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Abstract

The Neptune Trojans are a population of small bodies that librate around the L4
and L5 Lagrange points of Neptune’s orbit. Shortly after the discovery of the
first such object, 2001 QRs22, simulations suggested that the body moved on a
dynamically stable orbit. Following this, further discovered objects were

generally assumed to also be stable.

In recent years, the situation has proved to be more complicated than
previously thought. Two of Neptune’s Trojans have been found to exhibit orbital
instability on billion year timescales, with another being revealed as a

temporarily captured interloper.

Here, the results of detailed dynamical simulations of the orbital evolution of
the eleven known Neptunian Trojans are presented, examining the influence of

their initial orbital semi-major axes and eccentricities on their stability.

The results reveal the importance of considering the orbital stability of newly
discovered objects on a case-by-case basis, with some members showing

highly unstable behaviour, whilst others seem likely to be primordial in nature.

The earlier finding that 2001 QR32; and 2008 LCis are primordial in nature but
unstable on billion year timescales are confirmed. In both cases, their stability
is a strong function of their semi-major axis, with the two lying on the
boundary between stable and unstable regions. In addition we reveal the
stability of eight other Neptune Trojans. Six of the known Trojans move on
highly stable orbits. In contrast, two objects, 2004 KVis and 2010 ENes, are
confirmed to be temporarily captured members of the Neptune's Trojan
population. While one, 2012 GX;;, is found to be a misidentified Trans-

Neptunian Object.
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1. Introduction

For thousands of the years, the true nature of our Solar system lay shrouded
from the eyes of our ancestors. Even what many may consider to be the most
basic ideas of our Solar system has only been brought to light in very recent
history. Only in the last 250 years have we known about planets in our Solar
system beyond those visible with the naked eye, and only in the last 100 years
have known about populations of minor planetary objects such as the
Centaurs, the Kuiper belt and the Oort Cloud. So while we may collectively
think of the Solar system as 'solved’, it is far from it, with important research

still being conducted to this today.

This manuscript will investigate one of these populations of the minor
planetary bodies: the Neptune Trojans. This investigation will aim to classify
each of the Neptune Trojans as either recently captured objects or primordial
objects, that have existed in 1:1 mean-motion resonance with Neptune since
the completion of its planetary migration. A secondary research component of
this study is to investigate the nature of each Trojans' initial libration, and to

see if there is any correlation with the object's long-term stability.

1.1 The Trojans

Trojan asteroids (Trojans for brevity) are a category of co-orbital, rocky and/or
icy Solar system bodies that exist in 1:1 mean-motion resonance with almost
every planet in our Solar system (Carroll & Ostlie 2007). As one might expect
these objects typically reside in the most gravitationally stable regions of a
planet's orbit, what are known as the L4 and L5 Lagrangian points. Figure 1
depicts the locations of this regions, leading and trailing the orbiting body by
60°. The L4 and L5 Lagrangian points mark regions of space that are effectively

gravitational saddle points, where the combined gravitational



.

; - i . M Sy : --"“-. = P el . . . o " . .’I
Figure 1: A contour map depicting the gravitational potential energy of a restricted three-body
problem. The L1 to L5 Lagranian points are labelled (NASA 2009).

acceleration creates stable equilibrium points for an object to orbit. It is these
gravitationally stable points that provide the home for the potentially large

populations of Trojan objects (Carroll & Ostlie 2007).

The Trojans are concentrated around the L4 and L5 Lagrangian points located
appropriately 60° leading and trailing the host body. While each Trojan
population is defined by it's host body's gravitationally stable regions the
stability and size of each population can vary dramatically from host body to
host body, and Trojan to Trojan within these populations. Some populations,

such as the Jupiter Trojans, consist of massive clouds of post-planet-formation



debris, with thousands of discovered members trapped at the Lagrangian
points, while other barely contain a handful of objects (Carroll & Ostlie 2007).
The nature of the Trojans themselves can vary greatly, with some having
existed with their hosts since the Solar system's post-planetary-migration
period, while others are more recent additions, captured from larger
populations of objects such as the Centaurs. Because of this, there are
significant variations in the dynamically stable lifetime of each member, with
some stable on billion year timescales while others can be ejected from their

location in only a few 100,000 years (Fleming & Hamilton 2000).

1.2 The History of the Trojans

The first Trojan was discovered by Professor Wolfe at Heidelberg in 1906, and
was given the initial designation 1906TC (Nicholson 1961). The object was
found to be trailing Jupiter by 55° This was quickly followed by two more
Jupiter Trojan discoveries by Dr Kopff (Nicholson 1961). These objects would
later be renamed by Dr Palisa to 588 Achilles, 617 Patroclus and 624 Hector, in
honour of the story of the battle of Troy, hence the name Trojans. In fact until
the populations were discovered to be significantly more massive than
originally speculated all Trojan bodies were names after prominent characters
from the Illiad, dividing those that trailed or lead Jupiter into two camps, the
Trojans and the Greeks respectively (Nicholson 1961). It is interesting to note
that due to the misclassification of two of the early Jupiter Trojans there is an
interloper in each camp; the Trojans contain one Greek and the Greeks one
Trojan (Nicholson 1961).

In the 110 years since the discovery of 588 Achilles the number of known
Jupiter Trojans has exploded to 6,457 confirmed objects (4,189 in the L4 and
2,268 in the L5) at the time of writing (The Minor Planet Center 2016). It is
thought that the population numbers approximately a million objects of

diameter 1km or larger, similar in size to the main asteroid belt (Emery 2015;



Yoshida & Nakamura 2005; Jewitt et al. 2000). During the intervening century
the astronomical community has also discovered a number of Trojans hosted
by other planets. Trojans have been discovered trapped around Earth, Mars,
Venus, (de la Fuente Marcos & de la Fuente Marcos 2014; Marzari & Scholl
2013; Scholl et al. 2005) and, of particular importance to this study, Neptune
(Horner & Lykawka 2010).

It is worth nothing that there are three major omissions from this list; Mercury,
Saturn, and Uranus. While Mercury is theoretically capable of hosting Trojan
bodies, its extremely variable eccentricity would provide a difficult environment
for supporting a dynamically stable population of Trojans. In addition to this
any observations of such bodies would prove incredibly difficult due to the
planet's close proximity to the Sun. Saturn and Uranus' lack of Trojan
populations is very different however. Studies (Lykawka et al. 2009) of the
orbital dynamics of the region shown that neither planet is capable of hosting a
Trojan population for an extended period of time. So while they could
temporary capture objects within their L4 or L5 Lagrangian points they would
not be able to hold them for long periods of time, so any Trojan population for
Saturn or Uranus would be small and short lived. Interestingly, while Saturn is
incapable of a sustained Trojan populations it does host the Solar system's only
known Trojan moons. These are objects that, similar to their planetary
counterparts, are located in the gravitationally stable Lagrangian regions, but
are instead hosted around a planets' moons rather than the planet itself.
Tethys has an L4 and L5 Trojan in Telesto and Calypso respectively, while Dione
is host to Helene and Polydeuces in its L4 and L5 Lagrangian points (Nicholson
1961).

The final population of Trojans, and the population of interest to this study, is
the Neptune Trojans. They represent the most distant and potentially massive
populations of Trojans (Lykawka & Horner 2010) in our Solar system but they
are also one of the least understood and studied categories of Cis-Neptunian

objects in Solar system astronomy.



1.3 Neptune Trojans

While the first Jupiter Trojan was discovered over one hundred years ago the
first Neptune Trojan was only discovered in 2001 by the Deep Ecliptic Survey
(Chiang & Lithwick 2003). Unlike its other planetary brethren the reason for
late discovery was not a sparse population but as a result of observational
challenges of detecting such distant objects. With the Neptune population
approximately six times as distant as their Jupiter counterparts they are
1/1296" as bright, with even the brightest objects barely exceeding 22"
magnitude in apparent brightness, some 2 million times fainter than what can

been seen with the naked eye.

Within a few years of the discovery of 2001 QR3;; Chiang & Lithwick (2003)
ran a series of dynamical simulations on the objects using a relatively small
population of test particles. From the study it was concluded that the object
was dynamically stable on a billion year timescale. Similar simulations were
run over the next few years with (Brasser et al. 2004; Marzari et al. 2003) all
supporting the idea of 2001 QR3,; being a primordial Neptune Trojan. However,
all of these early simulations where working with smaller populations of test
particles, and therefore lower resolution, and working with orbital parameters
based on short term observations. All of these led to the false conclusion that
2001 QRs2; was dynamically stable on a billion year timescale. However, more
precise and in-depth simulations preformed by Horner et al. (2010)
demonstrated that the object was significantly more complicated that originally
thought. While the object is likely primordial in nature it exists right on the
semi-major axis boundary of stability, the supporting stability map for 2001
QRs22 in Figure 2 shows this boundary of stability in the semi-major axis -
eccentricity plot, with the dynamical lifetime of each test particle identified the

colours on the map.
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Figure 2: The stability map of the first ever discovered Neptune Trojan 2001 QR322. The
figure displays each test particle as a function of semi-major axis and eccentricity with each
objects dynamical lifetime depicted by the colour map. As can be seen their is a clear
boundary to the stable region housing 2001 QRs... (Horner & Lykawka 2012b)

It was this development that has us looking back at all the currently known
Neptune Trojans to ascertain their stability and characterisation with more

accurately orbital solutions and higher resolution simulations.

1.4 Classification of Trojans

As mentioned previously, the timescale on which Trojans are dynamically
stable varies greatly from object to object, from a few tens of thousands to
billions of years. Determining the long-term orbital stability of the Neptune

Trojans is the primary goal of this study. Through a series of simulations each
object can be classified as one of three different categories; primordial,

captured and borderline primordial.

Primordial Trojans are objects that have resided within Neptune's L4 or L5

Lagrangian point in a stable orbit since the ejection of matter from the proto-



planetary disc halted Neptune's migration after approximately 10-100 Myrs
(Lykawka et al. 2009). However, it is nigh impossible to ascertain if a Trojan
has truly resided with its host planets since then. Therefore for the purpose of
this study, objects will be classified as primordial if they, through the
simulations, show themselves to be dynamically stable over the 4 billion year

lifetime of our Solar system.

The reverse of these primordial Trojans are captured Trojans. These are objects
that are temporary captured into 1:1 mean-motion resonance with Neptune
from another population of objects in the Solar system, typically the Centaur
population, a population of icy objects located between Jupiter and Neptune
(Horner et al. 2004ab). As with the primordial classification, this project
classified any object that proved to be dynamically unstable on much shorter
timescales as captured. For both of these types of classifications it is worth
noting that it is possible for a more recently captured object to enter into an
dynamically stable orbit similar to that of a primordial Trojan. However due to
the dynamics being time reversible in nature, dynamically stable orbits are as

difficult to enter as they are to exit, therefore a misclassification is unlikely.

The final category of classification used to identify the stability of the Trojans
was borderline primordial. These objects exist right on the boarder of the
stable Lagrangian regions, a clear example of this can been in Figure 2
produced by early simulations into 2001 QRs;; (Horner & Lykawka 2012a),
where as the semi-major axis decreases we see a clear edge to the stability in
semi-major axis. These objects prove interesting subjects as they hint that
primordial objects we see today were most likely part of a more populous
region in the early years of the Solar system before those on the outer edge

where whittled away.



1.5 Planetary Migration & the Capture of the
Primordial Trojan Population

The Nice model of planetary migration states that after the removal of gas and
dust from the planetary disk by solar wind, the four giant planets: Jupiter,
Saturn, Uranus and Neptune, would have all existed in a much denser region of
space, spanning ~5.5 to 17au as opposed to the ~5 - 30au that we see today
(Morbidelli et al. 2005). This relaxation of the giant planets was caused by
their migration as a result of gravitational interactions with the large
population of Trans-Neptune planetesimals. Interactions with the three outer
most planets resulted in a net transfer of planetesimals inwards, with the
resulting exchange in angular momentum very slightly shifting the planets
outward towards their current positions. However, as these planetesimals
moved inward many would eventually interact with Jupiter, resulting in them
entering highly elliptical orbits or being ejected from the system entirely, which

would in turn cause Jupiter to drift slowly inwards (Morbidelli et al. 2005).

A number of more recent versions of the this theory exist, such as the Grant
Tack model (Pierens et al. 2013), involving highly chaotic migration of the four
giant planets, whilst still resulting in a planetary system we are familiar with
today. However, there are also more sedate models that attempt to explain the
current formation of our solar system. One such model is provided by
Fernandez & Ip (1996) and correlates better with current observations of the
Kuiper Belt and the Oort Cloud. In this model the four giant planets are mired
in the planetesimal disc late into planetary formation, with the three outermost
planets (Saturn, Uranus and Neptune) scattering these planetesimals equally
inwards (towards to the Sun) and outward (away from the Sun) resulting in a
net zero change in angular momentum on each planet. Jupiter, however,
preferentially scatters the objects outward, ejecting them completely from the
system. In this case the objects perturbed inward have a chance to be ejected
from the system entirely by Jupiter while those that are scattered outward will

return to their original region (allowing for a small number of ejections in to
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the Oort Cloud) with equal chance to scatter either inward or outward yet
again. This results in a heavy attrition of the planetesimals as well as an
increase in orbital distance for the three outermost planets that we see today
(Kortenkamp 2004). The migration proposed in this model, provides a much
smoother migration than the Nice model. This has been used to explain Pluto's
3:2 eccentric orbit with Neptune (Malhotra 1995), alongside other Plutinos.
This model has also been used to describe the highly excited distribution of the
Jovian Trojan population, and it seems suitable to provide an explanation of the

observed distribution of the Neptune Trojans.

It is now well accepted that our solar system's giant planets migrated some
distance before reaching their current orbital positions, regardless of a chaotic
or sedate fashion. It is this migration that would seed the population of the
Trojan clouds within the L4 and L5 regions of each of the giant planets. The
dynamics of the Lagrangian points are time reversible, so while it is difficult for
a stable object to be ejected from the region it is equally difficulty for an object
to fall into these regions of stability. However, during the planetary migration
this could be overcome due to chaotic regions caused by overlapping
secondary resonances between the planets, as well as the shifting influence of
secular resonances. As the planets migrated outward their 1:1 mean-motion
resonances would become temporarily chaotic, briefly becoming dynamically
“free” allowing captured objects to escape and new objects to be captured and
placed in orbit about the host's L4 or L5 (Lykawka et al. 2011ab & 2009). Once
a planet moved on from these chaotic regions the 1:1 mean motion resonance
would become dynamically “locked” once again, trapping the newly captured
objects in place until they either naturally decayed from the orbit or came in
contact with another such chaotic region (Lykawka et al. 2010ab; Mordibelli et
al. 2005).

A number of studies have been conducted into the capture rate during this
period of planetary migration to provide insight into the original size and mass

of the Trojan clouds. Lykawka et al. (2013) ran a series of simulations of all
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four giant planets and as they moved through the Trans-Neptunian objects
(~17-35au for pre-migration TNO). They found that each planet had small but
significant capture rates, with each planet showing an efficiency of between
10° and 10™. However, Neptune demonstrated the most efficient capture rate
of 10 to 10°. Given a total planetesimal mass of between 13 and 25 Mg, this
could allow for a primordial mass of the Neptune Trojan population of between
4x1073 and 2x10?% M@, up to an order of magnitude more massive than the
current main asteroid belt. However over the 4Gyr lifetime of our Solar System

this population has decayed down to what we see today.

1.6 The Mechanics of the L4 and L5 Lagrangian
Points

Named after the French-Italian physicist, Joseph Lagrange, the Lagrangian
points related to points or regions of equilibrium within a restricted three-body-
problem (Carroll & Ostlie 2007). The restriction within this model is that the
third body in the system is of comparatively negligible mass, this simplifies the
solution considerably. In this model there are a total of five Lagrangian points,

their locations are documented in Figure 1.

The simplest way of processing this system is to use an x-y orbital plane with a
co-rotating coordinate system, this allows for an essentially immobile system
but does require the introduction of two pseudo-forces in the centrifugal and
Coriolis forces (Carroll & Ostlie 2007). Under this model each Lagrangian point
can be conceived as a point or region of the zero gravitational potential energy.
A simple way of deriving this is as per Carroll & Ostlie 2007:

Define the gravitational potential energy (Ug) as:

ng—GM (1)

r
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Where M and m are the masses two bodies, G is the gravitational constant and
r the distance between them. From Newtonian physics we know that

centrifugal potential energy can be written as:

U,~U=U,] Fedr )

Where F. is the centrifugal force and the subscript 'f' and 'i' as the final and
initial energy and distance.

It is known that:

F = maw’r 3)

With w being the angular velocity. Therefore the difference in gravitational

potential energy can be written as:

U="—"mwr 4)

From this we can ascertain the following equation to locate the Lagrangian

points in this system:

——mo'r (5)

Where s; and s,, relate to the distances between the massive bodies and the

third insignificant one.

The first three Lagrangian points are discrete saddle points located on the
body-to-body axis, as seen in Figure 1. These three points are exponentially
unstable, and are incapable of holding objects on the magnitude of timescales

the study is interested in. However it is worth noting that any object with a
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horseshoe orbit! will traverse the L3 as part of it motion, but will not become
locked to that region. Therefore these three points are of little importance to
this study (Carroll & Ostlie 2007).

As mentioned earlier, the primary element of the Trojan populations are the L4
and L5 Lagrangian points. Unlike the L1-L3, these region of space are
gravitationally stable and capable of hosting dynamically stable objects on a
billion year timescale. This is because as a body would shift away from one of
these region the change in potential energy would increase the speed of the
body causing a Coriolis effect resulting in the body entering an orbit around the
Lagrangian point. It is this effect that allows Trojan objects to librate around

the planetary Lagrangian points and maintain long-term gravitational stability.

1.7 Keplerian Elements

Named in honour of Johannes Kepler, one of the most important figures in
astronomical history, the Keplerian elements are the defining parameters of
orbital motion. These elements are used to guide the inertial frame for all
orbiting bodies in our Solar system, and are therefore of great importance to
this study. Figure 1 displays a graphical depiction of each element in what this
study refers to as a, e, i, w, 2, M space. Each of these parameters are
explained below (Ryden & Peterson 2010; Carroll & Ostlie 2007).

Semi-major axis (a): Probably the most commonly discussed of the six
Keplerian elements, the semi-major is defined as half the length of the major-
axis of an objects orbital ellipse, with the systems local centre of mass as the

focus.

Eccentricity (e): The eccentricity describes the shape of the orbital ellipse,

from a perfect circle, at e = 0, to an escape orbit, at e > 1.

1 A type of 1:1 mean-motion resonant orbit in which the object 'bounces' between the L4 and
L5 Lagrangian points by way of the L3 as the host bodies, tracing out a horseshoe shape.
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Inclination (/7): The inclination is the tilt of the orbital plane as compared to a

reference frame in respect to the plane of the Solar System.

Argument of periapsis (w): Describes the angle between the longitude of
the ascending node and the point at which the object is at perihelion (its

closest approach to the Sun).

Longitude of the ascending node (2): The ascending node is the point at
which the orbital plane intersects with the reference plane. In this case, the
Longitude of the ascending node is an angle from a reference point (typically

the first point of Aries) to the ascending node itself.

Mean Anomaly (M): This is simply defined as the location of the object on its

orbital plane at the chosen epoch.

13



2. Methodology

2.1 Target Acquisition

The primary aim of this project was to provide classification through detailed
analysis of the long-term dynamical stability of every Neptune Trojan known to
date. The list of known Trojans was obtained from the Minor Planet Centre's
dedicated Neptune Trojans page (2015) on the 8% of November 20152, At that
time, there were a total of eleven Neptune Trojans listed. For these targets, the
best-fit orbital solutions were obtained from the Asteroid Dynamics Site
(2016). This revealed that one of the listed Trojans, 2012 GX;7, was in fact a
Trans-Nepunian Object (TNO) that had been misidentified, with a semi-major
axis of ~37au as opposed to the ~30au for typical Neptune Trojans. However,
this TNO, 2012 GX;;, was retained in the sample, because as a known
dynamically unstable object it provides a baseline to compare to known Trojans

to.

The data used for the dynamical simulations of each target is tabulated in
Table 1, including the date relevant epoch data and the date obtained. This is
included as the orbital parameters of these objects are constantly under

refinement as more observations are obtained.

2.2 Previous Works

As mentioned in Section 1.2 small scale simulations of the first discovered
Neptune Trojan (2001 QRs2,) showed it to be dynamically stable on billion year
timescales (Chaing & Lithwick 2005; Brasser et al. 2004; Mazari et al. 2003).

2 The Minor Planet Center’'s Neptune Trojans page can be found at
http://www.minorplanetcenter.net/iau/lists/NeptuneTrojans.html and was accessed on
08-11-15.

14
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However, more recent work by Horner & Lykawka (2010a) demonstrated that
the stability of this object was not quite as simple, and raised questions

regarding the stability of other objects in this population.

In addition, the simulations conducted by Horner, et al. (2012a; 2012b; 2010a)
on the the long-term stability of the objects 2001 QR32,, 2004 KV;5, and 2008
LCis indicated something new about the impact of orbital parameters on a
Trojan's stability; that within the a, e, i 2, w, M space, only the semi-major
axis and the eccentricity had any real impact on the ejection times on a billion
year timescale over the 30 range of the clone population. Based on this
precedent the methodology was altered from the typical norm to create a
population that spanned 30 in only semi-major axis and eccentricity. By
focusing in on the parameters with the most impact on an object's stability,
this study can produce a much higher resolution study in those areas of
importance while conserving computing power and time. This has resulted in
detailed stability plots of the previously unexplored Trojans and provide a
deeper re-examination of the dynamical stability of 2001 QR3,,, 2004 KV;5, and
2008 LCjs.

2.3 The MEercury package

To model the stability of the Neptune Trojans one needs to look to appropriate
n-body integrators to complete the lengthy simulations. Typically for dynamical
systems with the majority of the systems mass being dominated by one
object, such as the Solar system, we would look to a symplectic integrator over
other n-body algorithms. These are significantly less computationally intensive
and because the total system energy oscillates around mean value as opposed
to more conventional algorithms where a energy “drift” can occur resulting in a
building energy error. Both factors are of particular importance given the billion

year timescale this study is investigating. However, symplectic integrators use
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a single fixed time-step which can cause issues when multiple bodies come into

close proximity of each other (Chambers 1999).

To handle this issue, and while still taking fullest possible advantage of a
symplectic integrator, this study looked to the MEercury integration package.
Mercury includes a hybrid symplectic integrator that uses typical symplectic
algorithms for handling the bulk of the computation but slowly hands over to a
Bulirsch-Stoer (Stoer & Bulirsch 1980) N-body integrator as multiple objects
draw into close proximity of each other. This essentially allows the benefits of
the faster computational times and lower errors of the symplectic integrator
while allowing a reduction of the time-step, and as a result increase the
accuracy, as two bodies near each other. The program does this by separating
the Hamiltonian into three parts; Ha, Hg, and Hc (Chambers 1999). The three

separated Hamiltonian terms are expressed as follows:

N 2
p; Gm,m,
HA:Z(E_ ) ©

i=1 7y

Hy==GY, Y. (m;m") ™)

2

1 N
¢ ZmOEJ’ (®)

Where m denotes mass, p denotes momentum G the gravitational constant, r
the radius, and / and j refer to the two bodies in question. However this
process is only accurate when the bodies are at such a distance that, Ha » Hs
and Ha » Hc, as the two approach one another, this method is no longer

appropriate.

During the close encounter of bodies A and B, the Hg term increase, eventually

becoming comparable to the Ha term, invalidating the method. To compensate
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for this, we need to move the r; term from Hg to Ha. The result is now
(Chambers 1999):

G .
N P

i=1

_Gm,m,

©)

V..

i rab

j#b

-GX| =

]>a

) (10)

Q/

It is worth noting that Ha can not be integrated analytically in this form as it
contains the three-body-problem. This proves to be a non-issue as it can be
integrated numerically to a high level of precision. The final stage is to allow
the hand over to happen gradually, and to allow Hx » Hg. This is achieved by

introducing a term K based on (Chambers 1999):

0 for y<0
K=1)*(2y’=2y+1)  for0<y<l (11)
1 fory>1
where y
B rl.j—Olrcm =
"=\ Toor, (12)

and rq«it is a free parameter. Using this the final form for the Hamiltonian
becomes (Chambers 1999):

i ﬁ. ( “ )1 K(ry)] (13)

ng—c;i 3 (mimj)K(rij) (14)
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This allows for the gradual hand over from a symplectic integrator to a
Bulirsch-Stoer N-body integrator and back again as the two or more bodies

move into close proximity of each other and out again.

As stated above, this style of integrator proves invaluable to the type of
dynamical simulations used here. The energy errors caused by classical n-body
integrators would likely have a negative impact on the subtle nature of the
Trojans and introduce significant uncertainly into the validity of the results.
This hybrid method provides the best of both worlds, allowing for accurate

results with reasonable computational time (Chamber 1999).

2.4 Simulations and Simulation Parameters

The simplest and most effective way to test the long term gravitational stability
of the Neptune Trojans is create a cloud of clones existing in the a, e, i, w, £,
M space centred on the nominal best fit orbit of a given object, with the cloud
radiating out to 30 in each of the six orbital dimensions. As discussed in
section 2.2, it is known from previous works (Horner et al 2012a, 2012b,
2010a) that the majority of these orbital elements, barring the eccentricity and
the semi-major axis, have little impact on the long-term dynamical stability of

the Trojans.

In light of this it was deemed more important to focus on the critical
parameters and maximise computational efficiency. As such a cloud of clones
was created for each object with the dimensions of 81 clones in semi-major
axis and 81 clones in eccentricity, for a total of 6,561 clones, or test particles.
This effectively creates a cloud with the same number of particles as Horner et
al.'s (2010) earlier work but increases the density in the crucial eccentricity
and semi-major axis dimensions. The primary advantages of this 'flat' cloud
was the increase in ejection resolution from 9 to 81 values in each key variable

in the areas of interest, resulting in a significantly higher resolution in the
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parameters that typically cause instability while reducing the required
computational times by cutting the overall number of test particles down by

almost a third compared to the works of Horner et al (2010a).

To simulate each Neptune Trojan in turn the MeErcuRY dynamics package was set
up with the Sun as the central body, and each of the 4 major Jovian planets
(Jupiter, Saturn, Uranus, and Neptune)?3. It is worth noting that as part of these
simulations we do not include other Solar system bodies such as the terrestrial
planets or any objects from the Asteroid belt, Kuiper belt or Oort Cloud
populations, as is standard procedure in this field of work (Horner & Lykawka
2012b). Any of these objects would have little to no effect of the long stability
of the of the test particles, but they could severely complicate the systems and

massively increase the computational times of each simulation.

The ejection radius was set to be 1000au’ from the centre of the Solar system.
From here each cloud of 6,561 clones was entered into the package to
simulate their movement under the gravitational influence of these five
massive bodies. The integration time-step for Mercury was set to 100 days
while the write out time step was set to every 100,000 years, recording the
status of the test particles. Any object that either collided with the Sun, one of
the Jovian planets, or exceeded the ejection radius was removed from the
system, and this event recorded. Table 1 list the Kelperian elements of each
Trojan used in these simulations alongside the date these elements were

obtained.

3 The full planetary elements used for the simulations can found in Appendix 1

4 The 1000au ejection distance represents a first order approximation between the
gravitational pull of the Sun and the galactic tide, this follows eariler work (e.g. Horner et al
2004a)
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Table 1: The Keplerian elements of each Neptune Trojan, with the 1o errors recorded below each
value. Additionally, we have included that date that the variables were obtained as these update
[frequently. All data taken from the Asteroids Dynamics Site (2016). All parameters are barycentric
with a JD2000 reference point.

Orbital Elements of the Neptune Trojans

Object a e i Q w M Date
30.1283 0.027176 1.325 151.737 152.271 83.154
2001 QRsz; 04/11/16
£0.003262 +0.00004894 +0.00009066 +0.004432 +0.1526 +0.1559
30.2764 0.187766 13.574 235.57 295.537 66.827
2004 KV3s 30/11/15
£0.007544  £0.0008703  +0.001069  +0.0003614 £0.2291 £0.1137
30.0649 0.024775 1.435 34.758 7.03 348.62
2004 UPy 03/12/15
£0.0123 £0.0002048 +0.0003111  +0.005434 £0.7319 £0.7003
30.0606 0.066233 25.048 9.333 89.681 298.811
2005 TNs3 23/11/15
+£0.008057  +0.000138  £0.0003955 +0.0001547 +0.1952 +0.1767
30.0631 0.053867 5.261 169.47 307.26 279.069
2005 TO4 20/02/16
+0.00676  +0.0001174 £0.0003121  +0.001533 +£0.1744 +0.1635
29.9771 0.032518 8.162 120.931 29.06 252.603
2006 RJio3 18/01/16
+£0.006025  +0.0006308 +0.0002207 +0.007596 +0.9599 +1.052
30.0051 0.062524 28.156 188.694 218.19 5.794
2007 VLsos 09/02/16
£0.008497  £0.0001897 +0.0007484  +0.00736 +0.2328 +0.232
29.9695 0.08304 27.546 88.51 8.177 179.953
2008 LCys 04/11/15
+0.02185 £0.002735  +0.003982  +0.0008182 £8.297 9.814
30.869 0.315273 19.223 234.404 226.049 43.058
2010 ENes 02/03/16
£0.001704  £0.0000314 +0.0000207 +0.0002294  +0.002449  +0.004757
30.1157 0.082126 29.393 100.983 149.908 31.316
2011 HMso2 20/02/16
+0.01466 +0.001738  +0.003505 +0.0005778 +2.164 £1.772
37.7342 0.550201 32.488 209.242 244.108 41.574
2012 GXy7 18/01/16
+0.03259  +0.0005312  +0.001094  +0.0005999 +0.0284 +0.07207

2.5 Stability Analysis

The primary goal of this study is to investigate the stability of each of the ten
known Neptune Trojans. The best way to do this is to analyse the ejection
times of each test particle at every point in the cloud of clones. In this way we

can determine the dynamical lifetime of each Trojan as a function of its initial
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Figure 3: The stability map of the borderline stable Neptune Trojan 2008 LC18 as a function of
semi major axis and eccentricity. The ejection times of each test particle is displayed by the
colour map. (Horner & Lykawka 2012b).

orbital elements, a technique that has been widely used in the field (e.g.
Horner et al 2004a,b, 2010a, 2012a, Wittenmyer et al. 2016). From this we
can gain an important insight into the long term gravitational stability of each
object, and thus be able to correctly characterise them as primordial, captured

or boundary case.

The Mercury simulations track the time at which each of the cloned test
particles are ejected from the Solar system or collides with another body. This
output can be used to create files detailing the ejection times of each test
particle, with an ejection time of 4 Gyrs used for those that remain in the
system (for the purpose of visualising the data). This allows for the creation of
stability maps, the established norm of this field of work (Wittenmyer et al.
2016; Horner & Lykawka 2012ab), by plotting the ejection times as a colour
map in an eccentricity VS semi-major axis space. An example of such a map,

from Horner et al (2012b), can be seen in Figure 3.
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Figure 3 shows the stability map for 2008 LC;s, the plot clearly demonstrates
any relationship between the orbital parameters of the Trojan and it's lifetime.
From this it is a trivial matter to determine the classification of each object and

to gain a clear understanding of its long term gravitational evolution.

2.6 Libration Simulations

A secondary research component of this study was to investigate the nature of
each Trojans' initial libration, and to see if there was any correlation with the
object's long-term stability. Of particular interest to this project were the
amplitudes and period of librations while the object trapped around either the

L4 or L5 Lagrangian points.

To best archive this goal, once again the MERcURY dynamics package was used
to simulate a swarm of clones for each Trojan using the same a, €, i, w, 2, M
space and 81x81 arrays used to populate the stability simulations and track

their resonant angle in relation to Neptune.

While these libration simulations use identical initial conditions to populate the
swarm they differ from the earlier runs in both overall timescale and the read-
out periods. It is know from work by Shoemaker et al. (1997) in the late 90s
that the average libration period of a member of the Jupiter Trojan population
is approximately 150 vyears. Extrapolating from this, one can expect a
significant increase in libration period due to the vastly increased orbital period
of Neptune (semi-major axis for ~30au for Neptune as opposed to ~5au for
Jupiter). Despite this, the read-out timestep of 100,000 years used for the
stability measurements would prove too coarse to be functional. For this
reason it was scaled back to reading out at timesteps of every 10 years,
providing more accurate measurements. However this increases the
computational time and data storage required ten-thousand fold, which would
move the simulations beyond the scope and timeline of this project. Thankfully,

at this time, this study is only interested in the nature of the objects libration
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at the initial point of the object's the orbital solution. This allows for the
timescale of the simulations to be brought down to just 100,000 years. This
still provides important and detailed information on the initial behaviour of
Trojans around the L4 and L5 Lagrangian points, but brings the storage and

computational time down to a manageable amount.

2.7 Analysing the Libration

The libration amplitude and periods of each clone are, in theory, very easy
compute as this study is simply trying to detect any periodic behaviour in the

resonant angle of the object.

As found from the nature of the librations seen in the Jupiter Trojans by Jewitt
et al. (2000) and Shoemaker et al. (1997), one would expect the Neptune
Trojans to exhibit similar periodic behaviour but on a much longer time scale
given the significantly longer orbital period of Neptune. While the preliminary
data does support this hypothesis, early analysis of 2008 KVs demonstrated a
tendency for members of the clone swarm to change orbital states ranging
from entering into horseshoe orbits to switching from leading to trailing
Lagrangian points and vice versa. While this proved a fascinating development
and hints at significantly higher system complexity than originally anticipated,
it did complicate the normal, and planned, methodology of running a standard
periodogram. Given this complicated nature of the Trojan behaviour a new

method for the analysis would need to be found.

Many methods were investigated, however none could accurately characterise
the nature of each clone in a meaningful way while still producing useful data
to compare libration amplitude and period to the objects overall stability within
the timescale of the project. To overcome this the study only focused the
nature of the objects whilst in their respective leading or trailing Lagrangian

points, in other words, their initial state.
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Given this restriction, the simplest and most efficient option was to script a
program to run a peak-to-peak calculation. From this, simply calculate the
difference between the peaks, both in resonant angle and time, creating a
mean and median for both libration amplitude and period of each object. To
prevent corrupting the data with large peak-to-peak variations the script
excludes any data after detecting a difference in resonant angle exceeding
180°. This would be a clear indication that the object had crossed the L3
Lagrangian point and was transiting from a stable tadpole orbital arrangement

to either become an escaped object, a horseshoe Trojan or a 'jumping' Trojan.
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3. Results and Discussion

To clearly discuss the results of each Neptune Trojan the analysis is broken
down into three distinctive areas. The first will focus on the classification of
each object based on the results of the stability mapping and discuss any
correlation between ejections times and any objects initial eccentricity or semi-
major axis parameters. The second section will delve into the rate of decay of
the unstable simulated swarms to give an insight into the nature of the
objects. The final section will discuss results of the libration angle and/or
amplitude of the each test particle during the initial simulation stages to
investigate whether there is any correlation between these initial parameters

and the long-term dynamical stability of each object.

3.1 Analysing the Stability Maps

As discussed in the methodology the primary way of analysing a Trojans long-
term dynamical stability and accurately classifying the object is to study the
stability maps created from the ejection files of each Trojans' simulation. For
the sake of brevity and to prevent unnecessary repetition, each object will be
discussed under on the following classifications:

» Captured: Complete Instability

* Primordial: No Ejections

* Primordial: Limited Ejections

* Primordial: Borderline Instability

* The Trans-Neptunian Object

3.1.1 Captured: Complete Instability

Of the eleven proposed Neptune Trojans simulated as part of this study
(excluding the TNO 2012 GX37) only two demonstrated the unstable nature one

would expect to seen from temporarily captured objects (Pal et al 2015). The
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Figure 4: The two Neptune Trojans 2004 KV s (top) and 2010 ENes (bottom) as a functions of
Eccentricity and Semi-major Axis over a range of 30. The red central square relates to the
original orbital parameters at epoch, with the lines projecting from the centre displaying £1o0.
Each square in the plot relates to one of the 81x81 clones used to populate the a x e space in
the simulations. The plots demonstrates the dynamical instability of the Trojans over a 10Myr
time-scale with no dependence on eccentricity or semi-major axis, similar to that of the
Centaur population indicating that they are short-lived captured bodies rather than a stable
primordial Trojans.
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Neptune Trojans 2008 KVis and 2010 ENes displayed text-book examples of the
behaviour, as demonstrated in Figure 4. Both objects show near identical
chaotic behaviour with the majority of test particles ejected from the Solar
system on approximately 10 Myr timescales, behaviour similar to that of a
Centaur (Pal et al 2015; Horner et al 2004ab). Both of these objects can be
clearly classified as temporarily captured Trojans. As can be seen in both
figures there is quite a lot of variation in the ejections of the test particles, with
some escaping only a few hundreds of thousands of years into the simulation
while a small subset even managed to survive the full 4 Gyrs. Of the 6561
clones in the individual swarms only 24 and 21 test particles (for 2008KV s and
2010ENes respectively) remained in the system after the 4Gyr simulation. It is
also worth noting that while these test particles may have remained in the
system none of them where still in Trojan orbits. This demonstrates the chaotic

nature of such objects and reinforces the validity of the “swarm” method used.

For 2008 KVi5, these maps support earlier studies by Horner et al (2012a),
which also classified the object as captured. It is reassuring to note that both
studies came to same conclusion (with similar ejection times), even with the

increased resolution and orbital solution accuracy.

3.1.2 Primordial: No Ejections

Only four of our simulated Trojans had a 100% survival rate of test particles
over the entire 4 Gyr simulation; 2004 UP;,, 2005 TNs3;, 2006 RJie3, and 2007
VL.s. As you can see from their respective stability maps in Figures 5 and 6,
none of the clones from any of these object were ejected from the system nor
collided with any of Solar system bodies resulting in 4 Gyr ejection time for
each particle. This speaks to a high level of stability, and indicates a high
probability of all four objects being Primordial in nature, having resided with
Neptune in a 1:1 mean-motion resonance since Neptune settled into its current
orbit. These objects are the text book classification of a Primordial Trojan

asteroid.
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Figure 5: The Neptune Trojans 2004 UP., (top) and 2005 TNss; (bottom) as a function of
Eccentricity and Semi-major Axis over a range of 30. The red central square relates to the
original orbital parameters at epoch, with the lines projecting from the centre displaying x1o.
Each square in the plots relates to one of the 81x81 clones used to populate the a x e space in
the simulations. The plots demonstrates the dynamical stability of the Trojans over the 4 Gyr
simulation, with no ejections occurring at any point during the their lifetimes. This is typical of
a very dynamically stable bodies held in either the T4 or T5 Lagrange points and indicates that
both 2004 UP;o and 2005 TNss; are most likely a primordial Trojans.
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Figure 6: The Neptune Trojans 2006 RJ0s (top) and 2007 VLsos (bottom) as a function of
Eccentricity and Semi-major Axis over a range of 30. The red central square relates to the
original orbital parameters at epoch, with the lines projecting from the centre displaying x10.
Each square in the plots relates to one of the 81x81 clones used to populate the a x e space in
the simulations. The plots demonstrates the dynamical stability of the Trojans over the 4 Gyr
simulation, with no ejections occurring at any point during the their lifetimes. This is typical of
a very dynamically stable bodies held in either the T4 or T5 Lagrange points and indicates that
both 2006 RJi0; and 2007 VLses are most likely a primordial Trojans.
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3.1.3 Primordial: Limited Ejections

As can be seen in the stability maps of 2005 TOs4, and 2011 HMy,; in Figure 7
these objects demonstrate very few ejections over the 4 Gyr lifetimes. Despite
the few ejected test particles these maps still indicate high level stability, and
that both Trojans are most likely Primordial in nature. It is not unexpected for
Primordial Trojans to undergo a small amount of attrition within the test swarm
even in the most stable regions. As can be seen in both maps, even the clones
removed from the system still displaying long-term orbital stability with all
particles still demonstrating stability on a billion year timescale even if they do
not quite survive the full simulation. Interestingly, while both clouds suffer
from a small amount of attrition in their respective population they are
different in nature. While 2005 TOss displays largely chaotic and well
distributed ejections, 2011 HM,q, shows a stronger ejection rates in the upper
left-hand corner. This hints a possible increase in the instability of the region as
the as the eccentricity and semi-major axis increase. Regardless of this minor
number of ejections both Neptune Trojans 2005 TO;+ and 2011 HMio, are
primordial objects, however they do demonstrate small amount of dynamical

instability on the Gyr timescale.

3.1.4 Primordial: Borderline Stability

These prove to be the most interesting bodies to come out of the simulations.
As can been seen in Figure 8, both 2001 QRs3; and 2008 LC;s display
fascinating stability. In both figures, there are two distinctive different regions.
The first displays incredibly high stability, exhibiting very little ejection, and
obviously primordial in nature. In contrast, the other displays chaotic ejection
times on a ~10 Myr timescale, similar to the other temporarily captured

objects. In both of these objects, a clear boundary can been seen in
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Figure 7: The Neptune Trojans 2005 TO (top) 2011 HM,. (bottom) as a function of
Eccentricity and Semi-major Axis over a range of 30. The red central square relates to the
original orbital parameters at epoch, with the lines projecting from the centre displaying x10.
Each square in the plots relates to one of the 81x81 clones used to populate the a x e space in
the simulations. The plots demonstrates the dynamical stability of the Trojan over the 4 Gyr
simulation, however there is an attrition rate of approximately 10% of the clones over their
lifetimes. This illustrates that even the most stable objects can suffer wastage on Gyr time-
scales.
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Figure 8: The Neptune Trojans 2001 QRs» (top) and 2008 LC:s (bottom) as a function of
Eccentricity and Semi-major Axis over a range of 30. The red central square relates to the
original orbital parameters at epoch, with the lines projecting from the centre displaying x10.
Each square in the plot relates to one of the 81x81 clones used to populate the a x e space in
the simulations. Note for both objects there are two distinct regions of stability dependant on
the semi-major axis. For 2001 QRsz; there is a clear border of stability at ~30.128au, with the
region outward of that boundary displaying massive instability on a 10Myr timescale. While
with 2008 LC;s the region exceeding ~29.94au demonstrates a longer dynamically stable
lifetime than that closer to the Sun.
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Figure 9: 2012 GX;7 as a function of Eccentricity and Semi-major Axis over a range of 30. The
red central square relates to the original orbital parameters at epoch, with the lines projecting
from the centre displaying £10. Each square in the plot relates to one of the 81x81 clones
used to populate the a x e space in the simulations. 2012 GX, was identified as a potential
Neptune Trojan based on early observation but is clearly a Trans-Neptunian Object.
Simulations were run in-order to show the demonstrate the long-term instability that one
would expect from a TNO or a captured body in the L4 or L5 points. The plot demonstrates the
dynamical instability of the body over a 10Myr time-scale with no dependence on eccentricity
or semi-major axis, similar to that of the Centaur or TNO populations.

the semi-major axis, with 2001 QRs,; becoming unstable when a > 30.128au,
and demonstrating the same instability in 2008 LCis when a < 29.94au. This is
caused by each object being located on the edge of their respective stable
regions, as such a fast attrition of test particles can be seen in the region that
exceed this boundary. Both of these Neptune Trojans are likely primordial in
nature, however are probably part of what would have been a much larger

population of Trojans in that area during the early stages of the Solar system.

3.1.5 The Trans-Neptunian Object

Finally, there was the black sheep of the test sample, 2012 GX;;. As mentioned

previously 2012 GX;; was misidentified as a Neptune Trojan but when the
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orbital solution for the object was refined it was clear the object was trans-
Neptunian in nature, with a semi-major axis exceeding ~37au. As can been in
Figure 9 the object is entirely unstable on a 10 Myr timescale, similar to that of
the captured Trojans. This behaviour was expected but does also provide a
baseline of sorts for comparison. It is worth noting that, from the objects
stability maps, that it does appear to be stable on a slightly longer time scale
then 2008 KVis and 2010 ENes. After some discussion and consideration, we
conclude that the cause was most likely due to the increased orbital period of
the object. As a follow on from this, we are planning to investigate this further,

the finding of which is to be included in future publications.

3.2 Decay of the Unstable Trojans

Having addressed the stability maps of all ten Trojans, the singleton TNO, and
classified each object accordingly, it is worth investigating the decay of the
clones of each individual Trojan identified as unstable or borderline stable.
This section will discuss the attrition rates of the each dynamically unstable

Trojan cloud by classification.

3.2.1 Captured Trojans and 2012 GX17

Figures 10, through to 12 display the decay of the two captured Trojans, 2004
KVis and 2010 ENes, and the Trans-Neptunian Object, 2012 GX;;. The first thing
that is immediately apparent is that all three objects have very similar features
in their decay plots, with 2004 KVis and 2010 ENes being almost identical. In
the case of all three display a period of initial stability on a million timescale as

the swarm of clones disperse, followed by a lengthy period of decay.

In case of the 2004 KVis and 2010 ENes the start of this decay period can be
seen after approximately a million years. Over half the members are ejected

from the system after the 500Myrs, and only a handful surviving the for the
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entirety of the 4Gyr simulation, with 24 and 21 survivors for 2004 KV:s and
2010 ENes respectively. This data reinforces the earlier classifications that both
objects are temporarily captured Trojans that demonstrate behaviour that is
dynamically unstable on a billion year timescale. This also supports earlier
simulations in regards to the decay of 2004 KVis by Horner & Lykawka
(2012a).

Similar behaviour witnessed in the TNO 2012 GX;; but with slightly longer
period of initial stability. The TNO does not begin to enter into its attrition
phase for about five million years. While this does delay its inevitable decay
the final result remains the same, with only 19 of the 6,561 test particles
surviving the full 4Gyrs. This may be an indication that the object is a
temporary capture to the 3:2 mean-motion resonance of Neptune - temporary

Plutino, although further study would be required to confirm this.

3.2.2 Borderline Primordials

The previous section categorised both 2001 QR3; and 2008 LC;s as
dynamically stable objects that reside on the outer boundary of the
gravitationally stable Lagrangian points. This classification is supported in the
attrition of the test particles for both objects. As can be clearly seen from
Figures 13 and 14, that both populations of clones are completely stable on
10Myrs timescale. After this initial periods of stability the outer edge of the
cloud begins to decay overtime in a similar nature to the above captured
Trojans. In the case of the both objects a significant proportion of the test
particles survive the simulation, 968 for 2001 QRs2; and 4,557 for 2008 LCjs.

Combined the with stability maps from the previous section a narrative for
these objects begin to form. Both were likely part of a much larger local
populations of Trojan asteroids during the final stages of planetary migration,

however those Trojans located just outside of Neptune's L4 and L5
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Figure 10: Displayed is the attrition of the 2004 KVs's test particles as a function of Log(time)
and either the number of particles remaining (top) or of Log(number of particles remaining).
As can been in both panels the swarm of clones is initial stable for the first few Myr before
entering into a period of decay. Almost the entire population is eroded over the 4Gyrs, in a
similar nature to other dynamically unstable minor planetary bodies in our Solar system.
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2010 ENess demonstrates remarkably similar rate of decay to 2004 KVis. With an initial period
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of stability followed by almost complete removal of the test particles of the 4Gyrs.

37



7000

G000

5000

Decay of 2012 Gxﬂ

-
o]
=
=
T
-

MNumber Remaining
[
=2
=2
=
.-'f-#
-

T
L

2000

1000

-

6 65 7 75 8 85 9 95
Decay of 2012 Gxﬂ

o

o
T
A

r

Cad
T
-

Log (Number Remaining)
o o

1571 'r

G 6.5 7 7.5 8 8.5 9 9.5

Log (Time (Years))

Figure 12: Despite being a Trans-Neptunain Object rather an a Trojan, 2012 GX17 display a
very similar evolution to the two captured Trojans 2004 KV18 and 2010EN65. While 2012
GX17 maintains a longer periods of initial stability, almost the entire population is removed
from the Solar system over 4 Gyrs.
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Figure 13: As seen from the stability maps, the swarm of test particles used for the 2001 QR3z22
simulations straddle the edge of its stable region. These decay curves show, much like the
captured Trojans, a period of initial stability followed decay. As expected, a significant portion of
the test particles survive the simulations due to their location within the dynamically stable

region.
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Figure 14: Much like 2001 QR322, 2008 LC18 displays an extended initial stability period but
much higher survival overall rate due to 2008 LC18 larger stable region.
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Lagrangian points would begin to decay after tens of millions of years, with
almost the entire outer section of Trojans eroding away over our 4 Gyr lifetime.
This support both our earlier stability data and the results of earlier decay
simulations into these objects. (Horner & Lykawka 2012b; Horner & Lykawka
2010)

3.3 Impact of Libration Amplitude and Period

Unfortunately due to an accelerated timeline, we were unable to complete and
process the libration data from our simulations before the writing of this
manuscript. However this section will present some preliminary data from the
captured Neptune Trojan, 2004 KVis. Figures 15 and 16 demonstrate just some

fascinating behaviour seen on a much shorter timescale than initial anticipated.

Figure 15 displays typical behaviour for a tadpole orbit that one would expect
to see over the 100,000 year timescale of both Primordial and Captured
Trojans, however it is worth noting that the libration period of this test particle
does increase with time, possibly hinting at early instability. However, very few
of the test particles demonstrate this behaviour, with many evolving to
different orbits or becoming ejected Lagrangian points entirely. Figure 15 also
displays one of our test particles exiting from its current tadpole orbit in the L4
and jumping into another in the L5 via the L3, behaviour that would classify
the object as a Jumping Trojan. A typical horseshoe orbit can be seen in
Figure 16, as the object rapidly (on the order of 60,000 years) moves from the
initial tadpole orbit into a classical Horseshoe orbit, alas the timescale of the of
the simulations is not long enough to withess whether the test particle re-
stabilises into a tadpole, continues on in as a horseshoe, or escapes the

system.

Finally while there were a number of test particles that entered into unstable

orbits by freeing themselves from their tadpole orbits, a small number
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Figure 15: The libration evolution, displayed as a function of time and resonant angle, of two of
the 2004 KV18 clones, demonstrating a tadpole orbit (top) and jumping orbit (bottom). The
lower panel in both displays the libration period, and peak-to-peak resonant angle, mean and
median values in read and green respectively.
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Figure 16: The libration evolution, displayed as a function of time and resonant angle, of
two of the 2004 KV18 clones, with the top particle entering into a horseshoe orbit, while
the clone in the bottom plot is shown escaping the swarm and becoming re-captured into
a tadpole orbit. The lower panels in both display the libration period, and peak-to-peak
resonant angle, mean and median values in read and green respectively.
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exhibited the behaviour witnessed in the lower panel of Figure 16. As can be
seen the clone exits the 1:1 mean-motion resonance at around the 60,000
year mark (a recurring point for all of the preliminary data on 2004 KVi5) and
enters into either the Centaur or TNO population (Horner & Lykawka 2010Db).
However the object is re-captured into the L5 after just ~10,000 years and
continues on in a tadpole orbit. Given the ejection times from 2004 KVs clone
swarm, it would appear that recapture early in the objects evolution was very
possible, and likely the norm for this population of clones. However, it is once
again worth noting that our simulation only removes an object when it either
collides with another body or leaves the Solar system entirely, and this will
result it a certain delay between ejection from the stable Lagrangian point

regions and removal from our simulation.

Unfortunately the timescale of the simulations prevent us from drawing any
conclusions on the nature of each test particle compared to the lifetime in
Neptune's 1:1 mean-motion resonance. However it does highlight the varied

nature of this objects and the importance of increased research into this area.
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4. Conclusion

Through the use of computational simulations this study have been able to
analyse the stability of each of Neptune's known Trojan asteroids and classify
the likely timescales in which the objects have been hosted by Neptune. It was
found the Trojans 2004 UP1,,2005 TNss3, 2006 RJi03, 2007 VL3, 2005 TO74, and
2011 HM;o, to be dynamically stable on the Solar system's 4 Gyr timescale and
therefore primordial in nature. The objects 2001QR5,, and 2008 LC;s, are also
likely primordial in nature, but both exist just on the cusp Neptune's stable
regions, and were therefore probably a part of a large population of Trojan
asteroids captured during Neptune's final stages of planetary migration. Finally
the study found only two of the ten Neptune Trojans to be completely
dynamically unstable on a billion timescale; 2004 KVis, and 2010 ENes. These
objects are almost certainly recent captures of Neptune with neither object

being stable beyond tens of millions of years.

During the course of this study a previously misclassified Neptune Trojan, 2012
GXi7, was identified as a Trans-Neptunian Object. The objects original orbital
solution could have placed the object within 1:1 mean-motion resonance with
Neptune, however as additional observations on the object have been
completed it has become clear that 2012 GX;; is in fact a Trans-Neptunian
Object.
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Future Works and Publications

While the research already completed has allowed for a deep insight into the
nature of ten of the known Neptune Trojans and allowed for their individual

classification, there is plenty of room for additional research.

There are two particular areas of interest to the author. Firstly, we will need to
expand the simulations already completed to include the newly confirmed and
discovered objects announced in September of this year (Lin et al. 2016) to
provide stability maps and classification of these new objects. Finally we will
complete the investigation into the impact of libration amplitudes and periods
on the overall long-term dynamical stability of the Neptune Trojans (including
the newly announced Trojans). As part of this, we will investigate the nature of
the librations themselves. To do this, we will run two separate sets of
simulations; short timescale, high-resolution simulation to ascertain the initial
conditions in relation to the overall lifetime, and another set of simulations run
on a billion year timescale with a severely reduced resolution in both time and

a, e space to allow for reasonable computational times.

As part of this additional work we are looking to publish a total of three peer-
reviewed papers. The first will include the data presented here alongside initial
libration data and MEGNO maps showing the stability of the Neptune Trojan
region as a whole. The second publication will complement this by investigating
the stability of the seven newly confirmed and discovered Trojans using a
similar methodology. The final planned publication will investigate the long-

term libration nature of each Trojan on a billion year timescale.
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Appendix 1

Table 2: The Orbital elements of the four gaint planets as used in the MERCURY code for the Neptune Trojan simulations,
down to five significant figures, these are vaild at epoch JD 2457400.

Obrital elements on the four giant planets used in the mMercury simulations

Jupiter Saturn Uranus Neptune

Mass (M,) 9.5479x10™ 2.8588x10™ 4.3662x107 5.1514x107
Density 1.33 0.7 1.3 1.76

Cartesian x 4.8414 8.3434 1.2894x10! 1.5380x10*
Cartesian y -1.1603 4.1248 -1.5111x10! -2.5919x10!
Cartesian z -1.0362x10* -4.0352x10"* -2.2331x10* 1.7926x10™
Velocity x (au/day) 1.6601x107 -2.7674x10° 2.9646x107 2.6807x10°
Velocity y (au/day) 7.6990x10° 4.9985x10° 2.3784x10° 1.6282x107
Velocity z (au/day) -6.9046x107 2.3042x10°® -2.9659x107 -9.5159x10°
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