Position and velocity from orbital elements

The reverse operation, transforming from orbital elements to Cartesian coordinates can

be performed using the following equations from chapter 11 of Bertotti et al. (2003).

The relative Cartesian position and velocity vectors are defined as

r = r (cos(f)eP + sin(f)eQ) (D.15)

v =
na

η
(− sin(f)eP + (e+ cos(f))eQ) (D.16)

where the required magnitude quantities are given by

r =
a(1− e2)

1 + e cos(f)
(D.17)

n =
√
µ/a3 (D.18)

η =
√

1− e2 (D.19)

and the unit vectors eP and eQ are defined by the angular orbital elements

eP =




cos Ω cosω − cos i sin Ω sinω

sin Ω cosω + cos i cos Ω sinω

sin i sinω




(D.20)

eQ =




− cos Ω sinω − cos i sin Ω cosω

− sin Ω sinω + cos i cos Ω cosω

sin i cosω




(D.21)
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Appendix E

Calculating Magnitudes

People are slow to claim confidence in undertakings of magnitude.

Ovid

In order to compare the binary systems produced by the simulations of gravitational

collapse to observations, one can calculate the observed magnitudes of the components

for a particular set of physical parameters (e.g. size and albedo) and observing condi-

tions (e.g. heliocentric distance and phase angle). We calculate an apparent magnitude,

in waveband λ, of an object of radius r km and geometric albedo pλ using the equations

in Petit et al. (2008a) and Noll et al. (2008)

mλ = m�,λ − 2.5 log

(
pλr

2φ(α)

2.25× 1016R2∆2

)
(E.1)

= 5 log

(√
2.25× 101610

0.2m�,λ R∆√
pλr

)
(E.2)

= 5 log

(
Cλ

R∆√
pλr

)
(E.3)

where for the V band, m�,V = −26.76 is the V band solar magnitude (Willmer,

2018), CV = 664.5 km (Noll et al., 2008), and we have assumed that the phase function

φ = 1 (i.e. phase angle α = 0) and the object has no rotational variation. R is the

heliocentric distance of the object and ∆ = R − 1 is the geocentric distance for α = 0,

both in AU.

The magnitude difference between a binary with components of size r1 and r2 is

then

∆mλ = mλ,2 −mλ,1 = 5 log

(
r1

r2

√
pλ,1
pλ,2

)
(E.4)
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The absolute magnitude of a Solar System body is defined as the apparent magnitude

said body would theoretically have when viewed at one AU from both the Sun and

Earth, during solar opposition (this arrangement is impossible in practice). We therefore

calculate an absolute magnitude from equation E.1 by substituting R = ∆ = 1 and

φ = 1 (α = 0).
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Appendix F

Streaming Instability

Big whirls have little whirls,

That feed on their velocity;

And little whirls have lesser whirls,

And so on to viscosity.
Lewis Fry Richardson

Here we go through the calculations required to interpret the results of detailed hy-

drodynamical simulations of the Streaming Instability (SI), in order to better constrain

the range of cloud masses we should consider for the investigation of gravitational col-

lapse. Nesvorný et al. (2019a) report a mass distribution of clouds formed by SI. In their

supplementary information they discuss the maximum planetesimal mass produced by

SI and the conversion between simulation mass units and physical mass units, which

requires a disk temperature. The maximum cloud mass produced by their runs A and

C is

Mmax ∼ 0.25 – 0.75T
3/2
25 Mceres (F.1)

∼ 0.35 – 1.06T
3/2
25 Morcus (F.2)

where Mceres = 9.4× 1020 kg is the mass of the asteroid dwarf planet Ceres (as used by

Nesvorný et al., 2019a) and we compare this to the mass of the transneptunian dwarf

planet candidate Orcus, Morcus = 6.3× 1020 kg (Grundy et al., 2019). The temperature

profile is given by T25 = T/(25 K) for disk temperature T . A fully flared disk model

predicts a temperature profile of exponent −3/7 (Chiang & Youdin, 2010). Therefore
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Nesvorný et al. (2019a) use

T = 39R
−3/7
45 (F.3)

where R45 = r/(45 AU) and r is the radial heliocentric distance.

Using these relations, for r = 45 AU, T = 39 K, Mmax ∼ 4.6× 1020 to 1.4× 1021 kg.

For r = 30 AU, T = 46 K, Mmax ∼ 5.9 × 1020 to 1.8 × 1021 kg. Therefore we assume a

maximum cloud mass of ∼ 1× 1021 kg.

In their high resolution SI simulations, Li et al. (2019) find evidence for a turnover

at low mass in the distribution of cloud masses produced by SI. They analyse two

simulations, Run I and Run II (equivalent to the Nesvorný et al. (2019a) runs A and C

respectively). Both have the following dimensionless SI simulation parameters; global

radial pressure gradient parameter Π = 0.05, and relative strength of particle self-

gravity to the tidal shear G̃ = 0.05. Run I has stopping time and gas to surface density

(τs, Z) = (2.0, 0.1) and is higher resolution (∆x = H/5120) in a smaller domain. Run

II has (τs, Z) = (0.3, 0.02) and is lower resolution (half of Run I) over a larger domain.

The dimensionless simulation mass units for the runs correspond to physical masses

MG = 0.28, 0.0022Morcus respectively. As for Nesvorný et al. (2019a) above, these

values are dependent on disk conditions, such as disk radius R and temperature profile

T ∝ R−3/7.

The high resolution of Run I allows the production of lower cloud masses than Run

II, thus allowing investigation of the low end of the cloud mass distribution. Figure 4

of Li et al. (2019) provides evidence of a turnover in the mass distribution below a peak

at ∼ 0.003MG = 8.5× 10−4MOrcus = 5.4× 1017 kg. These results imply that clouds of

mass 5.4× 1017 kg should be the most common clouds produced by SI.
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