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It is not the critic who counts; not the man who points out how the strong man

stumbles, or where the doer of deeds could have done them better. The credit

belongs to the man who is actually in the arena, whose face is marred by dust

and sweat and blood; who strives valiantly; who errs, who comes short again

and again, because there is no e↵ort without error and shortcoming; but who

does actually strive to do the deeds; who knows great enthusiasms, the great

devotions; who spends himself in a worthy cause; who at the best knows in the

end the triumph of high achievement, and who at the worst, if he fails, at least

fails while daring greatly, so that his place shall never be with those cold and

timid souls who neither know victory nor defeat.

— Theodore Roosevelt
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Abstract

Some of the most exciting and profound questions for exoplanetary scientists, as well as

for the broader astrophysics community, focus on the search for, and origin of, life in

the Universe. Are we alone? Where did we come from? Since the discovery of the first

exoplanets over two decades ago, we have endeavoured to discover places that may be

considered similar to the Earth in order to help us answer some of these questions. While

there has been a steady growth in exoplanet detections around main sequence stars since

those first discoveries, it was the Kepler mission, launched in 2009, that saw a surge in

the number of known exoplanets. The Transiting Exoplanet Survey Satellite (TESS) is

set to continue this trend, and we are now beginning to gain insights into the frequency

of Earth-like planets, the number of Solar System analogues, and the degree to which our

Solar system is unique.

Whilst the detection of a Solar system analogue would be considered the holy grail in

the search for an exoplanet that truly mimics the Earth, finding something that resembles

the Solar system itself beyond a handful of similarities has so far proven to be particularly

challenging. Alternatively, we can relax the criteria for what we consider a Solar system

analogue, and search for systems that feature potentially habitable rocky planets like the

Earth and massive Jupiter-like planets moving on decade-long orbits. But where should

we look? How do we decide which exoplanetary systems are the most promising locations

to discover Earth-like planets? And would we be able to detect such a putative exo-Earth

with the technology currently available? These are the questions I endeavour to answer

in this thesis.

The overarching narrative of this work is the use of numerical techniques to identify

systems that could host dynamically stable planet candidates in the habitable zone of all

known exoplanetary systems. I utilise N-body simulations to systematically search the

current known exoplanet population to find systems that have one or more massive bodies

like Jupiter; are stable given the inferred orbital parameters; and possess demonstrably

stable habitable zones within which an exo-Earth could exist. This will provide constraints

on the location of additional planets within these systems, and provide insight into which

systems may possess Earth-mass planets in the habitable zone. Just as importantly,

I calculate the strength of the radial velocity signal such an exo-Earth would induce

on its host star, and whether or not it would be detectable with current or near-future

instruments, ultimately yielding candidate lists to help planet hunters prioritise where to

focus high demand observation time.
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With our investigation focussed on systems containing a Jupiter-mass planet, I first

look at a subset of the population of single Jovian planet systems. I use established semi-

analytic methods to classify these systems in such a way as to best focus our computational

resources. I then conduct an extensive suite of numerical simulations, firstly with massless

test particles, and secondly using Earth-mass bodies, in order to search for the stable

regions in each systems habitable zone. I successfully determine several candidates of

interest, and highlight the 13 that would induce su�ciently strong stellar wobble on their

host stars for detection with the now operational ESPRESSO (Echelle SPectrograph for

Rocky Exoplanet and Stable Spectroscopic Observations) spectrograph.

I follow this with an analysis of the entire single Jovian planet population, seeking to

find underlying properties and trends across these systems, and to identify potential Solar

system analogues. I conduct a similar suite of numerical simulations with massless test

particles to find stable regions within the habitable zone with a specific interest in those

systems with a Jovian planet orbiting beyond the habitable zone. Other than the systems

mass ratio (Mpl/M?), the Jovian planets semi-major axis (apl), and eccentricity (epl),

I find no underlying system properties that may indicate stability within the habitable

zone. However, I use these parameters to generate a parameter space over which the

systems with completely unstable habitable zones cluster, and provide a candidate list

of 20 systems which I consider first-order Solar system analogues; they have completely

stable habitable zones and a Jovian planet orbiting beyond the habitable zone.

I next conduct a similar study of the population of multiple planet systems with a gas

giant. With multiple bodies being present, I first ensure the dynamical stability of these

systems with the orbital parameters inferred from observations. I then explore the stability

of the habitable zone, conducting a suite of massless test particle and Earth-mass body

simulations. While in general I find that the gravitational interactions with the massive

planet nearest to the habitable zone are most critical in determining stability, secular

resonant interactions between multiple planets can have a dramatic e↵ect on habitable

zone stability. In contrast, mean-motion resonances with one of the massive planets can

provide a means by which to stabilise a body in an otherwise unstable habitable zone.

I find 16 candidate multiple planet systems that could host a stable exo-Earth in their

habitable zone, and for which the induced radial velocity signal of a hypothetical one, two

or four Earth-mass planet would be detectable with ESPRESSO.

Our final paper takes a slightly di↵erent approach, seeking to develop a method

that will be suitable for rapidly analysing the stability of systems discovered by TESS

(Transiting Exoplanet Survey Satellite). By running a large suite of generic N-body sim-
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ulations for a range of planetary masses, I develop a predictive tool that generates scale-free

templates for application to any exoplanetary system. I demonstrate the two key use cases:

(i) to rapidly assess multiple planet stability on-the-fly, and (ii) to predict regions of sta-

bility within the habitable zone. I compare these predictions with our previous numerical

investigations to demonstrate their robustness. This approach will be particularly useful

for systems discovered with TESS, as the system stability can be assessed for the best fit

orbital parameters and incorporated into the Exoplanet Follow-up Observing Program for

TESS (ExoFOP-TESS) to provide insights into whether additional observations should

be made to further constrain the orbits, and to determine which newly discovered systems

may have dynamically stable Earth-size planets orbiting in their habitable zones.

Throughout this thesis, numerical techniques have been used to determine habitable

zone stability for the population of known exoplanetary systems in which exo-Earths

could reside. Each paper has sought to build upon the previous, seeking to generalise

our approach and find ways in which to classify and assess systems within the current

known exoplanet population in order to better understand how our Solar system fits into

the greater planetary population. Our dynamical search has yielded a large candidate

list of exo-Earths in known exoplanetary systems which would be detectable with current

instruments that will aide planet hunters as we endeavour to find habitable worlds and

Solar system analogues.
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We choose to go to the Moon in this decade and do the
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Since the discovery of the first exoplanet around a Sun-like star in 1995 (Mayor &

Queloz, 1995), we have sought to find planets that may be considered similar to Earth.

1
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The early planetary discoveries consisted of very large, massive bodies like Jupiter (Vogt

et al., 2000; Jones et al., 2002; Fischer et al., 2002), or bodies that orbit particularly close to

their host star with orbital periods of mere days (Charbonneau et al., 2000; Tinney et al.,

2003). This is attributable to the observational bias inherent to the methods by which we

detect exoplanets, and this technological limitation has been a bottleneck in our e↵orts

to discover an Earth-like planet. With each generational improvement in technology, we

have come closer and closer to discovering planets and systems that more closely resemble

our own. We have begun to learn of the prevalence of small, rocky bodies like the Earth

(Vogt et al., 2015; Wright et al., 2016; Anglada-Escudé et al., 2016; Gillon et al., 2017)

as well as massive gas giants like Jupiter moving on much longer orbital periods (Boisse

et al., 2012; Wittenmyer et al., 2014a, 2016a; Kipping et al., 2016; Rowan et al., 2016).

Nevertheless, we are still far from discovering a true Solar system analogue, and while

technology continues to relentlessly march forward, we are limited by the time availability

of these observing resources. As such, it is important to allocate such limited resources

e↵ectively, and so it is critical to prioritise which systems to observe and it is in this

respect that research continues to seek to theoretically understand and predict where the

best locations are to find exo-Earths.

In this chapter, I introduce the idea of habitability and the habitable zone, and describe

how existing planet formation theories highlight the importance of Jupiter in our own

Solar system, and its potential importance for life in other systems. I follow with a

description of the dynamics involved in planetary systems, specifically the N-body problem

and resonant mechanisms present in multiple body systems, and then present an outline

of the numerical integrator used in this work and how theory has been used to date to

predict hidden exoplanets. I then discuss exoplanet observational techniques, the current

state of the art technology used to detect exoplanets, and the detections of Earth-like

planets made to date. Finally I present the aim of my thesis, and how my work ties

the three aforementioned areas of exoplanetary science (habitability, planetary dynamics

and exoplanetary observations) together: using dynamical simulations to identify where
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habitable exoplanets can maintain stable orbits that would be detectable with the current

or near-future observing technology.

1.1 Habitability

Habitability, in its broadest sense, is the ability for a planet to sustain life. As such,

to consider the habitability of a planet we must consider what ingredients are necessary

for life. Our knowledge of life is limited to that found here on Earth and hence, our

understanding of the requirements for life are limited to carbon-based life that uses water

as a solvent (Forget, 2013). Indeed, when it comes to life as we know it, water appears to

be critical for life to develop,

We have come to realize that where there is liquid water on Earth, virtually no

matter what the physical conditions, there is life.

(Rothschild & Mancinelli, 2001)

The search for habitable worlds and life is therefore closely coupled with the search for

water, and this has driven a great deal of research into both the search for water (e.g. using

the Hubble Space Telescope or Mars Express spacecraft to find water; Saur et al., 2015;

Orosei et al., 2018), and the understanding of where the water on Earth originated (e.g.

Bond et al., 2010; O’Brien et al., 2014). While subsurface oceans do not appear to be rare

within our own Solar system (Khurana et al., 1998; Thomas et al., 2016; Jia et al., 2017),

it is liquid water on the surface of solid or rocky planets that is of most interest in regards

to habitability. This requires an average surface temperature and pressure greater than

that of the triple point of water. This means the body must have a su�ciently pressurised

atmosphere, and also a surface temperature within the appropriate range such that the

water is in a liquid rather than a solid or gaseous state. This drives the three criteria

required in order for a planet to be considered habitable. A planet must:

1. be a rocky body,

2. be able to maintain liquid water on its surface, and
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Figure 1.1: A schematic of the habitable zone (represented by the green annulus) around:
(left) a cooler star, (middle) a Sun-like star, and (right) a hotter star. Interior to the
habitable zone (orange region) is considered too warm for surface liquid water, while
exterior to the habitable zone (blue) is considered too cold for surface liquid water.

3. have an atmosphere.

It should be noted that this is a working definition of what constitutes a habitable planet,

and as we develop a better understanding of the requirements for life, and the environments

that can provide such requirements, one would expect this definition to continue to evolve.

1.1.1 The Habitable Zone

The habitable zone is defined to be the region around a star within which liquid water can

be sustained on the surface of a rocky planet (Huang, 1959; Hart, 1978; Kasting et al., 1993;

Forget, 2013). It is well established that planetary systems will typically form in a coplanar

fashion due to the conservation of angular momentum of the collapsing solar nebula in

which they form, and thus the habitable zone is generally considered as an annulus rather

than a shell. A schematic of the habitable zone is shown in Figure 1.1. There are several

approaches that enable the calculation of the boundaries of the habitable zone, all of which

ultimately seek to provide some means by which to calculate the maximum and minimum

distances from the star at which liquid water can be sustained on the surface of a rocky

body. Building on the work of Kasting et al. (1993), Kopparapu et al. (2014) provide a
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comprehensive method for calculating the habitable zone boundaries of F, G, K and M

spectral type main-sequence stars that is valid for stars with 2600 K  Te↵  7200 K.

They posit that the distance from the centre of a star to the edges of the habitable zone

are:

dhabitable zone =

s
L/L�
Se↵

au, (1.1)

where L is the luminosity of the star, Se↵ is calculated as

Se↵ = Se↵� + aT? + bT 2
? + cT 3

? + dT 4
? , (1.2)

T? = Te↵�5780 K, and a, b, c, d and Se↵� are constants depending on the planetary mass,

Mpl, being considered within the habitable zone, and the habitable zone boundary regime

being used. The value of these constants are presented in Table 1.1. The dependence on

planetary mass results from the assumption that a less massive planet will have a less

dense atmosphere relative to a more massive planet, which will influence the atmosphere’s

H2O column depth (Kopparapu et al., 2014). Consequently, this will have a non-trivial

e↵ect on the strength of the greenhouse e↵ect.

It is generally accepted that the greenhouse e↵ect has a significant influence over the

ability of a planet to sustain liquid water on its surface (Rasool & de Bergh, 1970; Kasting,

1988). This can work in a positive way, improving the ability of a planet to sustain liquid

water by trapping heat on planets that would otherwise be too cold for surface liquid

water to exist, or in a negative way, decreasing the ability of a planet to sustain liquid

water by causing a runaway greenhouse e↵ect (Rasool & de Bergh, 1970). In the latter

scenario, a positive feedback loop forms where: 1) heat trapped by the atmosphere causes

the surface temperature of the planet to rise, 2) liquid water on the surface evaporates

causing an increase in greenhouse gases in the atmosphere in the form of water vapour,

3) the higher concentration of water vapour causes a stronger greenhouse e↵ect which in

turn causes more heat to be trapped by the atmosphere, and so the loop continues. As the

greenhouse e↵ect can impact whether a planet can sustain liquid water on its surface, it
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Table 1.1: The constants provided by Kopparapu et al. (2014) that we use to calculate
the edges of the habitable zone for our simulations.

Recent Runaway Maximum Early
Venus Greenhouse Greenhouse Mars

a 2.136⇥ 10�4 1.332⇥ 10�4 6.171⇥ 10�5 5.547⇥ 10�5

b 2.533⇥ 10�8 1.58⇥ 10�8 1.698⇥ 10�9 1.526⇥ 10�9

c �1.332⇥ 10�11
�8.308⇥ 10�12

�3.198⇥ 10�12
�2.874⇥ 10�12

d �3.097⇥ 10�15
�1.931⇥ 10�15

�5.575⇥ 10�16
�5.011⇥ 10�16

Se↵� 1.776 1.107 0.356 0.32

is critical in determining the boundaries of the habitable zone. There are four boundaries

(two for the inner edge and two for the outer edge) presented by Kopparapu et al. (2014):

the recent Venus inner boundary, the runaway greenhouse inner boundary, the maximum

greenhouse outer boundary and the early Mars outer boundary.

For the inner edge, the runaway greenhouse is the more conservative definition and

corresponds with the maximum distance from the star at which a runaway greenhouse ef-

fect would take place, causing all the surface water on the planet to evaporate. In contrast,

the recent Venus is the more optimistic definition of the inner edge of the habitable zone

and is determined by making the assumption that Venus formed wet. Using the minimum

time since liquid water existed on the surface of Venus as 1 Gyr (Solomon & Head, 1991),

and considering the age of the Sun and the respective di↵erence in Solar luminosity 1 Gyr

ago (⇠92% of the present day Solar luminosity; Kopparapu et al., 2013) yields an estimate

of the distance at which liquid water may have existed on Venus at that time (Kasting

et al., 1993; Kopparapu et al., 2013).

In the case of the outer edge, the maximum greenhouse scenario is the more conser-

vative definition and corresponds with the maximum distance at which a cloud-free CO2

atmosphere could maintain liquid water. Conversely, the early Mars is the more optimistic

definition of the outer edge of the habitable zone and is determined by making the as-

sumption that Mars also formed wet and was su�ciently warm for water to flow (Pollack

et al., 1987; Bibring et al., 2006). Similar to the recent Venus scenario we consider the

minimum time at which liquid water may have existed on its surface. Liquid water flowed
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Figure 1.2: The habitable zone and how it di↵ers with the e↵ective stellar temperature,
adapted from Kopparapu et al. (2014). The optimistic habitable zone is bound by the
Recent Venus and Early Mars boundaries, while the conservative habitable zone is bound
by the Runaway Greenhouse and Maximum Greenhouse boundaries.

at least 3.8 Gyr ago, at which time the solar luminosity was ⇠75% of its present day value

(Kopparapu et al., 2013). The di↵erence in solar flux Mars received at its current location

3.8 Gyr ago versus today can then be used to estimate the optimistic distance at which

liquid water may exist today, that is, the distance that a planet will receive ⇠75% of the

present day solar luminosity.

In addition to providing Eq. 1.1 and 1.2, Kopparapu et al. (2014) also provide the

requisite set of coe�cients to calculate the distance from the star where these di↵erent

boundaries occur. While Kopparapu et al. (2014) present coe�cients for a 0.1 M�, 1 M�

and 5 M� planet, as our focus is on Earth and Solar system analogues, we only consider

the 1 M� planet case. We present these coe�cients in Table 1.1, and demonstrate how the

habitable zone boundaries change with di↵erent stellar e↵ective temperatures in Figure 1.2.
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Opting for the outermost or innermost boundaries will yield the “optimistic habitable

zone” and the “conservative habitable zone” respectively (Kopparapu et al., 2013). For all

of the work presented in this thesis, we use the the conservative habitable zone boundaries,

runaway greenhouse and maximum greenhouse, for a 1 M� planet calculated as per Eq.

1.1 and 1.2, as detailed in Kopparapu et al. (2014).

We also consider the concept of resilient habitability as it is introduced by Carrera

et al. (2016). Resilient habitability considers the dynamical evolution of a system, and

is defined as the ability of a planet to avoid being removed from a system and remain

within the habitable zone. As Carrera et al. (2016) highlight, massive planets with highly

eccentric orbits are often indicative of significant dynamical interactions with another

massive planet during the evolution of a system. Such interactions may be destructive

to planets orbiting within the habitable zone. As such, the orbital parameters of massive

planets can be used to predict the likelihood that a habitable zone was left su�ciently

unexcited such that a planet can still exist on a stable orbit within it.

There are several studies that highlight the shortcomings of the habitable zone, notably

the impact of uncertainties in stellar parameters on its boundaries (Kane, 2014), and

the variations that can result when a methane or hydrogen atmosphere is considered

(Ramirez & Kaltenegger, 2017; Ramirez, 2018). There are also considerations regarding

the eccentricity of a planet’s orbit, and whether or not the atmosphere–ocean system

would be such that excursions outside the habitable zone would impact overall habitability

(Williams & Pollard, 2002; Jones et al., 2005). However, given the focus on looking for

Solar system analogues, a true analogue would also be very near circular as we see in the

Solar system. Nevertheless, the habitable zone still remains a useful starting point for

the search for liquid water, and subsequently habitable worlds. More importantly though,

is that it places a contraint on the semi-major axis of a planet for it to fall within the

habitable zone, a constraint that Earth also adheres to in our own Solar system. As such,

in the search for a true Solar system mimic we can retain the habitable zone as a guide.
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1.1.2 Planet Formation and the Influence of Jupiter

The formation of the Solar system, and planetary systems in general, is an area of immense

interest. Not only are we driven by our desire to understand the origins of the Earth and

the abundant life on it, but also more broadly, we are driven by our desire to understand

the generic processes that occur in all planetary systems; what the physical mechanisms

are that lead to such staggering variety in the planetary systems we have observed to

date, and what implications this has on our search for habitable worlds and Solar system

analogues. The tremendous challenge faced in untangling the birth and evolution of our

Solar system is that we are attempting to reconstruct its ⇠4.5 Gyr lifetime from only

the observations we are able to ascertain today. As such, hypotheses on planet formation

attempt to reconcile various milestones and properties we see today in order to understand

how our Solar system formed. Here we will briefly summarise the planet formation process,

highlighting some of the competing hypotheses at di↵erent stages.

The planet formation process takes us from dust grains in the order of a µm (Dominik

et al., 2007; Testi et al., 2014), through to planetesimals in the 102 � 103 km range (Lam-

brechts & Johansen, 2012; Johansen et al., 2014), all the way up to massive gas giants like

Jupiter with diameters of order 105 km. This corresponds to growth through ⇠15 orders

of magnitude, and so it is unsurprising that there are several di↵erent physical mecha-

nisms that are thought to be involved at di↵erent stages of growth, and several challenges

throughout (Armitage, 2018). Here we will provide a brief overview into these stages of

growth, notably: 1) from dust to pebbles, 2) from pebbles to planetesimals, and 3) from

planetesimals to planets, and discuss the physical mechanisms involved and the challenges

faced.

The first physical processes associated with planetary formation are thought to be the

result of dust coagulation, whereby dust settles into the mid-plane of the protoplanetary

disc due to gravitational forces, and individual grains begin to collide and stick together

(Dominik & Tielens, 1997). However, there are two barriers to this first stage of grain

growth: the bouncing barrier and the fragmentation barrier (Morbidelli & Raymond,
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2016). Depending on the collision speed and material properties of the dust, rather than

sticking upon collision the grains can instead bounce o↵ one another or fragment (Gon-

zalez et al., 2014). This occurs for silicate grains of sizes of ⇠1 mm and icy grains up to

⇠102 mm (Zsom et al., 2010). Several ideas have been proposed to overcome these barriers

such as the Kelvin-Helmholtz instability (Johansen et al., 2006) and the streaming insta-

bility (Youdin & Goodman, 2005), both of which are turbulence inducing instabilities that

encourage more e↵ective clumping of the particles (Johansen et al., 2007). However, even

in the case of overcoming the bouncing and fragmentation barrier, as particles continue

to grow they eventually reach boulder-sized ⇠1 m bodies, and will undergo rapid radial

drift inwards due to gas drag (Adachi et al., 1976; Weidenschilling, 1977; Morbidelli &

Raymond, 2016). This creates the problem in the second stage of growth, the pebble-to-

planetesimal growth phase, and is referred to as the metre-size barrier (Haghighipour &

Boss, 2003; Rice et al., 2004). A means by which to solve this problem is by trapping dust

in pressure bumps. There are various hypotheses for where and how these pressure bumps

form, some examples include at the edges of the gap carved out by a planet (Lyra et al.,

2009), at the edges of the dead zone (Lyra et al., 2008), passively forming via turbulence

(Johansen et al., 2014) and self-induced dust traps (Gonzalez et al., 2017). Regardless

of what mechanism provides a way to overcome the metre-size barrier, at some point

planetesimals are formed in the order of 102 � 103 km.

During the third stage of planet formation, specifically going from planetesimals to

planets, there are two models to form gas giants: the core accretion model (Mizuno, 1980;

Pollack et al., 1996; Rice & Armitage, 2003; Alibert et al., 2005) and the disc instability

model (Cameron, 1978; Boss, 1997, 2000, 2001, 2011; Matsuo et al., 2007). In the core

accretion model, we see the accumulation and merging of many planetesimals, eventually

leading to runaway growth to a core with mass in the order of 10�20 M� which then accrete

gas from the nebula to form the giant planet’s atmosphere (Rice & Armitage, 2003). This

theory presents its own issues, notably that due to the gas dissipation of the disc, there

is an upper limit on how long it can take for giant planets to form (Levison et al., 2010;
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Bitsch et al., 2015). Due to the lower number density of planetesimals further from the Sun,

the cores of the giant planets can not form quickly enough solely through the accretion

of planetesimals (Pollack et al., 1996; Goldreich et al., 2004; Lambrechts & Johansen,

2014). “Pebble accretion” seems to solve this problem, and has emerged as potentially a

key mechanism in the planet formation process (Lambrechts & Johansen, 2012; Levison

et al., 2015; Morbidelli & Raymond, 2016). Pebble accretion is a mechanism by which

core growth can occur quickly due to gas drag yielding larger collisional cross section for

cm-sized pebbles (Lambrechts & Johansen, 2014; Visser & Ormel, 2016). Alternatively,

in the disc instability model we see the direct formation of gas giants as the result of

fragmentation of the disc and the gravitational collapse of these fragments (Helled et al.,

2014). However, disc instability also faces its own challenges in that it requires a cold disk

to work. Furthermore, while disc instability is more likely to form giant planets in the

outer disk, it is more challenging to explain inner giant planets.

This brief summary of planet formation is by no means an exhaustive list of the

competing hypotheses currently used to explain how grains grow through many orders

of magnitude to planets, but it does highlight some of the challenges faced by planetary

scientists. Planet formation is a dynamic area of research that continues to develop.

With a general understanding of how planets form, we can next consider the over-

all architecture of the Solar system. A critical question to consider and one that indeed

motivates this research: is the Solar system atypical? Weiss et al. (2018) demonstrate

that our Solar system does appear to be atypical based on the mixture of small terres-

trial planets and massive giant planets, something that appears to be quite rare in the

Kepler systems. This atypical mix of planets within the Solar system also highlights the

odd planetary architecture. Morbidelli & Raymond (2016) notes the peculiar trimodal

structure of the Solar system: the inner terrestrial planets, a relative dearth of material

between 1 and 5 au (the asteroid belt has a total mass of only ⇠5⇥10�4 M�; de Pater &

Lissauer, 2010), and the outer giant planets (the Edgeworth-Kuiper belt has a total mass

of only ⇠0.02�0.1 M�; Gladman et al., 2001; Pitjeva & Pitjev, 2018). Several hypotheses
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Figure 1.3: A schematic of the Grand Tack scenario, adapted from Walsh et al. (2011).
From the initial arrangement (a), Jupiter first migrates inwards (b) shepherding C-type
material with it, and scattering S-type material outward. Saturn continues to grow, and
once fully formed it migrates rapidly inwards (c) and catches up with Jupiter. The pair
then migrate outwards (d), resulting in the desired architectural properties that fit with
the Solar system as it is today.

have been proposed to explain this structure, and the orbital properties and relative mix-

ing of carbonaceous C-type and stony S-type asteroids within the asteroid belt. C-type

asteroids are the most common type of asteroid, have low albedos, and are composed of

significant amounts of carbon, whereas S-type asteroids are the second most common type

of asteroid, have high albedos, and are composed largely of siliceous compounds (de Pater

& Lissauer, 2010). While the C-type asteroids are expected to form further out than the

S-type asteroids, the mixing of the two, and their non-planar and eccentric orbits in the

asteroid belt is a feature of the Solar system that must be reconciled.

One such hypothesis is that put forward by Walsh et al. (2011), the so-called, “Grand

Tack” model, shown schematically in Figure 1.3. The fundamental premise of this model
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is as follows: Jupiter forms first and begins to migrate inwards due to Type II migration

(i.e. it opens a gap in the protoplanetary disc; Lin & Papaloizou, 1986; Nelson et al.,

2000), shepherding C-type asteroids inwards with it while simultaneously scattering S-type

asteroids outwards (Fig. 1.3b). During this migration, Saturn’s core grows and begins to

accrete gas. Saturn then starts to migrate inwards due to Type I migration (i.e. it

does not open a gap and is still fully embedded within the protoplanetary disc, and

it is the torque exerted on the planet by the disc that drives migration; Goldreich &

Tremaine, 1979; Paardekooper et al., 2010) and “catches up” to Jupiter (Fig. 1.3c). Saturn

continues to grow, eventually leading to Saturn and Jupiter sharing a common gap in the

protoplanetary disc. At this point, due to the torque imbalance experienced by both

planets in this shared gap, Jupiter and Saturn “tack”, reverse the direction of migration,

and begin moving outwards. This has the combined e↵ect of some of the inner S-type

asteroids being decoupled from Jupiter, as well as truncating the disc into a less massive

inner annulus of material (Fig. 1.3d). The resulting asteroid belt then consists of eccentric

and inclined S- and C-type asteroids, and the depleted annulus of inner material is such

that it can explain the smaller mass of Mars (Hansen, 2009).

An alternative hypothesis to the Grand Tack to assemble the Solar system does not

require Jupiter and Saturn tacking, but rather considers a depleted primordial asteroid

belt (Izidoro et al., 2014, 2015, 2016; Levison et al., 2015). In this scenario, there is a

build up of material inside of 1 au that yields the requisite smaller mass of Mars, while the

mixing of the asteroid belt is the result of the chaotic orbits of Jupiter and Saturn in the

early Solar system (Izidoro et al., 2016). Just as with the early formation processes, the

question of how we reproduce the architecture of the Solar system is still unresolved, as

is the nature and degree to which Jupiter has contributed to the formation and evolution

of it. Since it appears giant planets must form rapidly before the gas dissipates in the

protoplanetary disc, many of the formation and evolution scenarios involve Jupiter playing

a significant role in sculpting the Solar system architecture that we see today.
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Beyond Jupiter’s potential role in the architecture of the Solar system, there are also

various means by which Jupiter may have contributed in nurturing the right environment

on Earth for life to have developed and prospered. This comes in the form of providing

protection from errant asteroids colliding with Earth by removing enough of the material

in the asteroid belt so as to reduce collisions with Earth (Wetherill, 1994; Horner & Jones,

2010; Martin & Livio, 2013; Quintana & Lissauer, 2014), and also in the form of water

delivery (Morbidelli et al., 2000), volatiles delivery (Chou, 1978; Morbidelli & Wood, 2015)

as well as the influence over longer time-scales such as Milankovitch cycles (Horner et al.,

2015).

The notion that Jupiter protects the Earth from giant impacts has been studied in

depth. It has been demonstrated that Jupiter might be a benevolent protector, shielding

Earth from extinction level impacts (Horner et al., 2010; Horner & Jones, 2012), or con-

versely that it may be a malevolent destroyer, increasing the impact rate on Earth (Horner

& Jones, 2008, 2009). The situation gets more complicated when Saturn is added to the

mix (Grazier, 2016). Turning to the water content on Earth, the key method by which

Jupiter may have contributed to delivering water to Earth is by gravitationally mixing

the icy material beyond the snowline with the drier inner material where the terrestrial

planets form (Carter-Bond et al., 2012b, 2014; O’Brien et al., 2014; Raymond & Izidoro,

2017). This was determined through the comparison of the deuterium-to-hydrogen ratio

(D/H) of water on Earth with that of various celestial bodies, which suggest that Earth’s

water may come from many sources (e.g. asteroids, comets, planetesimals; Bond et al.,

2010; Izidoro et al., 2013). These studies highlight that while there does not appear to be

a single source of Earth’s water, it appears very challenging to achieve the measured D/H

ratios without extraneous water delivery. These external sources are hypothesised to have

come from mixing of material by Jupiter from its migration such as in the Grand Tack

scenario, from the rapid formation of Jupiter, or even just from the motion of Jupiter

on its slightly inclined and eccentric orbit (Raymond et al., 2004; Raymond & Izidoro,

2017; O’Brien et al., 2018). Similarly, volatile delivery and the abundance of siderophile
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elements in the Earth’s mantle, has been hypothesised to be delivered in a similar manner,

the so-called, ‘Late Veneer’ (Chou, 1978; Kimura et al., 1974; Mann et al., 2012), where an

increase in the amount of chondritic material impacting the Earth occured, delivering such

elements after terrestrial core formation ceased (Raymond et al., 2013; Jacobson et al.,

2014).

What is clear is that the story of the formation of our Solar system is very much still

being disentangled, and there is no one accepted hypothesis to describe its formation and

evolution. Regardless, without a clear understanding of planet formation, the search for

Solar system analogues and planets that truly mimic the Earth remains closely related.

While it is still unclear whether Jupiter had a beneficial or detrimental e↵ect on the

creation of the right environment for a habitable Earth to develop (Ward & Brownlee,

2000), it does appear that Jupiter has played an important role in the evolution of the

Solar system,

Currently favored theoretical modeling likewise favors Jupiter as the key player

in the Solar system’s evolution.

(Morbidelli & Raymond, 2016)

This has motivated our interest in identifying Jovian planet systems that are capable of

hosting hidden Earth-like planets in the habitable zone. However, it must be emphasised

that our dynamical search assesses the systems as they are observed today, and the impact

that the evolution of the planetary architecture has had on the habitable zone has not

been considered. As such, scenarios where hot Jupiters form in the outer disc and migrate

inwards, causing significant destruction to the material in the habitable zone (Armitage,

2003; Mustill et al., 2015), or the excitation that can occur during giant planet interactions

which may lead to habitable zones that are devoid of the necessary material to form planets

(Matsumura et al., 2016; Carrera et al., 2016) has not been considered in our assessment.
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Figure 1.4: The current known exoplanet population grouped into di↵erent classes based
on their planetary radii1. The classifications and radii boundaries here are for those given
by Fressin et al. (2013).

1.1.3 Exoplanets

Trying to disentangle the birth, formation and evolution of our Solar system is integral

to understanding planet formation, as well as learning about the processes that may have

occurred in planetary systems other than our own. The obvious restriction to using the

Solar system to help us understand the formation of other planetary systems, is that there

is limited knowledge that can be provided about types of planets that do not occur in our

own Solar system, the two most obvious being super-Earths and hot Jupiters.

Super-Earths are a class of planet that are intermediate in size between Earth and

Neptune, considered to be around 5 � 10 M� or 1.5 � 2 R� (Valencia et al., 2007). A

peculiarity of super-Earths is that our current census of the exoplanet population seems

to suggest they are one of the most abundant type of planet and yet we do not have

any super-Earths in our Solar system (Mayor et al., 2011; Howard et al., 2012; Petigura

et al., 2013). Figure 1.4 shows the current census of the planet classes based on size. The

1As of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.caltech.edu).

exoplanetarchive.ipac.caltech.edu
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consideration to keep in mind with super-Earths is whether or not we can consider them

to be similar to the smaller terrestrial planets we see in our own Solar system, or if they

are actually quite di↵erent and perhaps share more similarities with the ice giants, Uranus

and Neptune (Wagner et al., 2012; Haghighipour, 2013).

A hot Jupiter is a Jupiter-size planet that moves on an orbit around its host star with

a period measured in mere days, resulting in it being highly irradiated and very hot. The

population of hot Jupiters are highlighted in Figure 1.5. Hot Jupiters were some of the

first exoplanets discovered due to their high mass, large sizes and short orbits (Mayor

& Queloz, 1995; Charbonneau et al., 2000). This meant they would induce large radial

velocity signals on their host star and also could be observed over fewer nights. The

particulars of how we observe exoplanets are discussed in greater detail in Section 1.3.

With our interest in Jupiter as outlined in Section 1.1.2, hot Jupiters present a situation

in which we can find exoplanet systems with a Jovian planet, but which is still strikingly

2As of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.caltech.edu).

exoplanetarchive.ipac.caltech.edu
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di↵erent to our own. More important, though, are the implications a hot Jupiter would

have on the likelihood of an Earth-like planet existing within the habitable zone. While

there is some research that demonstrates hot Jupiters can form in-situ (Batygin et al.,

2016; Raymond et al., 2016), it is more generally accepted that they form further out and

migrate inwards to their final orbits (Tsiganis et al., 2005; Morbidelli et al., 2007; Crida,

2009; Walsh et al., 2011; Nesvorný et al., 2018). Such a scenario raises the possibility that

a Jovian planet migrating through the habitable zone would cause so much scattering as

to leave insu�cient material for terrestrial planets to subsequently form (Armitage, 2003).

However, there is research that shows that it may still be possible (Mandell & Sigurdsson,

2003; Fogg & Nelson, 2005; Raymond et al., 2006a; Mandell et al., 2007), although the

migration of the giant planet must occur quickly (Raymond et al., 2006b) and early enough

in the evolution of the disk such that there is su�cient gas to damp and re-circularise the

orbits of the scattered material (Raymond et al., 2012; Raymond & Morbidelli, 2014).

Fogg & Nelson (2007) demonstrated that the resulting scattered disk of solid material can

be ⇠ 50% as massive as it was prior to scattering, suggesting it would still be well placed

for terrestrial planet formation. Additionally, material scattered into orbits exterior to

the migrating Jovian may get trapped in a resonance with it (Mustill & Wyatt, 2011).

As such, in this work we still consider the possibility of Jovian planets interior to the

habitable zone as systems of interest.

1.2 Dynamics

We conduct our dynamical search for habitable worlds using N-body simulations. In this

section we present a brief outline of the N-body problem; resonant and secular dynamical

interactions; the numerical integrator SWIFT that we use to conduct our simulations; and

an overview of the current approaches to theoretically predicting the presence of additional

bodies in known exoplanetary systems.
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1.2.1 The N-body Problem

The N-body problem is the fundamental problem of predicting the motion of N bodies

interacting with one another gravitationally. The problem was solved for N = 2 by Sir

Isaac Newton in his book Philosophi Naturalis Principia Mathematica in 1687 (Newton,

1999). However, for N � 3 there is no general analytical solution. While there are

exceptions and workarounds to this (such as the Circular Restricted 3-Body Problem for

N = 3, as determined by Euler in 1760), generally the long-term dynamics of a system

with N � 3 bodies are investigated by conducting numerical simulations.

1.2.2 Resonance

Resonance in the broadest sense is the phenomena observed in dynamical systems when

the frequency at which a force is being applied is such that it is equal, or near to, one of

the natural frequencies of the system, resulting in excitation of the system. Resonances

are important because they can have a dramatic e↵ect on dynamical stability. In scenarios

where a body appears to be unstable, resonance can provide a means by which to stabilise

the orbit. Conversely, in scenarios where a body appears to be stable, resonance can

provide a means by which to destabilise the orbit. While it can be quite complex to

account for resonant e↵ects with analytical techniques, these e↵ects are easier to capture

utilising N-body simulations.

There are several resonances that manifest in orbital dynamics that operate on dif-

fering time-scales. Mean-motion orbital resonances occur on relatively short time-scales

and occur when bodies share a whole integer ratio of the period of their orbits. These

resonances can be both stabilising and destabilising in nature, both of which are evident

within our own Solar system. Stabilising mean-motion resonances are seen in the case

of the inner most Galilean moons of Jupiter, or Pluto, the Plutinos and Neptune, while

destabilising mean-motion resonances are seen in the case of the Kirkwood gaps in the

asteroid belt.
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0.0005 au. The five most prominent Kirkwood gaps are shown by the dashed lines.

The three inner most Galilean moons, Io, Europa and Ganymede, orbit Jupiter in the

whole integer ratio 4 : 2 : 1, which means that Io orbits Jupiter four times for every two

orbits of Europa, and every one orbit of Ganymede. This 3 body mean-motion resonance

is referred to as a Laplace resonance, and it helps stabilise the orbits of the satellites.

While the ratio of orbital periods suggest the presence of a mean-motion resonance,

this alone does not define bodies being in resonance. If the resonant angle of the bodies,

defined by Eq. 1.3, librate within a bound range of resonant angles then the body is said

to be in mean-motion resonance. The resonant angle is defined as,

� = (p+ q)�0
� p�� q!0, (1.3)

for a mean-motion resonance in the orbital ratio (p + q) : p, and where � = ! +M is

3As of 28 November 2018, (NASA Space Science Data Coordinated Archive,
https://nssdc.gsfc.nasa.gov).
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the mean longitude, ! is the argument of periapsis, M is the mean anomaly of the orbit,

and the prime notation signifies the outer of the two bodies (Murray & Dermott, 1999).

Conversely to the stabilising e↵ect of the Laplace resonance in the case of the Galilean

moons (Brown, 1977), mean-motion resonance can also operate in a destructive, desta-

bilising way (Wisdom, 1982). A clear demonstration of this again sees Jupiter as the

culprit, and that is the Kirkwood gaps in the asteroid belt, where Jupiter has excited and

cleared asteroids at particular resonant semi-major axes. The depletion of asteroids at

these locations are shown in Figure 1.6.

The other resonances we consider in this work are secular resonances. Secular reso-

nances are those that operate on far longer time-scales, and occur when the precession

of orbital elements are synchronised. Secular resonances are important to consider as the

subtle change in the orbital parameters can lead to dynamically unstable scenarios. As

secular resonances operate over long time-scales, if a simulation is not su�ciently long

enough to capture these orbit variations, a system can appear to be stable when it is not

the case. As such, it is integral to determine the time-scales over which secular resonances

will occur.

Here we carry out some calculations to try to determine a general time-scale for secular

interactions. We utilise the subscript Xpl and Xtp for parameters pertaining to a massive

planet or a massless test particle respectively. For N massive bodies orbiting a central

mass, M?, one can use secular perturbation theory (Murray & Dermott, 1999) to compute

the secular precession time-scale of a massless test particle. Let us first consider the orbital

period of a massless test particle orbiting at semi-major axis, atp, around the central mass.

The orbital period of the test particle, Ttp, is defined to be:

Ttp = 2⇡

s
a3tp
GM?

, (1.4)
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where G ⇡ 6.67408⇥10�11 m3 kg�1 s�2 is the universal gravitational constant. Thus, the

mean-motion of the test particle, ntp, will be given by,

ntp =
2⇡

Ttp
=

2⇡

2⇡
q

a3tp
GM?

=

s
GM?

a3tp
. (1.5)

Following this, as noted by Wyatt et al. (1999) and Mustill & Wyatt (2009), second-order

secular perturbation theory predicts a secular time-scale for a massless test particle to be

tsec =
2⇡

A
, (1.6)

where

A =
ntp

4

NX

j=1

Mpl

M?
↵j↵jb

(1)
3/2 (↵j) , (1.7)

is the precession rate, ↵ is defined as

↵j =

8
<

:
aj/atp, aj < atp,

atp/aj , aj > atp,
(1.8)

↵j =

8
<

:
1, aj < atp,

atp/aj , aj > atp,
(1.9)

and b(1)3/2 (↵j) is the Laplace coe�cient (see Murray & Dermott, 1999),

b(1)3/2 (↵j) =
1

⇡

Z 2⇡

0

cos d 
⇣
1� 2↵j cos + ↵2

j

⌘ 3
2

. (1.10)

Using Eq. 1.5 – 1.10, we can estimate the secular time-scale for the simplest case of a

single perturbing planet. As we are focused on habitability, let us consider a test particle

at atp = 1 au and investigate how the secular time-scale varies for di↵erent locations and

masses of planetary perturber. Figure 1.7 shows the secular time-scale given by Eq. 1.6

for the test particle to interact with an Earth, Neptune, Saturn and Jupiter mass body

located between 0.1 and 10 au.
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Figure 1.7: The secular interaction time of a massless test particle located at 1 au with an
Earth, Neptune, Saturn or Jupiter mass planet orbiting with semi-major axis, apl. The
upper limit of 107 yr is the threshold above which insu�cient time will have elapsed for
e↵ective clearing in a 100 Myr simulation. The dashed line at 106 yr represents the same
threshold but for a 10 Myr simulation.

Pearce & Wyatt (2014) investigated the evolution of debris discs with a perturbing

planet and found that the clearing time is approximately 10 times the secular time-scale.

For a 10 Myr and 100 Myr simulation, this would require a tsec . 1 Myr and tsec . 10 Myr

respectively. We truncate our plot at 10 Myr and mark the 1 Myr cut-o↵ with a dashed

line on Figure 1.7 to show what planetary arrangements (mass and semi-major axis) would

fit these criteria.

It can be seen that for Saturn and Jupiter-mass planets secular time-scales are less than

1 Myr except beyond ⇠5 and ⇠8 au respectively, and less than 10 Myr for all semi-major

axes. We can generalise this figure somewhat by investigating how the secular time-scale

changes over a larger range of planetary masses. We demonstrate this in Figure 1.8. It

is clearly evident that at low masses, the secular time-scale grows larger than the limits

for e↵ective clearing in a 10 Myr and 100 Myr simulation (we truncate the colours in this

plot, and utilise dashed lines to more easily highlight boundaries of interest). The focus
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Figure 1.8: The secular interaction time of a massless test particle located at 1 au with
a planet of mass, Mpl, orbiting with semi-major axis apl. The dashed yellow, black and
green lines show lines of constant secular time, tsec, for 105, 106 and 107 yr respectively.

of my research is on Solar system analogues, and in particular I am interested in systems

with planets whose masses are comparable to that of Jupiter. Figure 1.8 highlights that

for planets with masses Mpl & 50 M�, the secular time-scale is such that there is e↵ective

clearing for the planet when orbiting at any semi-major axis in the 0.1 au  a  10 au

range for a 100 Myr simulation. However, in a 10 Myr simulation, it is only when the

planet is orbiting with a semi-major axis 0.2 au . apl . 5 au that su�cient time has

elapsed for e↵ective clearing of the test particle. In my work, I focus on planets within

an order of magnitude of the orbital period in the centre of the habitable zone, which for

atp = 1 au is given by 0.215 au . a . 4.642 au. This range falls within the criterion

described above, suggesting that for the range of planets that we investigate a 10 Myr

simulation should yield e↵ective clearing due to secular interactions. Further to this, we

generally focus on more massive planets than this (i.e. Jupiter-mass; Mpl & 300 M�)

which further decreases the secular time-scale (i.e. Tsec / 1/Mpl). As a result, we opt

for 10 Myr simulations for the majority of our test particle simulations as this is likely to
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ensure e↵ective clearing in the majority of cases, and utilise 100 Myr simulations for those

where perturbations are seen to exist (i.e. the habitable zone is not still largely intact).

Resonances, and in particular mean-motion resonances, are relevant to our search for

habitable worlds due to their stabilising influence. To date, we have discovered systems

in resonant configurations (e.g. Wittenmyer et al., 2016b), as well as systems where

dynamical investigations with their inferred orbital parameters has yielded an unstable

system in the absence of stabilising mean-motion resonances (e.g Marshall et al., 2010;

Wittenmyer et al., 2012; Robertson et al., 2012). Of particular interest in relation to

habitability is the TRAPPIST-1 system, where several Earth-size planets exist within the

star’s habitable zone (Gillon et al., 2017), and it appears a near Laplace resonant chain

may be necessary to stabilise the system (Luger et al., 2017). Due to the occurrence of

stabilising resonances in both our own Solar system and other exoplanetary systems, it is

important massive body simulations are utilised when conducting a dynamical search so

as to investigate if the mutual gravitational interactions (absent when using a swarm of

massless test particles) may stabilise bodies in otherwise unstable systems. This has been

demonstrated in the past to yield possible resonant configurations (Jones & Sleep, 2002;

Kane, 2015).

1.2.3 Numerical Integrator

For all the dynamical simulations in this thesis, the numerical integrator used is the

Regularised Mixed Variable Symplectic (RMVS) integrator. Levison & Duncan (1994)

developed the RMVS method to understand the dynamical behaviour of comets, but its

applications are far more general and can be applied to study any swarm of massless test

particles quickly while maintaining a high degree of accuracy during close encounters.

As the name would suggest, the RMVS method is built on the previously established

Mixed Variable Symplectic (MVS) methods that were developed by Wisdom & Holman

(1991). This class of numerical integrator relies on the Hamiltonian to derive the necessary

Equations of motion, and so we will first ouline this.
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The Hamiltonian, in its simplest sense, quantifies the total energy of a system. In the

N-body problem, it is defined as

H = HKepler +HOrbital +HResonant +HSecular, (1.11)

whereHKepler is the Keplerian interaction of each body with the central star, HOrbital is the

oscillations of the bodies based on their mean longitudes (but are specifically not resonant),

HResonant is the resonant combinations of mean longitudes, andHSecular represents all other

contributions that are not dependent on mean longitudes.

A few simplifications are made to the Hamiltonian that ultimately yields an e�cient

numerical integrator that retains a high degree of accuracy. The first is acknowledging

that the HOrbital component will not a↵ect the orbit of the bodies significantly (by the

averaging principle) and so can be ignored. The second is by considering the application

of the resonant component, HResonant, as pulses that can be represented by Dirac delta

functions. This yields a simplified Hamiltonian

H = HKepler + 2⇡�2⇡ (⌦t)HResonant +HSecular. (1.12)

If one then truncates the secular component to second order in eccentricities and inclina-

tions, the HKepler and HSecular components can be solved analytically between delta pulses

(see Wisdom & Holman, 1991, for more detailed derivation and discussion). With all this

in mind, a simplified representation is

H = HKepler +HInteraction, (1.13)

where HKepler is as before, and HInteraction is the perturbations the bodies exert on one

another (Wisdom & Holman, 1991; Murray & Dermott, 1999). We wish to derive expres-

sions for the HKepler and HInteraction components in Eq 1.13 to ultimately determine those

that that will be solved by the MVS method.

Let us consider a system with a central mass and N gravitationally interacting bodies

orbiting it. The ith body will have a mass mi, position ri, velocity vi, linear momentum
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pi = mivi and separation from a jth body rij = |ri � rj |. In this form of the N-body

problem, the Hamiltonian is defined as

H =
N�1X

i=0

|pi|
2

2mi
�

N�2X

i=0

N�1X

j=i+1

Gmimj

rij
(1.14)

(Murray & Dermott, 1999). Further to this, a Hamiltonian is Keplerian if it can be

expressed as

H =
p2

2m
�

GMm

r
. (1.15)

To separate this into the desired form as in Eq. 1.13, we must transform Eq. 1.14 to

Jacobian coordinates. A schematic of Jacobian coordinates is shown in Figure 1.9. The

simplified interpretation of Jacobian coordinates is as follows:

1. The zeroth body is a central body of mass m0. (Fig. 1.9a).

2. The coordinate of the first body, m1, is the position of m1 relative to the central

mass. It is shown in Fig. 1.9b by the blue vector, r̃1.

3. The coordinate of the second body, m2, is the position of m2 relative to the combined

centre of mass of the central mass and the first body (The red cross in Fig 1.9c). It

is shown in Fig. 1.9c by the blue vector, r̃2.
...

i. The coordinate of the ith body is the position of mi relative to the combined centre

of mass of the central mass and all i� 1 previous bodies.

With this understanding, we define the coordinate of the zeroth body to be the position

vector of the central mass i.e. R0 = r0 (Fig. 1.9a). We subsequently define the position

vector of the combined centre of mass of the system of all the i bodies and the central

mass as

Ri =
1

⌘i

iX

k=0

mkrk, (1.16)



28 Chapter 1. Introduction

(a) One-body (b) Two-body

(c) Three-body (d) Four-body

Figure 1.9: A schematic of Jacobian coordinates for a four-body system. The ith centre
of mass (the centre of mass when i + 1 bodies are being considered) is indicated by the
red cross, and its position is given by the orange vector, Ri. The Jacobian coordinate of
each body is given by the blue vector, r̃i.
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where

⌘i =
iX

k=0

mk. (1.17)

Thus, we can describe the position of each body on the Jacobian coordinate system as

r̃i = ri �Ri�1, (1.18)

and the momentum as

p̃i = m̃ivi, (1.19)

where m̃i = (⌘i�1/⌘i)/mi, except for the central body where m̃0 is the total mass of the

system Mtotal. We can then combine Eq. 1.16, 1.17, 1.18 and 1.19 together with Eq. 1.14

to get

H =
|p̃0|

2

2m̃0
+

N�1X

i=1

|p̃i|
2

2m̃i
�

N�1X

i=1

Gmim0

ri0
�

N�2X

i=0

N�1X

j=i+1

Gmimj

rij
(1.20)

The first term can be eliminated as the total momentum of the system (as defined by m̃0 =

Mtotal) will move freely. By adding and subtracting the summation
PN�1

i=0
Gm0mi

r̃i
, we can

then split Eq. 1.20 into the requisite Keplerian and Interaction Hamiltonian components

we needed as per Eq. 1.13,

HKepler =
N�1X

i=1

|p̃i|
2

2m̃i
�

Gmim0

|r̃i|
(1.21)

HInteraction =
N�1X

i=1

Gmim0

✓
1

|r̃i|
�

1

ri0

◆
�

N�2X

i=0

N�1X

j=i+1

Gmimj

rij
, (1.22)

While this summarises the derivation of the Kepler and Interaction Hamiltonians, a thor-

ough derivation can be found in Wisdom & Holman (1991) or Murray & Dermott (1999).

One of the advantages of the MVS methods is the ability to solve Eq. 1.21 as rapidly

as possible. Each term in this summation is the Hamiltonian for an independent 2-body

problem, and so each can be solved following the derivation outlined by Murray & Dermott
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(1999). The position vector, r, and can be expressed as

r (t) = f (t) r (t0) + g (t)v (t0) , (1.23)

and thus the velocity vector, v, as

v (t) = ḟ (t) r (t0) + ġ (t)v (t0) , (1.24)

where Gauss’s f and g functions are

f (t, t0) =
a

r0
{cos (E � E0)� 1}+ 1, (1.25)

g (t, t0) = (t� t0)
1

n
{sin (E � E0)� (E � E0)} , (1.26)

and ḟ and ġ are

ḟ (t, t0) =
a2

rr0
n {sin (E � E0)} , (1.27)

ġ (t, t0) =
a

r
{cos (E � E0)� 1}+ 1. (1.28)

and the 0 subscript represents the initial values of each variable. This means that once

the eccentric anomaly, E, is known at a given time, the position and velocity of a particle

can be computed from its initial conditions. In order to compute E, we first need the

mean anomaly, M , which is determined from the mean motion of the particle, n, which

we computed in Eq. 1.5, and ⌧ , the time of pericentre passage

M = n(t� ⌧). (1.29)

The eccentric anomaly is related to the mean anomaly by the expression

M = E � e sinE, (1.30)

which we can solve using the Newton-Raphson method to find the roots when expressed
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in the form

f(E) = E � e sinE �M. (1.31)

Thus, we now have a rapid means by which to solve HKepler.

We now turn our attention to solving HInteraction. We can see that Eq. 1.22 is inde-

pendent of momentum, meaning the position, and hence coordinate, of the particles will

remain constant. As such, the change in velocity resulting from the perturbations of all

of the bodies on one another only changes the momentum of each body. The change in

velocity, or acceleration, from these interactions is equal to

˙̃vi = �
�HInteraction

�r̃i
, (1.32)

which can then be used to compute the change in the Jacobian velocity vector in a time

step �t of the ith particle to be

�ṽi = �t ˙̃vi. (1.33)

With all of the above, the Hamiltonian is now such that with the addition of a delta

function an N-body map can be developed, that is

H = HKepler + � (⌦t)HInteraction, (1.34)

where

� (⌦t) = 2⇡
N�1X

i=0

ai�2⇡ (t� 2⇡di) . (1.35)

This yields the so-called kick and drift method whereby the MVS progresses through

the simulation by first mapping the Keplerian drift, then applying the interaction kick

to momentum, followed by a subsequent Keplerian drift. The MVS proves to be time

e�cient and accurate when HInteraction ⌧ HKepler. This criterion is upheld when no close
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encounters are taking place, where a close encounter can be thought of as when two bodies

are within a few Hill radii of one another. For example, the RMVS considers two scenarios

of close encounter, one being when the bodies are within 1 Hill radius, and one being when

the bodies are within 3 Hill radii. This is discussed in greater detail below.

We conduct our numerical simulations using the N-body integrator SWIFT developed

by Levison & Duncan (1994) with the RMVS method. The key di↵erence between the

RMVS and the MVS method is that the RMVS incorporates two methods to handle close

encounters. The first is when a body is within one Hill radius, rH, of another (for ease of

description, let’s say a planet), where the Hill radius is defined to be

rH = apl

✓
1

3

Mpl

M? +Mpl

◆1/3

, (1.36)

where apl is the semi-major axis of the planet, M? is the mass of the central star, and

Mpl is the mass of the planet (as per Murray & Dermott, 1999). When within 1 rH,

the Interaction component will begin to dominate over the Keplerian component, and

so the RMVS method switches from a heliocentric coordinate system to a planetocentric

coordinate system. In this way, the components e↵ectively “switch” so that the planet

provides the Keplerian drift and the central mass provides the Interaction kick.

The other way in which the RMVS handles close encounters is in the scenario between

the two extremes where neither the central mass or the planet dominates. This occurs

when a particle is located roughly between 1 and 3 Hill radii from the planet. In this

scenario, the RMVS method remains in heliocentric coordinates but decreases the time

step by a factor of 10. The method then returns to the planetocentric regime or heliocentric

regime (or remains in the current intermediate regime) depending on where the motion of

the particle resolves.

1.2.4 Predicting Planets

While technological advances see more powerful observational instruments at our disposal,

the demand for time on these is immense, and the time available to be used is scarce.
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The oversubscription rates for several world-class, ground-based telescopes highlight this

problem. The oversubscription rates for Subaru hover around 2� 44, Keck around 3� 55,

and ALMA around 56. This is more apparent with space based telescopes like Hubble,

which generally has an oversubscription rate exceeding 57. With such high demand for

telescopes, there is tremendous value in utilising theoretical and numerical methods to

better constrain where to – and where not to – look for potentially habitable planets to

get the best return on observational investment. In the context of my work, the return on

investment is finding a habitable world in a system with some similarities with the Solar

system (i.e. coexisting with a Jovian planet).

The question then is how does one determine where to look and where not to look

to find habitable worlds and Solar system analogues? In Section 1.1 we discussed several

aspects of habitability with a focus on the habitable zone, and it is this that we use to guide

our search. While there are many considerations to habitability such as stellar activity or

planetary atmospheric conditions, we focus on the dynamics of the orbit of a planet and

whether it can co-exist in a system with whatever known exoplanets have been detected

to date.

Several methods have been used in the past to identify locations where a putative exo-

Earth would be dynamically stable in known exoplanetary systems. Two commonly used

approaches are: 1) to theoretically predict stability by understanding the chaos in close

proximity to planets due to their gravitational influence, and 2) to numerically simulate a

system with known exoplanets, and trialling a multitude of planets with di↵ering orbital

parameters to determine which configurations would be stable.

Theoretical predictions about the unstable region around a planet are often considered

to be driven by the overlap of several mean-motion resonances (Chirikov, 1979; Wisdom,

1980; Duncan et al., 1989). The bounds of this region have been studied extensively, and

4https://www.subarutelescope.org/Projects/subaru_um2014/presentation/jan13am/08_takuya_
yamashita_um2014.pdf

5http://nexsci.caltech.edu/missions/KeckSolicitation/gen-info.shtml
6https://almascience.eso.org/news/documents-and-tools/cycle6/cycle-6-proposal-

submission-statistics
7https://blogs.stsci.edu/newsletter/files/2016/01/Strolger.pdf

https://www.subarutelescope.org/Projects/subaru_um2014/presentation/jan13am/08_takuya_yamashita_um2014.pdf
https://www.subarutelescope.org/Projects/subaru_um2014/presentation/jan13am/08_takuya_yamashita_um2014.pdf
http://nexsci.caltech.edu/missions/KeckSolicitation/gen-info.shtml
https://almascience.eso.org/news/documents-and-tools/cycle6/cycle-6-proposal-submission-statistics
https://almascience.eso.org/news/documents-and-tools/cycle6/cycle-6-proposal-submission-statistics
https://blogs.stsci.edu/newsletter/files/2016/01/Strolger.pdf
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there are many derivations (Mustill & Wyatt, 2012; Giuppone et al., 2013; Hadden &

Lithwick, 2018; Petit et al., 2018). A common criterion discussed in several of these works

is the so-called Hill stability criterion, where two bodies are found to be stable if they

are separated by ⇠3.46 Hill radii (Gladman, 1993; Deck et al., 2013). Both the simpler

Hill stability criterion, and the more complicated analytic criteria mentioned, can be used

to exclude regions that are expected to be chaotic, and hence unstable. Similarly, they

can be used to identify those regions that are predicted to be stable. We can utilise these

theoretical predictions to exclude systems from further investigation where the separations

are such that the planets are considered to be stable by satisfying the Hill stability criterion.

In these cases, there is little scientific value expected from computational simulations.

My work utilises numerical simulations to dynamically search for stable orbital config-

urations in exoplanetary systems that were not excluded using the aforementioned theo-

retical predictions. Numerical simulations can be used to demonstrate that massless test

particles can remain on stable orbits in multiple planet systems, and in doing so are a

useful tool in identifying potential regions of stability (Barnes & Raymond, 2004; Rivera

& Haghighipour, 2007; Thilliez et al., 2014). While stable regions are useful in predicting

where hidden planets may be lurking, it is important to follow up such investigations with

massive body simulations so as to take into account the e↵ects of the mutual gravitational

interactions on system stability. This is generally achieved by performing a suite of mas-

sive body simulations (Raymond & Barnes, 2005; Kane, 2015) to ensure the stable regions

are indeed stable for massive bodies.

By numerically identifying locations where planets can maintain stable orbits, one can

determine systems to hunt for a putative exo-Earth. Furthermore, the semi-major axes

of those stable orbits can be used to determine conservative estimates of the magnitude

of stellar wobble an exo-Earth would induce on its host star. On the other hand, finding

systems where the habitable zone is completely unstable can help exclude systems from

further observation if they are being selected to find an exo-Earth in the habitable zone.
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1.3 Observations

Since the first exoplanets were discovered orbiting main sequence stars over two decades

ago (Campbell et al., 1988; Latham et al., 1989; Mayor & Queloz, 1995), planet search

surveys and observations have led us to a new era in planetary science. While exoplanets

have been discovered at an increasing rate due to the success of surveys such as the

AAPS (Anglo-AustralianPlanet Search; Tinney et al., 2001), the HAT survey (Hungarian

Automated Telescope; Bakos et al., 2004) and the WASP survey (Wide Angle Search for

Planets; Pollacco et al., 2006), it was the advent of the Kepler spacecraft in 2009 that led

us to an explosion in the number of known exoplanets (e.g. Borucki et al., 2010; Morton

et al., 2016; Dressing et al., 2017). This is clearly evident in Figure 1.10 where the method

of detection used by Kepler, stellar photometry or the Transit method, dominates upon

launch as well as manifesting as two dominant spikes in 2014 (Lissauer et al., 2014; Rowe

et al., 2014) and 2016 (Morton et al., 2016) that coincide with Kepler data releases. We

now know of over 3800 confirmed exoplanets8 and the current known exoplanet population

will likely continue to swell with the launch of the Transiting Exoplanet Survey Satellite

(TESS ) with an expected growth of ⇠85% across all planets9, and a nearly tripling of

planets smaller than 4 R� (Ricker et al., 2014; Sullivan et al., 2015; Barclay et al., 2018).

In this section we briefly outline the two dominant exoplanet detection methods, the

current and near-future state of the art in exoplanet detection and follow-up, and then

outline the current Earth-like candidates in the known exoplanet population.

1.3.1 Techniques

There are several techniques to detect the presence of exoplanets, but throughout the

exoplanet discovery era two techniques have completely dominated by a purely numbers

point of view: Doppler spectroscopy and stellar photometry, often referred to as the radial

velocity method and transit method respectively. Other techniques include direct imaging

8As of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.caltech.edu).
9Based on the expected findings of ⇠14500 planets (Barclay et al., 2018) and assuming a similar con-

firmation:candidate ratio as Kepler of 2332:2424 (NASA Exoplanet Archive Count, exoplanetarchive.
ipac.caltech.edu/docs/counts_detail.html).

exoplanetarchive.ipac.caltech.edu
exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
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Figure 1.10: Exoplanet discoveries by year. The lower plot shows a zoom to better demon-
strate the contributions from the non-transit detection techniques. It can be seen that
the radial velocity technique was initially the most common method used to find exoplan-
ets. However, with the advent of Kepler, the transit method has dominated. Two large
data releases in 2014 and 2016 are clearly evident, adding 715 and 1284 exoplanets to the
population respectively.
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Figure 1.11: Schematic of the radial velocity method. The planet is shown by the green
marker, the star by the orange marker and the barycentre by the purple cross. As the
two bodies orbit the common barycentre, the light from the star will be blue-shifted as it
moves towards Earth (first and fifth panels). Conversely, the light will be red-shifted as it
moves away from Earth (third panel). These periodic blue- and red-shifts of the detected
spectrum yield relative velocity variations, as shown by the blue curve below. One can
then deduce the period of the planet’s orbit (and hence semi-major axis), as well as the
semi-amplitude of the velocity variations. The semi-amplitude, in concert with the mass
of the star and semi-major axis, can then be used to give an estimate for the minimum
mass of the planet.

(Chauvin et al., 2004, 2005), gravitational microlensing (Gould & Loeb, 1992; Bennett

et al., 2006), and timing variations in the periodicity of exoplanetary transits (Agol et al.,

2005; Holman et al., 2010). Here, we focus on the two aforementioned dominant techniques.

The radial velocity method was responsible for discovering the first exoplanet orbiting

a main sequence star, 51 Pegasi b (Mayor & Queloz, 1995), and up until the launch of

Kepler it was responsbile for the majority of exoplanet discoveries (see Figure 1.10). The

basic idea behind this method is that an exoplanet and its host star orbit about the star-

exoplanet barycentre. This generates a so-called “stellar wobble” of the star as it orbits the

system barycentre. The small variations in the star’s velocity with respect to us observing

on Earth are detectable as alternating, periodic, red- and blue- shifts of the star’s spectral

lines. A schematic of this phenomena is shown in Figure 1.11. Due to the fact that the

radial velocity variations are periodic due to the star-exoplanet orbits, it is possible to infer
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the orbital period (and hence semi-major axis) of the exoplanet. Furthermore, by taking

the known mass of the host star in concert with the inferred semi-major axis and the

magnitude of the velocity oscillations, an estimate for the minimum mass of the exoplanet

can be calculated.

The biggest disadvantage of the radial velocity method is the inability to resolve the

planet mass without knowledge of the inclination of the system to the line of sight. The

solution to this is to utilise astrometric data – like that measured by Hipparcos (Perryman

et al., 1997) and Gaia (Gaia Collaboration et al., 2016) – of the host star to determine the

inclination of the orbit of the planet, and so infer the planetary mass. Astrometry measures

the transverse component of the orbit (i.e. the motion in the plane perpendicular to our

line of sight). Taking this in concert with the radial velocity component (i.e. the motion in

the plane parallel with our line of sight), it is possible to estimate the inclination of the star

and planet orbits about the system barycentre (Wright & Howard, 2009, 2013). However,

highly sensitive instruments are required to detect such small, transverse motions and so

it is still very rare for system inclinations to be known. As such, planetary masses are

generally measured as minimum masses equal to Mpl sin i, where i is the system orbital

inclination relative to our line of sight.

The other dominant detection method, the transit method which was first used to

successfully detect HD 209458 b (Charbonneau et al., 2000; Henry et al., 2000), has been

pivotal in the rapid explosion in the known exoplanet population in the last decade. This

has been the direct result of the success of the Kepler and K2 missions which combined

have discovered 2662 confirmed exoplanets throughout the lifetime of the missions10. The

basic idea behind this method is that as an exoplanet crosses in front of the line of sight

of the host star from Earth, the planet will block some of the light. This manifests as a

measurable and periodic dip in the brightness of the star. Figure 1.12 shows a schematic of

a planetary transit. As one would expect, this requires the orbital plane of the exoplanetary

system to align with Earth so that the planet passes between us and the star. Since the

10As of 28 November 2018, (NASA Exoplanet Archive Count, exoplanetarchive.ipac.caltech.edu/
docs/counts_detail.html)

exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
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Figure 1.12: Schematic of the transit method. The planet is shown by black marker. In
an arrangement where the orbit is aligned with our line of sight, the planet will occult the
star, diminishing its brightness. As such, a periodic, measurable dip in the brightness of
the star will be observed.

transit method detects exoplanets by the relative dimming of a star, the radius of the

planet can be inferred from the drop in brightness as the planet partially occults the star.

The disadvantage of the transit method is the high rate of false positives of around

⇠10% across all classes of planets and peaking at ⇠18% for giant planets (Fressin et al.,

2013). Periodic dips in the brightness of a star can be caused by alternative, non-planetary

sources such as a companion brown dwarf or low-mass star orbiting and partially occulting

the star, an eclipsing binary star system (specifically, when the smaller of the two stars

only grazes the brighter star with respect to our line of sight), or an eclipsing binary star

system that is in the same line of sight as the observed star, blending the light together

(Torres et al., 2004; Morton & Johnson, 2011). Generally, this means that exoplanets

discovered by the transit method require confirmation by another detection method, often

the radial velocity method. However, in the last few years an alternative means to confirm

planets probabilistically has been utilised to yield the two largest data releases (Lissauer

et al., 2014; Rowe et al., 2014; Morton et al., 2016).

While these methods have seen the confirmed exoplanet population surge past 3000,

they are not without observational biases. Somewhat intuitively, larger more massive
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Figure 1.13: The current known exoplanet population plotted by orbital period and plan-
etary mass11. The markers are coloured according to their method of detection.

planets are far easier to detect with both these methods. More massive planets will induce

a larger radial velocity signal as they exert a greater gravitational force on their host

star, and a larger planet will block out a larger fraction of stellar light compared with

a smaller planet with the same semi-major axis, making the transit dips easier to see.

This combines to bias the detection of massive planets. There also exists a bias towards

short period planets. In the case of the radial velocity method, a smaller orbit will induce

stronger stellar wobble in its host due to the inverse proportionality between distance and

gravitational strength. In the case of transits, due to the necessity for planets to align with

the star with respect to our line of sight, we see a higher chance of such an occurrence for

planets nearer to their host star. For a planet orbiting a star like the Sun at 1 au, this is

only ⇠0.5%, compared with ⇠10% for a planet at typical hot Jupiter distances (⇠0.05 au)

(Wright & Gaudi, 2013). In the case of both techniques, a shorter orbital period also

means su�cient observations can be obtained quickly compared to those on longer orbits.

11As of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.caltech.edu).

exoplanetarchive.ipac.caltech.edu
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Despite this, the Kepler mission has been successful in detecting smaller, less massive

planets albeit with shorter orbital periods. These biases are evident in Figure 1.13 where

we can see a relative dearth of planets that are low mass (. 30 M�) with long orbital

periods (& 100 days).

As noted, while there are several other methods that have been used to detect ex-

oplanets (Wright & Gaudi, 2013), the radial velocity and transit methods are the two

most succesful based purely on number of discoveries. In my thesis, it is the radial ve-

locity method I consider when determining the sensitivity necessary to detect a putative

exo-Earth in the habitable zone of exoplanetary systems.

1.3.2 State of the Art

From the first handful of detections of exoplanets orbiting main sequence stars in the

1990s, we have seen growth in both the number and variety of exoplanets discovered. This

has been the result of the generational improvement in the precision of instruments being

used for detection, confirmation, and observational follow-up, as well as large surveys that

have resulted in the explosion of the exoplanet population. We will look at the evolution

of these two technological developments with a specific focus on the radial velocity and

transit methods.

The first exoplanet around a main sequence star, 51 Pegasi b, was detected with the

ELODIE spectrograph at the Observatoire de Haute Provence (Mayor & Queloz, 1995).

51 Pegasi b is a massive planet (Mpl ⇡ 0.47 MJ) with a short orbital period (Tpl =

4.2 days). As highlighted in Section 1.3.1, the radial velocity method is biased towards

massive planets with short orbital periods. The signal proportionality to planetary mass,

and inverse proportionality to orbital period, is immediately apparent when considering

the value for the radial velocity semi-amplitude,

K =

✓
2⇡G

Tpl

◆ 1
3 Mpl sin i

(M? +Mpl)
2
3

1q
1� e2pl

, (1.37)
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where, G is the gravitational constant, M? is the mass of the host star, i is the inclination

of the planet’s orbit with respect to our line of sight, and Tpl, epl and Mpl are the period,

eccentricity and mass of the exoplanet. It is only recently with advances in the detection

limit of the radial velocity technique that we have seen the discovery of planets with masses

comparable to that of the Earth, albeit on orbits that place them far closer to their host

stars than the distance between the Earth and the Sun (e.g. Vogt et al., 2015; Wright

et al., 2016; Anglada-Escudé et al., 2016; Gillon et al., 2017). Similarly, and in concert

with observations spanning many years, it has also allowed for the detection of massive

planets with decade long orbital periods (Boisse et al., 2012; Wittenmyer et al., 2014a,

2016a; Kipping et al., 2016; Rowan et al., 2016). However, the detection of a genuine

Earth-twin is still particularly challenging due to the combination of both a small mass

(i.e. small Mpl =) small K) and an orbital period in the order of 1 year (i.e. large

Tpl =) small K) yielding K values lower than what is currently detectable (e.g. Earth

induces a semi-amplitude of 0.09 m s�1 on the Sun). The radial velocity semi-amplitude

induced by a twin Earth being weaker than what is currently detectable can be seen by

the relative dearth of planets in Figure 1.13 with masses in the vicinity of 1 M� and with

a period in the order of 100 days.

The discovery of these smaller, Earth-mass planets and massive, longer orbital period

planets, have been the result of the continued improvement in the detection limit of the

radial velocity instruments. From the ELODIE spectrography with a detection limit of

⇠7 m s�1, to HARPS (High Accuracy Radial velocity Planet Searcher) detection limit

of ⇠1 m s�1 (Dumusque et al., 2012; Swift et al., 2015) we see an improvement in the

detectable signal of almost an order of magnitude. Recently, we see an improvement of

approximately another order of magnitude with ESPRESSO (Echelle SPectrograph for

Rocky Exoplanet- and Stable Spectroscopic Observations) which seeks to detect planets

inducing Doppler wobbles as low as ⇠0.1 m s�1 (Pepe et al., 2014; González Hernández

et al., 2017). In the future, the CODEX spectrograph (COsmic Dynamics and EXo-earth

experiment) will again seek to improve the detection limit further still by another order
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of magnitude, detecting as low as ⇠0.01 m s�1 (Pasquini et al., 2010). With such precise

detection limits, these current and near-future instruments (e.g. the ESPRESSO and

CODEX spectrographs) may well be able to detect Earth-mass planets that orbit Sun-

like stars at a distance that would place them within the star’s habitable zone (Pasquini

et al., 2010; Pepe et al., 2014; González Hernández et al., 2017).

In regards to detection programs and surveys, we see similar order of magnitude growth

from the CoRoT (ConvectionRotation and planetary Transits) space observatory, having

discovered⇠30 exoplanets12, to the ground-basedWASP (WideAngle Search forPlanets)

detection program having discovered ⇠100 exoplanets12, and finally to the Kepler/K2

satellite having discovered ⇠260012 confirmed exoplanets and thousands more potential

candidates. 2018 ushered in the launch of the latest satellite, TESS (Transiting Exoplanet

Satellite Survey), which is expected to discover upwards of ⇠10,000 exoplanets (Ricker

et al., 2014; Sullivan et al., 2015; Barclay et al., 2018).

The technological developments in exoplanet observations look likely to continue. As

surveys discover more and more exoplanets, we are entering an era where a census of the

exoplanet population can be conducted in order to better understand the frequency and

ubiquity of Earth-size planets in the habitable zone of Sun-like stars, and how unique,

or common place, our Solar system may be (Catanzarite & Shao, 2011; Petigura et al.,

2013; Foreman-Mackey et al., 2014; Raymond et al., 2018). We are now learning about

the frequency with which a system is likely to host a giant planet, a rocky planet, whether

it is a multiple system, and the degree to which the orbits of the planets are eccentric or

inclined (Winn & Fabrycky, 2015). As shown earlier in Figure 1.4, the two most abundant

types of planets in the known exoplanet popuation, super-Earths and small Neptunes, do

not feature within our Solar system. With more exoplanetary discoveries from current and

near-future surveys, we will gain a better understanding to how much of this is attributable

to observational bias, or whether our Solar system is atypical in regards to the absence of

these types of planets. Similarly, with the continued increase in the resolution of the new

generation of spectrographs, we are now at a point where a planet with a similar mass,

12As of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.caltech.edu).

exoplanetarchive.ipac.caltech.edu
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and orbital period to Earth may be detectable, shedding more light on these insights and

our understanding of where the Earth fits within the exoplanet population.

1.3.3 Earth-like Candidates and Solar System Analogues

The detection of a system that is architecturally congruent with the Solar system would be

considered the holy grail in the search for an exoplanet that truly mimics Earth. However,

finding a system that resembles our own beyond a handful of similarities has so far proven

to be particularly challenging (Boisse et al., 2012; Wittenmyer et al., 2014a, 2016a; Kipping

et al., 2016; Rowan et al., 2016). Instead, we can focus on a smaller subset of properties

to find systems that resemble the Solar system. So we must consider what attributes we

want to find in a system to consider it a Solar system analogue.

It is possible to define a Solar system analogue in several ways. One is by the presence

of asteroid belts and giant planets, two such examples being ✏ Eridani (Schütz et al., 2004;

Backman et al., 2009; Greaves et al., 2014; Lestrade & Thilliez, 2015; MacGregor et al.,

2015; Su et al., 2017) and HR 8799 (Marois et al., 2008; Rhee et al., 2007; Su et al., 2009;

Marois et al., 2010; Matthews et al., 2014; Contro et al., 2016), both having multiple

asteroid belts and hosting (or proposed to host) several giant planets, just as we find in

the Solar system. However, neither have thus far been found to host rocky planets in their

habitable zones. Another means by which to classify a Solar system analogue is by the

total number of planets in the system. The recent discovery of the eighth planet in the

Kepler-90 system (Shallue & Vanderburg, 2017) satisfies this criterion, hosting 8 planets

just as our own Solar system does. However, these planets are all on far smaller, tighter

orbits than planets in our Solar system.

For this work, we relax the criteria somewhat and focus on the properties highlighted in

Section 1.1. We use the term Solar system analogue to encompass those systems that have

a rocky Earth-like planet in its host star’s habitable zone with an orbital period similar to

the Earth, and a Jovian planet, with a preference for those beyond the habitable zone with

an orbital period similar to Jupiter. The focus on a rocky planet in the habitable zone

cohabitating with a Jovian planet has been discussed previously in Sections 1.1.1 and 1.1.2.
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Using these criteria we will still yield exoplanetary systems that share several similarities

with our own system and so would be interesting candidates for further study from the

perspective of planetary habitability. Additionally, as discussed earlier, the observational

bias inherent to several detection methods (Wittenmyer et al., 2011; Dumusque et al.,

2012) can be interpreted to suggest that systems with massive, giant planets may also

coexist with smaller, rocky exoplanets that so far have been undetectable due to detection

limits (Agnew et al., 2017). Indeed, given the challenges involved in finding habitable exo-

Earths, it might be the case that such planets exist within known exoplanetary systems,

lurking below our current threshold for detectability. Future studies of those systems

might allow such planets to be discovered, if they exist.

Here we present some of the most important Earth-like candidates discovered to date.

The habitable zone definition we use as presented by Kopparapu et al. (2014) is relevant

for stars with e↵ective temperatures in the range of G and K stars, as well as the coolest

F and hottest M stars. This motivates us to focus on G and K stars only as they are

more synonymous with our own Earth. Further to this, as there are both optimistic and

conservative definitions for the habitable zone boundaries, we maintain focus on those

planets that fall within the conservative habitable zone. With all this in mind, there are

two systems with an Earth-size planet in the conservative habitable zone around K-type

stars (Kepler-62 and Kepler-442; Borucki et al., 2013; Torres et al., 2015), and one system

with a super-Earth-sized planet in the conservative habitable zone around a G-type star

(Kepler-45213; Jenkins et al., 2015). There are also two interesting systems around M-

type stars, that being the closest Earth-size planet in the habitable zone of our nearest

neighbour, Proxima Centauri (Anglada-Escudé et al., 2016), and TRAPPIST-1 which

has far more terrestrial neighbours than Earth but which orbit within the conservative

habitable zone (Gillon et al., 2017). We present a schematic of these systems in comparison

with the Solar system in Figure 1.14, as well as the currently accepted orbital parameters

in Table 1.2.

13Kepler-452b has recently been refuted (Mullally et al., 2018; Burke et al., 2019)
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Figure 1.14: The planetary architecture of five of the most Earth-like candidates in the
currently known exoplanet population. The colour of the star shows their stellar type, and
the colour of the planet indicates the class of planet (where a Terrestrial and super-Earth
planet have limits on their upper radius of 1.5 R� and 2 R� respectively, or a limit on
their upper mass of 4 M� and 10 M� in lieu of available radius data). The conservative
habitable zone for each system is shown in green. The Solar system and the four innermost
rocky planets are shown as a comparison.

Table 1.2: The orbital parameters for the exoplanetary systems that include an Earth-like
Candidate as of 28 November 2018, (NASA Exoplanet Archive, exoplanetarchive.ipac.
caltech.edu).

Star Planet r m sin i a e i
(R�) (M�) (au) (�)

Kepler-452 b 1.59 - 1.046 0.0 89.806
Kepler-62 b 1.28 9.53 0.0553 0.0 89.2

c 0.53 4.13 0.0929 0.0 89.7
d 1.91 13.98 0.12 0.0 89.7
e 1.58 35.91 0.427 0.0 89.98
f 1.38 34.95 0.718 0.0 89.9

Kepler-442 b 1.32 - 0.409 0.04 89.94
Proxima Cen b - 1.27 0.0485 0.35 0.0
TRAPPIST-1 b 1.06 0.85 0.01111 0.081 89.65

c 1.03 1.38 0.01521 0.083 89.67
d 0.76 0.41 0.02144 0.07 89.75
e 0.90 0.62 0.02817 , 0.085 89.86
f 1.02 0.68 0.0371 0.063 89.68
g 1.11 1.34 0.0451 0.061 89.71
h 0.74 - - 0.0 89.76

exoplanetarchive.ipac.caltech.edu
exoplanetarchive.ipac.caltech.edu
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These systems represent some of the most interesting in regards to habitability and

what one might consider an Earth-like planet. It should be noted it is by no means an

exhaustive list, and there are several other systems of interest when considering Solar

system analogues (e.g. Kepler-1652, GJ 667 C, Kepler-186), but many of these are around

M-type stars. While the systems we do present satisfy the criterion of a potentially rocky

planet within the habitable zone, to date none of the systems have had a giant neighbouring

planet discovered. My thesis hopes to guide planet hunters to discover systems that host

both an Earth-like planet, as well as a massive gas giant.

1.4 Aim of Thesis

The key question of my thesis is, “where should we look in the search to find habitable,

rocky, Earth-like planets?”. This thesis endeavours to provide insight to this question by

combining the three aforementioned areas of exoplanetary science: habitability, planetary

dynamics and exoplanet detections. In doing so, this thesis considers how one can use

numerical simulations to conduct a dynamical search for systems that could host Earth-

like exoplanets that could not only be considered habitable, but would also be detectable

with current or near-future detection technology. The ultimate goal is to guide future

planet hunters on where to look for habitable exo-Earths, and to provide some general

direction and tools to assist in assessing newly discovered systems and their potential to

host habitable exo-Earths.

The overarching narrative of this thesis is to use numerical techniques to perform a

dynamical search of all the currently known exoplanetary systems to find potentially hab-

itable exo-Earths. Through the use of N-body simulations, many systems were found that

are considered interesting in the context of this work: systems that have one or more mas-

sive Jupiter-like bodies, are stable with their currently accepted orbital parameters, and in

which an exo-Earth can co-exist on a stable orbit within the habitable zone of the system.

Systems that satisfy these criteria comprise a candidate list that will be of interest to

planet hunters, and provide constraints on the semi-major axes of the potential exo-Earth
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planets within these systems. These constraints of the semi-major axis and planetary

mass allow the calculation of the strength of stellar wobble that such a putative exo-Earth

would induce on its host start, and more critically whether it would be detectable with

current or near-future instruments. Such a candidate list provides focus on how best to

allocate high demand observation time to reap the highest benefit.

This chapter has introduced the relevant literature on habitability, planetary dynamics

and observational techniques and how these tie together to motivate our goals. The sub-

sequent four chapters present my detailed dynamical searches of the known exoplanetary

population. The chapters are organised as follows:

• In Chapter 2 we first look at a subset of the population of single Jovian planet sys-

tems. We conduct an extensive suite of numerical simulations, firstly with massless

test particles, and then with an Earth-mass body, in order to search for the stable

regions in each systems habitable zone. We then compute the strength of the radial

velocity signal an Earth-mass body would induce on its host star in these stable

regions. This work was published in Agnew M. T., Maddison S. T., Thilliez E. &

Horner J., 2017, MNRAS, 471, 4494.

• In Chapter 3 we generalise our work on single Jovian planet systems by conducting

a thorough analysis of the entire single Jovian planet population. We seek to find

underlying properties and trends across these systems, and identify potential Solar

system analogues. We conduct a similar suite of numerical simulations with massless

test particles to find stable regions within the habitable zone, with a specific interest

in those systems with a Jovian planet orbiting beyond the habitable zone. This work

was published in Agnew M. T., Maddison S. T. & Horner J., 2018, MNRAS, 477,

3646.

• In Chapter 4 we generalise our work further by expanding our investigation to search

the population of multiple planet systems with at least one gas giant. With multiple

bodies being present, we first ensure the dynamical stability of these systems with
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the orbital parameters inferred from observation. We then present the results of

our dynamical search using a suite of massless test particles and Earth-mass body

simulations. We also compute the strength of the radial velocity signal an Earth-

mass body would induce on its host star in the stable regions of these systems. This

work was published in Agnew M. T., Maddison S. T. & Horner J., 2018, MNRAS,

481, 4680.

• In Chapter 5 we seek to develop a tool that will be suitable for rapidly analysing

the stability of systems discovered by TESS. We present a suite of generic N-body

simulations for a range of planetary masses, and the predictive tool we developed

that generates scale-free templates for application to any exoplanetary system. We

demonstrate the two key use cases: (i) to rapidly assess multiple planet stability

on-the-fly, and (ii) to predict regions of stability within the habitable zone. This

approach will be particularly useful for systems discovered with TESS, as the system

stability can be assessed using the best fit orbital parameters and incorporated into

the Exoplanet Follow-up Observing Program for TESS (ExoFOP-TESS) to provide

insights into whether additional observations should be made to further constrain

the orbits, and to determine which newly discovered systems may have dynamically

stable exo-Earths orbiting in their habitable zones. This work was published in

Agnew M. T., Maddison S. T., Horner J. & Kane, S. R., 2019, MNRAS, 485, 4703.

Chapter 6 concludes this thesis, presenting a summary of results, and providing the

final candidate list of potential exo-Earths in known exoplanetary systems which would

be detectable with current instruments that will aid planet hunters in the search to find

habitable worlds and Solar system analogues. A discussion follows outlining potential

future avenues to explore, and limitations of the work presented that would prove to be

an immediate area to expand upon in the future.





Somewhere, something incredible is waiting to be

known.

— Carl Sagan

2
Stable habitable zones of single Jovian planet

systems

The previous chapter provides an overview of the habitability, dynamics and observational

aspects of exoplanetary science to provide context to my research. In this chapter, we

conduct a preliminary investigation into a subset of the single Jovian planet population.

We develop a framework that we use in our subsequent investigations into the entire

exoplanet population, and present the first set of our proposed candidates that could

potentially host a habitable exoplanet.

Utilising numerical simulations to explore the orbital parameter space within a plane-

tary system is not a new concept. There are numerous studies that have been conducted

to analyse stable regions using massless test particles (Barnes & Raymond, 2004; Rivera

& Haghighipour, 2007), analyse stable regions using massive bodies (Raymond & Barnes,

2005; Kane, 2015), as well as assessing the stability of a system and inferring if further

observations may better constrain the orbital paramters (Robertson et al., 2012; Witten-

myer et al., 2012; Horner et al., 2014). We build upon these established methods, and

51
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utilise them specifically to search for habitable worlds.

The motivation for this work is driven by the relative dearth of large Jovian planets

coexisting with a smaller terrestrial planet or super-Earth. It is possible that this lack of

Jovian planets coexisiting with smaller planets can be largely attributed to the inherent

observational biases in detecting such small planets on year long orbits. This preliminary

study selects systems within the Catalog of Earth-Like Exoplanet Survey TArgets (CE-

LESTA; Chandler et al., 2016), and uses the semi-analytic criterion developed by Giuppone

et al. (2013) to classify the systems into three categories to be investigated, each defined

by the degree to which the habitable zone is perturbed by the Jovian planet. This chapter

outlines the framework for assessing these systems with increasingly detailed test parti-

cle simulations, and eventually massive body simulations to ensure mutual gravitational

interactions of two massive bodies does not destabilise the resonance.

The remainder of this chapter presents the published paper, “Stable habitable zones of

single Jovian planet systems”, by Matthew T. Agnew, Sarah T. Maddison, Elodie Thilliez

& Jonathan Horner (2017), presented in the Monthly Notices of the Royal Astronomical

Society, 471, 4494.
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ABSTRACT
With continued improvement in telescope sensitivity and observational techniques, the search
for rocky planets in stellar habitable zones is entering an exciting era. With so many exo-
planetary systems available for follow-up observations to find potentially habitable planets,
one needs to prioritize the ever-growing list of candidates. We aim to determine which of the
known planetary systems are dynamically capable of hosting rocky planets in their habitable
zones, with the goal of helping to focus future planet search programmes. We perform an ex-
tensive suite of numerical simulations to identify regions in the habitable zones of single Jovian
planet systems where Earth-mass planets could maintain stable orbits, specifically focusing
on the systems in the Catalog of Earth-like Exoplanet Survey Targets (CELESTA). We find
that small, Earth-mass planets can maintain stable orbits in cases where the habitable zone is
largely, or partially, unperturbed by a nearby Jovian, and that mutual gravitational interactions
and resonant mechanisms are capable of producing stable orbits even in habitable zones that
are significantly or completely disrupted by a Jovian. Our results yield a list of 13 single Jovian
planet systems in CELESTA that are not only capable of supporting an Earth-mass planet on
stable orbits in their habitable zone, but for which we are also able to constrain the orbits of
the Earth-mass planet such that the induced radial velocity signals would be detectable with
next generation instruments.

Key words: astrobiology –methods: numerical – planets and satellites: dynamical evolution
and stability – planets and satellites: general.

1 INTRODUCTION

One of the most exciting goals in astrophysics is the discovery of a
true, twin Earth: a rocky planet of similar size, structure and com-
position to Earth on a stable orbit within its host star’s habitable
zone1 (HZ) (Kasting, Whitmire & Reynolds 1993; Kopparapu et al.
2013). As a result of biases inherent to observational techniques,
the first exoplanets detected were often both massive and close to
their host stars (e.g. Mayor & Queloz 1995; Charbonneau et al.
2000). In the decades since, improved technology has allowed for
the detection of lower mass planets (e.g. Vogt et al. 2015; Wright
et al. 2016) and planets with greater orbital periods (e.g. Borucki
et al. 2013; Jenkins et al. 2015). We are only now beginning to
discover planets with orbital periods of a decade or more, includ-
ing Jupiter analogues (Wittenmyer et al. 2016). We now know of
over 34002 confirmed exoplanets (NASA Exoplanet Archive, exo-

⋆ E-mail: magnew@swin.edu.au
1 The HZ is a region around a star in which liquid water can be maintained
on the surface of a rocky planet that hosts an atmosphere.
2 As of 2017 February 2.

planetarchive.ipac.caltech.edu) with a variety of radii, masses and
orbital parameters. In the coming years, we will begin to search
for potentially habitable exo-Earths and so in this work we aim to
determine how to best focus our future efforts.

Several methods have been used in the past to predict stable
regions and the presence of additional exoplanets in confirmed ex-
oplanetary systems. Some methods predict the presence of a planet
by simulating observable properties of debris discs (e.g. Thilliez &
Maddison 2016). Others utilize dynamical simulations to demon-
strate that massless test particles (TPs) can remain on stable orbits
in multiple planet systems, thus identifying potential regions of
stability (e.g. Rivera & Haghighipour 2007; Thilliez et al. 2014;
Kane 2015). Such stable regions can then be the focus of follow-up
simulations involving Earth-mass planets (Kane 2015).
Assessing the stability of a system by considering a region of

chaos surrounding any known exoplanet has also been used to pre-
dict regions of stability in exoplanetary systems (Jones, Sleep &
Chambers 2001; Jones & Sleep 2002; Jones, Underwood & Sleep
2005; Jones & Sleep 2010; Giuppone, Morais & Correia 2013).
The unstable, chaotic region around a planet is often calculated
to be some multiple of its Hill radius (Jones et al. 2001; Jones &
Sleep 2002), where the multiplying factor is sometimes derived

C⃝ 2017 The Authors
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Table 1. The distribution of exoplanets between Terrestrial
planets, Super-Earths, Neptunians and Jovians amongst sin-
gle and multiple planet systems. The class of each planet is
defined by Table 2.

Single Multiple Total

Terrestrials 320 304 624
Super-Earths 458 431 889
Neptunians 349 308 657
Jovians 601 152 753

Total 1728 1195 2923

numerically (Jones et al. 2005; Jones & Sleep 2010). Alternatively,
Giuppone et al. (2013) present a semi-empirical stability criterion
to quickly infer the stability of existing systems. They test the va-
lidity of the criterion by simulating both single and multiple planet
systems, and demonstrate that their criterion is an effective tool for
identifying which exoplanetary systems can host additional planets.
In this work, we aim to identify the properties of planetary archi-

tectures in single Jovian planet systems that could harbour an Earth-
mass planet in the HZ, with a specific focus on those presented in
the Catalog of Earth-like Exoplanet Survery Targets (CELESTA;
Chandler et al. 2016). We first divide the selected systems into three
broad classes that indicate their likelihood of hosting stable Earths
in their HZs in order to theoretically eliminate systems that almost
certainly host stable HZs from our numerical study. Since these
HZs are all stable, numerical simulations would not help constrain
the locations within the HZ where stable Earths might reside. For
the remaining systems, we use the SWIFT N-body software package
(Levison&Duncan 1994) to help identify regionswhere Earth-mass
planets could maintain stable orbits by first performing dynamical
simulations using the spread of massless TPs throughout the HZ of
each system. We follow these with a suite of dynamical simulations
using a 1M⊕ planet to ultimately predict which systems could host
a stable Earth in their HZs, help constrain the orbits of the stable
Earth, and determinewhat the strength of the induced radial velocity
signal would be.
In Section 2, we introduce the motivation for analysing single

Jovian planet systems. In Section 3, we describe the method used to
select the single Jovian planet systems that we simulate, detail the
numerical simulations used to dynamically analyse the systems and
discuss how we interpret the simulation results. We then present
and discuss our results in Section 4, and summarize our findings in
Section 5.

2 EXOPLANET POPULATION

Using the Exoplanet Orbit Database (Han et al. 2014, exoplan-
ets.org), we analyse the currently known exoplanet population.3

Our analysis reveals an interesting feature: the proportion of Jovian
planets in single and multiple planetary systems is skewed in favour
of single planet systems (see Table 1). Single Jovian planet systems
are an interesting sub-set of the exoplanet population that could
potentially have small rocky planets hidden in their HZs. Jupiter
is thought to have played a complicated role in the formation and
evolution of the Solar system (e.g. Gomes et al. 2005; Horner et al.
2009;Walsh et al. 2011; Izidoro et al. 2013; Raymond &Morbidelli

3 It should be noted that there are inherent biases in the various observational
techniques that may impact the following analysis, but for this work we
accept the planetary properties and orbital parameters as they are in the
relevant data bases.

Table 2. The radius and mass limits used in this work to
classify exoplanets.

rmin rmax mmin mmax
(r⊕) (r⊕) (M⊕) (M⊕)

Terrestrials 0 <1.5 0 <1.5
Super-Earths 1.5 <2.5 1.5 <10
Neptunians 2.5 <6 10 <50
Jovians 6 >6 50 >50

2014; Brasser et al. 2016; Deienno et al. 2016), although the tim-
ing, nature and degree to which it has contributed to is a dynamic
area of research (e.g. Minton &Malhotra 2009, 2011; Agnor & Lin
2012; Izidoro et al. 2014, 2015, 2016; Levison et al. 2015; Kaib
& Chambers 2016). Further to this, it has also been suggested that
Jupiter may have had a significant impact on the environment in
which life on Earth has developed (e.g. Bond, Lauretta & O’Brien
2010; Carter-Bond, O’Brien & Raymond 2012a,b; Martin & Livio
2013; Quintana & Lissauer 2014; O’Brien et al. 2014). For this rea-
son, it has been proposed that the presence of a Jupiter analogue in
an exoplanetary system may be an important indicator for potential
habitability (Wetherill 1994;Ward &Brownlee 2000), although this
hypothesis remains heavily debated (Horner & Jones 2008, 2009,
2010, 2012; Horner, Gilmore & Waltham 2015; Grazier 2016).
Our analysis using the Exoplanet Orbit Database yields a total

of 29234 exoplanets, residing in 2208 systems: 1728 single and
480 multiple planet systems. These exoplanets are classified as Ter-
restrials, Super-Earths, Neptunians and Jovians according to their
radius (or according to their mass in lieu of available radius data)
as per the ranges defined in Table 2. Analysing all the exoplanet
systems, we find that the exoplanet classes are distributed amongst
the systems as shown in Table 1. It can be seen that all classes of
planets are reasonably well represented not only within the greater
exoplanet population, but also within the single and multiple planet
sub-populations.

Of particular interest is an investigation into the planetary ar-
chitectures of the multiple planet systems. We classify the 480
multiple systems into three broad categories based on the planet
classes present in each: non-Jovian systems, Jovian systems that
coexist with smaller Terrestrial or Super-Earth planets, and Jovians
and Neptunians with other giant planets. Fig. 1(a) demonstrates that
when a multiple system is found harbouring a Terrestrial or Super-
Earth planet, in the majority of cases (343/480, ∼71 per cent) it
coexists with other Terrestrial planets, Super-Earths or Neptunians.
Fig. 1(b) shows that systems with Terrestrials or Super-Earths co-
exist with a Jovian account for the small fraction of the multiple
planet systems (16/480, ∼3 per cent), while Fig. 1(c) shows that
non-Terrestrial or Super-Earth systems account for about a quarter
(121/480, ∼25 per cent) of the multiple planet systems. While the
overall distribution of planets in multiple planet systems shows a
reasonable distribution across each class (Table 1), the planet classes
are not uniformly distributed in each multiple planet architecture:
Terrestrial planets and Super-Earths are generally found with other
Terrestrials, Super-Earths or Neptunians, whereas Jovians are gen-
erally found with other massive planets, i.e. Neptunians and/or Jo-
vians.

Examining the entire Jovian population as they occur in both
single and multiple systems yields a total of 753 planets. We
summarize our findings concerning Jovians as follows: 601

4 Confirmed exoplanets for which good orbital elements and mass and/or
radius data are available as of 2017 February 2.
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Figure 1. Planetary architectures of confirmed multiple planet systems. The exoplanets have been classified as per the criteria presented in Table 2. (a) The
343 multiple planet systems with Terrestrial planets or Super-Earths that also do not possess a Jovian. (b) The 16 multiple planet systems with Terrestrial
planets or Super-Earths that also do possess a Jovian. (c) The 121 multiple planet systems with no Terrestrial planets or Super-Earths.

(79 per cent) Jovians are found in single planet systems, 128
(17 per cent) Jovians are found in multiple planet systems coex-
isting with Neptunians or other Jovians and only 24 (3 per cent)
Jovians are found in multiple planet systems coexisting with Ter-
restrial planets or Super-Earths. This demonstrates that for the cur-
rent population of confirmed exoplanets, the majority of Jovians
are either found to be in single planet systems or to coexist with
other giant Jovians or Neptunians, contrasting with our own So-
lar system. However, we note that this is most likely attributable
to observational bias inherent in the two highest yield detection
methods: the transit method and radial velocity method. The cur-
rent state of the art allows for the detection of Doppler shifts to
just below 1m s−1 (Dumusque et al. 2012), making the detection of
Earth-mass planets challenging (Wittenmyer et al. 2011). As such,
Jovians will completely dominate both Doppler shift signals and
transit signals. The detection of Terrestrials in the HZs of Sun-like
stars is even more challenging because such planets would orbit
within a few au of their host stars. The next generation of spec-
trographs aim to detect such planets by achieving radial velocity
resolutions of around 0.1m s−1 (e.g. ESPRESSO; Pepe et al. 2014)
and 0.01m s−1 (e.g. CODEX; Pasquini et al. 2010). As the radial
velocity resolution decreases, the resultant noise from the stellar ac-
tivity in Sun-like stars becomes significant (Dumusque et al. 2011a;
Anglada-Escudé et al. 2016). We do not consider stellar noise in
our assessment herein. The small proportion of Jovians coexisting
with rocky planets and the observational biases inherent to the cur-
rent state of the art provides motivation to investigate single Jovian
planet systems as a sub-set of the existing exoplanet population
which may contain smaller Terrestrial planets in the HZ which are
currently undetectable.
Giuppone et al. (2013) briefly discuss the idea of multiple planets

in tightly packed configurations called compact systems. In such a
system, all possible stable regions are occupied, and the system can

be considered full; no additional bodies can exist on stable orbits.
An excellent example of such a compact multiple planet system
is the recently announced seven planet system detected orbiting
TRAPPIST-1 (Gillon et al. 2017). While single Jovian planet sys-
tems are clearly not compact, their HZs may be full, depending
on the orbital parameters of the existing Jovian. It is important to
determine which systems have full HZs in order to eliminate those
systems as possible targets for future observations in the search for
potentially habitable Earth-like planets.

In this work, we aim to investigate the sub-set of these single
Jovian planet systems that are in CELESTA (Chandler et al. 2016).
The CELESTA data base calculates the HZs of nearby Sun-like
stars, calculating the stellar properties needed to determine the HZs
from Kopparapu et al. (2014), and presents several possible HZ
boundaries to choose from. As a large proportion of the exoplanet
population is observed around non-Sun-like stars (e.g. M-dwarfs),
the data base does not contain many stars with planetary bodies. Of
the 37 354 stars in CELESTA for which HZs are calculated, just 120
host confirmed exoplanets. Of these 120, just 93 are single Jovian
planet systems. We cross reference these systems from CELESTA
with the Exoplanet Orbit Database (Han et al. 2014) to yield the
planetary properties and orbital parameters. In this work, we aim to
identify which of these systems could host a 1M⊕ planet in a stable
orbit within the HZ. For these systems, we then determine those for
which such a planet could be detected using future instruments, in
order to provide a focus for future observational efforts.

3 METHOD

We first calculate a theoretical region of chaos surrounding the
existing Jovian in the selection of 93 CELESTA systems. To save
simulation time, we remove systems that have completely stable
HZs. While these systems could host stable Terrestrial planets in
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their HZs, we cannot offer any further constraints on the orbits of
such habitable planets. For the remaining systems, we first carry out
dynamical simulations using the spread of massless TPs throughout
the HZ of each system to help identify regions of dynamical stability
in the HZ. For those systems predicted to have less stable HZs, we
expect significantly more interactions between TPs and the Jovian,
and potentially some resonant trapping. We increase the number of
TPs for these systems in order to yield more robust results. Finally,
we conduct a suite of simulations involving the Jovian and a 1M⊕
planet to check if mutual gravitational interactions (that are absent
with massless TP simulations) affect any stable regions found in the
TP simulations in order to demonstrate where Terrestrial planets
could be stable in those systems.

3.1 System selection

Here, we present the method used to broadly predict the overall
stability of the HZs of exoplanetary systems. In the cases where
the Jovian is located sufficiently far from the HZ, we expect the
gravitational influence of the Jovian to be negligible on the HZ
and leave it completely unperturbed. TPs within such an HZ would
be capable of maintaining stable orbits and so are computationally
expensive to run and provide little value, and sowewant to eliminate
such systems before proceeding with our numerical study.
We consider the criterion for the onset of chaos based on the over-

lap of first order mean-motion resonances (Wisdom 1980; Duncan,
Quinn & Tremaine 1989). For a planet orbiting its parent star, a re-
gion extending a distance δ around the planet will experience chaos,
which is given by

δ = Cµ2/7aplanet, (1)

where C was calculated to be a constant equal to 1.57 (Duncan
et al. 1989; Giuppone et al. 2013), µ=Mplanet/M∗ is the mass ratio
between the planet and its parent star and aplanet is the semimajor
axis of the Jovian planet. Using this overlap criterion for the onset of
chaos, Giuppone et al. (2013) present the crossing orbits criterion,
which suggests that if two planetary orbits intercept at some point,
and in the absence of some kind of resonant mechanism, close
encounters will occur and the system will become unstable. For a
Jovian planet with an eccentric orbit, the chaotic region will extend
to a distance δ exterior to the apocentre and interior to the pericentre
of its orbit. Thus, the region of chaos is defined as

aplanet(1 − e) − δ ≤ Chaotic Region ≤ aplanet(1+ e)+ δ, (2)

where e is the Jovian’s eccentricity and δ is defined as in
equation (1).
We use equation (2) to calculate the region of chaos for each

of the 93 single Jovian systems from the CELESTA data base. We
then compare the maximum and minimum semimajor axes of the
chaotic region with the maximum and minimum semimajor axes
of the HZ for each system, and compute the overlap between these
two regions. From this, we define three classes of systems:

Green: if the chaotic region does not overlap the HZ.
Amber: if the chaotic region partially overlaps the HZ.
Red: if the chaotic region completely overlaps the HZ.

We predict that the green non-overlapping systems should possess
entirely stable HZs, the amber partially overlapping systems should
possess partially stable HZs and the red completely overlapping
systems should possess unstable HZs, except where the mutual
gravitational interactions between the two bodies could stabilize
specific orbits (as per the definition by Giuppone et al. 2013). We

Table 3. The range of orbital parameters within which the TPs were ran-
domly distributed over the HZ and the range of orbital parameters, and
number of values over each range (in equally spaced intervals) over which
the 1M⊕ body simulations were run.

TPs 1M⊕
Min Max Min Max # of values ∗

a (au) HZmin HZmax HZmin HZmax 51
e 0.0 0.3 0.0 0.3 16
i (◦) 0.0 0.0 0.0 0.0 1
# (◦) 0.0 0.0 0.0 0.0 1
ω (◦) 0.0 360.0 0.0 288.0 5
M (◦) 0.0 360.0 0.0 288.0 5

find that for the 93 single Jovian planet systems, 41 can be classified
as green, 26 as amber and 26 as red.We focus our attention on the red
completely overlapping systems and amber partially overlapping
systems, where the influence of the Jovian is predicted to strongly or
relatively strongly influence the HZ. As the green non-overlapping
systems are predicted to have stable HZs and are expected to retain
the majority, if not all, of their TPs, simulations would not help
constrain the orbits of potentially habitable Terrestrial planets in
those systems. Thus, we focus on only those green systems where
the Jovian is close to the HZ; that is, where the period of the Jovian,
TJovian, is within one order of magnitude of the period in the HZ
centre, THZ (0.1 THZ ≤ TJovian ≤ 10 THZ). There are 13/41 green
systems that satisfy this criterion.

3.2 Dynamical simulations

We run dynamical simulations using the SWIFT N-body software
package (Levison & Duncan 1994). SWIFT can integrate massive
bodies that interact gravitationally, and massless TPs that feel the
gravitational forces of the massive bodies but exert no gravitational
force of their own.We use the regularisedmixed variable symplectic
(RMVS) method (specifically, the rmvs3 integrator) provided in
SWIFT due to its advantage of being computationally faster than
conventional methods (Levison & Duncan 2000).

We used the Runaway Greenhouse and Maximum Greenhouse
scenarios presented by Kopparapu et al. (2014) for the inner and
outer edges of the HZ, respectively.5 The inner edge corresponds
with the maximum distance from the star at which a runaway green-
house effect would take place, causing all the surface water on the
planet to evaporate. The outer edge corresponds to the maximum
distance at which a cloud-free CO2 atmosphere (with a background
ofN2) couldmaintain liquidwater on theTerrestrial planet’s surface.
The Runaway Greenhouse and Maximum Greenhouse boundaries
make up the conservative HZ. The HZ boundaries have been shown
to be strongly dependent on the uncertainties in stellar parameters
(Kane 2014). In this work, however, we take the stellar parameters
given in CELESTA and the Exoplanet Orbit Database on face value.
The TPs were then randomly distributed throughout the HZ, within
the range of orbital parameters shown in Table 3. All simulations
used stellar parameters and HZ values from CELESTA (Chandler
et al. 2016), and planetary properties and orbital parameters from
the Exoplanet Orbit Database (Han et al. 2014).

The simulations were run for an integration time Tsim = 107

yr or until all the TPs were removed. The removal of a TP is
defined by the ejection of the TP beyond an astrocentric distance of

5 Assuming an Earth-mass planet and an Earth-like atmosphere.
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Table 4. A description and size of the sets of simulations run as part of our
simulation suite.

Set Description

I A set of 13 simulations with 1000 TPs in the HZ for all green
non-overlapping systems where the orbital period of the Jovian
was within one order of magnitude of the period in the centre of
the HZ (0.1THZ ≤ TJovian ≤ 10 THZ).

II A set of 26 simulations with 5000 TPs in the HZ for all amber
partially overlapping systems.

III A set of 26 simulations with 10 000 TPs in the HZ for all red
completely overlapping systems.

IV A set of 20 400 simulations with a 1M⊕ planet for the 26 red
completely overlapping systems (530 400 simulations in total).
For each system, 20 400 simulations were run, sweeping a 1M⊕
planet over the orbital parameter space as outlined in Table 3.

V A set of 20 400 1M⊕ planet simulations for those red systems
that are found to be stable in a narrow region of resonant
stability (15/26 systems) for a simulation time Tsim = 108 yr.

250 au. The time-step for the simulations was set to dt = 1/40 of
the smallest orbital period in the system (Jovian planet or TPs).
Table 4 describes the sets of simulations that were carried out. Set

I tests the sub-set of the green non-overlapping systems that have
their Jovians nearest to their respective HZs. Set II tests the amber
partially overlapping systems with 5000 TPs and set III tests the
red completely overlapping systems with 10 000 TPs. Increasingly
more TPs were used for those systems with predictably more inter-
acting HZs to achieve higher resolution maps when analysing the
results.
Simulation set IV comprises a suite of simulations for each red

completely overlapping system with a 1M⊕ planet in the HZ, along
with the system’s Jovian. Assuming co-planar planets, these simu-
lations explored the semimajor axis (a), eccentricity (e), argument
of periastron (ω) and mean anomaly (M) parameter space of the
1M⊕ planet. Table 3 shows the range of orbital parameters and the
number of equally spaced intervals within each range. In total, a
suite of 20 400 simulations were carried out for each system, with
each simulation representing a unique set of planetary orbital pa-
rameters. As there are five values explored for both ω and M, this
means that there are 25 simulations for a given pair of (a, e) values.
The 1M⊕ simulations were ran for Tsim = 107 yr, or until one of
the planets was removed or was involved in a collision. As all the
Jovian planets in these red completely overlapping sample were
located in the vicinity of the HZ (which was located well within
10 au), a planet removal was defined following Robertson et al.
(2012): if either planet exceeded an astrocentric distance of 10 au.
A collision was defined as occurring when the planets approached
within 1 Hill radii of each other. The time-step for these 1M⊕ sim-
ulations was set to 1/20 of the smallest orbital period of the Jovian
and 1M⊕ planet. Simulation set V repeats these 1M⊕ body sim-
ulations for red systems which hosted some stable regions for an
extended integration time of Tsim = 108 yr.

3.3 Simulation analysis

The results of the simulations were interpreted using stability
maps and resonant angle plots. The stability maps are plotted over
the semimajor axis–eccentricity (a, e) parameter space. This two-

Figure 2. A comparison between the stability maps for the simulations of
(a) 10 000 TP in the HZ and (b) the 20 400 1M⊕ simulations of the red
completely overlapping systemHD 137388.Wemark the location of several
first and second order MMRs with green dashed lines.

dimensional map presents the lifetimes of bodies as a function of
their initial semimajor axis (x-axis) and eccentricity (y-axis) values.

For the Earth-mass planet simulations (sets IV and V), each
simulation had the 1M⊕ planet at a specified initial (a, e). As
mentioned above, at each (a, e) position, there are 25 simulations
exploring the (ω, M) parameter space. As such, the maps combine
the results of the 25 simulations over the (ω, M) parameter space
by plotting the mean lifetime of all bodies with those (a, e) values
(similar to previous work by Robertson et al. 2012; Wittenmyer,
Horner & Tinney 2012). Fig. 2 shows a comparison of the two
types of stability maps: the lifetime of randomly distributed TPs
across the HZ (Fig. 2a) and the average lifetime of a 1M⊕ body
being swept through the orbital parameter space (Fig. 2b).

Fig. 3 shows the time evolution of the resonant angle for all
1M⊕ bodies that were trapped in 4:3 resonance with the Jovian
planet in the HD 137388 system from our simulations. Such plots
reveal whether potentially resonant 1M⊕ bodies librate, and can
therefore be considered to be trapped in mean-motion resonance
(MMR).
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Figure 3. The librating resonant angle φ = 4λ′ − 3λ − ω′ versus time for
the stable bodies (6) of the 4:3 MMR with the Jovian in the red completely
overlapping system HD 137388. Note that each body is run in its own
simulation, with the resonant angle from all simulations stacked.

Figure 4. The stability map of the green non-overlapping systemHD67087
with 1000 TPs in the HZ. The Jovian planet is located interior to the HZ.
We mark the location of several first and second order MMRs with green
dashed lines.

4 RESULTS AND DISCUSSION

For the green non-overlapping systems where the orbital period
of the Jovian was within one order of magnitude of the period
in the centre of the HZ which we simulated in set I, we found
that some TPs in the HZ were still disrupted by the presence of
such a Jovian. An example system is shown in Fig. 4. Despite this,
our results demonstrated that the majority of the TPs remain in
stable orbits in the HZ. As a result of their stability, these systems
were computationally expensive to simulate, since typically they
retain the majority, if not all, of their TPs. Due to the presence of
these large, unperturbed regions of the HZ within which TPs are
dynamically stable, we conclude that it is dynamically possible for
a Terrestrial planet to be hidden in the HZ of green non-overlapping
systems for which the chaotic region does not overlap the HZ. Given
that we cannot further constrain the location of these potentially
habitable Terrestrials, the green systems were not tested further.
Based on the classification and selection scheme outlined in Sec-

tion 3.1, the results from the amber partially overlapping systems

Figure 5. The stability map of the the amber partially overlapping system
HD 48265 with 5000 TPs in the HZ. The Jovian planet is located interior to
the HZ. We mark the location of several first and second order MMRs with
green dashed lines.

(set II) behave as expected. We can see in Fig. 5 that there is a gra-
dient of stability across the HZ, moving from more stable regions
farther from the Jovian to more unstable in regions nearer to the
Jovian. Similar to the green non-overlapping systems, the presence
of large, unperturbed regions of the HZ where TPs are dynamically
stable in the amber partially overlapping systems suggest that it is
dynamically possible for a Terrestrial planet to be hidden in the HZ
of these systems. Our simulations cannot further constrain these
locations, so no further investigation of these systems is conducted.

More than half of the red systemswere found to contain regions of
stability, some of which were aligned with the MMRs of the Jovian.
As the HZs of these systems were significantly influenced by the
presence of the Jovian, it would be reasonable to consider whether
mutual interactions with the massive planet affected the stability.
We continued this investigationwith additional simulations inwhich
we replaced the massless TPs with a 1M⊕ planet. Set IV examined
all 26 of the red completely overlapping systems and identified 15
systems for which 1M⊕ planets might prove stable at some location
within the HZ. For Set V, we took this sub-set of 15 stable systems
and performed significantly longer simulations of duration Tsim =
108 yr. The results showed that all 15 of these systems were found
to be capable of hosting a 1M⊕ planet on a stable orbit within
their HZs, and were then reclassified as blue resonant systems.6

Fig. 6 shows the stability maps of all 15 of these blue resonant
systems from set V, while Table 5 shows the system properties of
the 11 remaining red completely overlapping systems and the 15
reclassified blue resonant systems.

We next consider the architectures of all 65 systemswe simulated.
Fig. 7 plots normalized semimajor axis (a/aHZ,mid) along the x-
axis and all the systems along the y-axis in increasing order of
their normalized semimajor axis. The normalized semimajor axis
indicates where an object is located relative to the centre of the HZ
(aHZ, mid), and can also be used to indicate the locations of the inner
and outer boundaries of theHZ and chaotic region relative to aHZ,mid.
The advantage of the normalized semimajor axis is that it allows

6 Note that this label is semantic, as it was found that some of the stable
bodies do not appear to be in resonant configurations (stable bodies that are
not in an MMR do not show up in the libration plots shown in Fig. A1).
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4500 M. T. Agnew et al.

Figure 6. The stability maps for all the red systems with stable MMRs. These are the 15 systems re-classifed as blue resonant systems.

for a clearer comparison across systems. We plot the normalized
semimajor axis for the position of the Jovian with error bars that
represent the periastron and apastron of its orbit (so systems with
larger error bars indicate a higher eccentricity), the HZ of each

system in aqua (the inner and outer edges) and the chaotic region
of each Jovian in orange. Each Jovian is then plotted with a size
corresponding to its mass ratio, µ, and a colour corresponding to its
overlapping classification (green, amber, red or blue).
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Stable HZ of single Jovian planet systems 4501

Table 5. The system properties and orbital parameters of the blue resonant (upper) and red completely overlapping (lower) systems. All Jovians were detected
via the radial velocity method.

Star Jovian†
Type Mass HZinner HZouter Msin i a e ω Instrument Detection reference∗

(M⊙) (au) (au) (MJupiter) (au) (◦)

HD 10697 G5 IV 0.847 1.735 3.116 6.23505 2.13177 0.099 111.2 HIRESa Vogt et al. (2000)
HD 16760 G5 V 0.991 0.7573 1.3407 13.2921 1.08727 0.067 232 HIRESa, HDSb Sato et al. (2009)
HD 23596 F8 1.19 1.5307 2.681 7.74272 2.77219 0.266 272.6 ELODIEc Perrier et al. (2003)
HD 34445 G0 V 1.06 1.425 2.5121 0.790506 2.06642 0.27 104 HIRESa Howard et al. (2010)
HD 43197 G8 V 0.945 0.8359 1.485 0.596868 0.918027 0.83 251 HARPS d Naef et al. (2010)
HD 66428 G5 0.83 1.254 2.257 2.74962 3.14259 0.465 152.9 HIRESa Butler et al. (2006)
HD 75784 K3 IV 0.719 2.408 4.4125 5.6 6.45931 0.36 301 HIRESa Giguere et al. (2015)
HD 111232 G5 V 0.933 0.8849 1.574 6.84182 1.97489 0.2 98 CORALIEe Mayor et al. (2004)
HD 132563 B – 1.53 1.496 2.585 1.492470 2.62431 0.22 158 SARGf Desidera et al. (2011)
HD 136118 F9 V 1.09 1.67 2.939 11.6809 2.33328 0.338 319.9 Hamiltong Fischer et al. (2002)
HD 137388 K0/K1 V 0.8819 0.6848 1.225 0.227816 0.88883 0.36 86 HARPS d Dumusque et al. (2011b)
HD 147513 G3/G5 V 1.109 0.9279 1.6312 1.179650 1.30958 0.26 282 CORALIEe Mayor et al. (2004)
HD 148156 F8 V 1.324 1.26 2.197 0.847612 2.12913 0.52 35 HARPS d Naef et al. (2010)
HD 171238 K0 V 0.955 0.89014 1.58 2.60901 2.54268 0.4 47 CORALIEe Ségransan et al. (2010)
HD 187085 G0 V 1.24 1.349 2.359 0.803694 2.02754 0.47 94 UCLESh Jones et al. (2006)

HD 216437 G2/G3 IV 1.102 1.4115 2.4825 2.16817 2.48556 0.319 67.7 UCLESh Jones et al. (2002)
HD 131664 G3 V 1.122 1.165 2.047 18.3282 3.17098 0.638 149.7 HARPSd Moutou et al. (2009)
HD 132406 G0 V 0.848 1.34 2.406 5.60495 1.98227 0.34 214 ELODIEc da Silva et al. (2007)
HD 141937 G2/G3 V 1.13 0.9993 1.755 9.4752 1.50087 0.41 187.72 CORALIEe Udry et al. (2002)
HD 16175 G0 1.15 1.749 3.069 4.37946 2.1185 0.6 222 Hamiltong Peek et al. (2009)
HD 190228 G5 IV 0.962 2.014 3.574 5.94193 2.60478 0.531 101.2 ELODIEc Perrier et al. (2003)
HD 2039 G2/G3 IV/V 1.16 1.399 2.453 5.92499 2.19755 0.715 344.1 UCLESh Tinney et al. (2003)
HD 22781 K0 V 0.83 0.58511 1.053 13.8403 1.16847 0.8191 315.92 SOPHIEi Dı́az et al. (2016)
HD 45350 G5 V 0.999 1.176 2.081 1.83614 1.94413 0.778 343.4 HIRESa Marcy et al. (2005)
HD 50554 F8 V 1.18 1.103 1.9319 4.39876 2.26097 0.444 7.4 HIRESa, Hamiltong Fischer et al. (2002)
HD 86264 F7 V 1.4 1.866 3.245 6.62738 2.84117 0.7 306 Hamiltong Fischer et al. (2009)

†I, # andM were 0.0◦ for all systems simulated.
∗Detection reference from the Exoplanet Orbit Database (Han et al. 2014).
aHigh Resolution Echelle Spectrometer (HIRES) at Keck Observatory.
bHigh Dispersion Spectrograph (HDS) at the Subaru Telescope.
cELODIE echelle spectrograph at the Haute-Provence Observatory.
dHigh Accuracy Radial velocity Planet Searcher (HARPS) spectrograph at La Silla Observatory.
eCORALIE echelle spectrograph at La Silla Observatory.
fSARG high-resolution spectrograph at the Telescopio Nazionale Galileo (TNG).
gHamilton echelle spectrograph at Lick Observatory.
hUniversity College London Echelle Spectrograph (UCLES) at the Anglo-Australian Telescope.
iSOPHIE echelle spectrograph at the Haute-Provence Observatory.

Fig. 7 highlights some interesting architectural characteristics.
All systems with Jovian planets interior to the HZ exhibit at least
partial or complete regions of stability, i.e. they are either am-
ber or green. For Jovians significantly interior to the HZ, such as
hot Jupiters on orbits with radii of ∼0.05 au, this seems intuitive.
However, it highlights a potential asymmetry on either side of the
HZ. We also find that a number of the red systems with a Jo-
vian exterior to the HZ can host stable regions, i.e. some become
blue systems. While it might be thought that a Jovian interior to
the HZ would pose challenges in regards to planetary formation,
several studies have suggested that there may still be sufficient ma-
terial available for the Terrestrial planet formation in the HZ after
the inward migration of a Jovian to the inner regions of a plane-
tary system (Mandell & Sigurdsson 2003; Fogg & Nelson 2005;
Raymond, Barnes & Kaib 2006; Mandell, Raymond & Sigurds-
son 2007). However, observational evidence has not yet inferred
the presence of nearby companions to hot Jupiters (Steffen et al.
2012). In contrast, warm Jupiters and hot Neptunes have been found
to coexist with nearby companions (Huang, Wu & Triaud 2016).
Steffen et al. (2012) highlight that while this may indicate that the
companions do not exist, there is still the possibility that they are

too small to be detected or are being missed (e.g. because they have
very large transit timing variations and are missed by the transit
search algorithm).

In Fig. 8, we show the system architectures in the order of in-
creasing eccentricity for all the red completely overlapping and
blue resonant systems. It should be noted that the Jovian’s eccen-
tricity is determined from the best fit of the observed data and is
often overestimated in radial velocity studies. A similar signature
could result from a multiple planet system with lower eccentric-
ities (Anglada-Escudé & Dawson 2010; Anglada-Escudé, López-
Morales&Chambers 2010;Wittenmyer et al. 2013). This highlights
more clearly the influence of a Jovian’s eccentricity on its ability
to coexist with Earth-mass planets in stable MMRs. With an ec-
centricity greater than ∼0.4, a Jovian is much less likely to host a
stable MMR that could be occupied by an Earth-mass planet. Those
that could coexist with Earth-mass planets in stable orbits in the HZ
possess very low µ ratios. This result highlights that systems with
a Jovian with e& 0.4 near the HZ seem unlikely to be able to host a
rocky planet within the HZ. This conclusion is based on the archi-
tecture of the system as it is today and does not take into account
the dynamical evolution of the system to this point. However, other
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4502 M. T. Agnew et al.

Figure 7. The planetary architectures of all the simulated single Jovian planet systems (65/93). The aqua shaded region indicates the HZ for each system as
per the equations presented by Kopparapu et al. (2014), while the orange region indicates the chaotic region as per the equations presented by Giuppone et al.
(2013). The size of each planet represents the mass ratio, µ = Mplanet/M∗, of the system. The error bars indicate the apsides of the orbit of the Jovian. The
colour represents the system class, with the blue class representing those red systems that are found to have stable MMR zones.
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Stable HZ of single Jovian planet systems 4503

Figure 8. The planetary architectures of all the red completely overlapping and blue resonant systems (26/93) ordered vertically by eccentricity. The aqua
shaded region indicates the HZ for each system as per the equations presented by Kopparapu et al. (2014), while the orange region indicates the chaotic region
as per the equations presented by Giuppone et al. (2013). The size of each point represents the mass ratio, µ = Mplanet/M∗, of the system. The error bars
indicate the apsides of the orbit of the Jovian. The colour represents the system class, with the blue class representing those red systems that were found to
have stable MMR zones. The solid blue lines mark threshold eccentricity values.

studies on the dynamical evolution of multiple Jovian and massive
body systems independently draw a similar conclusion (e.g. Car-
rera, Davies & Johansen 2016; Matsumura, Brasser & Ida 2016),
suggesting that massive bodies with e & 0.4 result from planetary
scattering and that a rocky planet is unlikely to survive in the HZ of
such systems.

4.1 Searching for exo-Earths in single Jupiter systems

Our dynamical study of 65 single Jovian systems has revealed a
range of semimajor axes in the HZ of the systems that could host
stable orbits. If a 1M⊕ planet were to exist in these regions, would it
be detectable with current or future instruments? We can determine
the magnitude of the Doppler wobble that a 1M⊕ planet located
at these stable semimajor axes would induce on its host star. The
semi-amplitude of the observable Doppler shift is given by

K =
✓
2⇡G
T⊕

◆1/3
M⊕ sin I

(M∗ +M⊕)2/3
1p

1 − e2⊕
, (3)

where G is the gravitational constant, M∗ is the mass of the host
star, I is the inclination of the planet’s orbit (with respect to our line
of sight) and T⊕, e⊕ and M⊕ are the period, mass and eccentricity
of the 1M⊕ planet, respectively. Performing this calculation for
all systems found with stable regions in the HZ provides a guide
to which systems would be good targets for a future observational
follow-up. Figs 9 and 10 show the radial velocity sensitivity required
to detect a 1M⊕ planet at the corresponding stable semimajor axes
of all of the 1M⊕ simulated blue systems and the TP simulated
green and amber systems, respectively. Fig. 11 similarly shows the
radial velocity sensitivity required to detect a 1M⊕ in the HZ of
those green systems we did not simulate because they are predicted
to have completely stable HZs due to the Jovian being located
sufficiently far from the HZ as discussed in Section 3.3.
Current instruments cannot resolve Doppler shifts much smaller

than 1 m s−1 (Dumusque et al. 2012; Swift et al. 2015), and
so 1M⊕ planets in the stable regions of the HZ of these sys-
tems are currently undetectable. The sensitivities of the future
instruments, such as Echelle SPectrograph for Rocky Exoplanet
and Stable Spectroscopic Observations (ESPRESSO) for the Very

Figure 9. The semi-amplitude of Doppler wobble induced on all fifteenM⊕
simulated systems that were found to be capable of hosting a 1M⊕ in their
HZs. At stable semimajor axes positions, the semi-amplitude of the induced
Doppler wobble was calculated with equation (3). The systems are ordered
by strength of the radial velocity semi-amplitude. The brown shaded and pink
regions indicate the detection limits of the future instruments ESPRESSO
(0.1m s−1) and CODEX (0.01m s−1), respectively.

Large Telescope andCOsmicDynamics andEXo-earth experiment
(CODEX) for the European Extremely Large Telescope, aim to re-
solve Doppler shifts to as low as 0.1m s−1 (Pepe et al. 2014) and
0.01ms−1 (Pasquini et al. 2010), respectively. As mentioned ear-
lier, the resultant noise from stellar activity in Sun-like stars is not
considered in our assessment but will need to be taken into account
at such low detection limits to avoid false positives (Robertson et al.
2014).

We overlay the radial velocity sensitivities of ESPRESSO and
CODEX on Figs 9, 10 and 11 to demonstrate the detection limit
of both of these future instruments (the coffee region representing
ESPRESSO and the purple region representing CODEX). Those
systems which have points or spans only in the coffee coloured
region of the plots indicate that if a stable Earth-mass planet exists
in the HZ, it will be detectable by ESPRESSO. The detectability
of systems for which points or spans straddle both the coffee and
purple coloured zones of the plots is uncertain, since we cannot
further constrain the location of a stable Earth-mass planet in the
HZ of these systems. The remaining systems (those that reside only
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Figure 10. As per Fig. 9, but for the thirty-nine TP simulated systems.

Figure 11. As per Fig. 9, but for the twenty-eight green systems that we
did not simulate as discussed in Section 3.1.

in the purple zone of the plots) will require CODEX to detect any
potential Earth-mass planets.

We identify eight systems for which a stable 1M⊕ planet in the
HZ is completely within ESPRESSO’s detection limit (i.e. those
systems in Figs 9, 10 and 11 for which the points or spans are
only in the coffee region of the plots), suggesting they would be
good candidates for future observational follow-up. These include
one system identified via the 1M⊕ planet simulations (HD 43197;
Fig. 9), three via the TP simulations (HD87883,HD164604 andHD
156279; Fig. 10) and four via the crossing orbits criterion presented
by Giuppone et al. (2013) (HD 285507, HD 80606, HD 162020
and HD 63454; Fig. 11). These systems should be a priority for
ESPRESSO. We also identify five additional systems for which the
points or spans straddle both the coffee and purple coloured zones.
These systems should be a second priority in ESPRESSO’s target
lists. These systems include three identified via the 1M⊕ planet
simulations (HD 137388, HD 171238 and HD 111232; Fig. 9), one
from TP simulations (HD 99109; Fig. 10) and one from the crossing
orbits criterion (HD 46375; Fig. 11). It should be emphasized that
the induced Doppler shifts are all for 1M⊕ planets and so more
massive planets could still be found within ESPRESSO’s detection
limits. CODEX will reach a low enough detection limit that all of
the 1M⊕ planets in the stable regions of each system’s HZ would
be detectable, if they exist.

5 CONCLUSIONS

We have taken a systematic approach to investigate all 93 single
Jovian planet systems in the CELESTA data base in order to iden-
tify promising candidates for future observational follow-up and
to better identify the properties of planetary architecture in those
systems that could harbour an Earth-mass planet in their HZs. As a
three-body system, the dynamics of star-Jovian–Terrestrial systems
are unsolvable analytically, and so it is difficult to predict in which
systems Jovian and Terrestrial planets can coexist. We first use an
analytic classification scheme to remove systems with completely
stable HZs for which we are unable to further constrain the location
of stable orbits from numerical studies. We then use N-body simu-
lations of the evolution of massless TPs to identify regions within
the HZwhich could host dynamically stable orbits, and follow these
with a suite of simulations with a 1M⊕ body to make a prediction
of which systems could harbour a Terrestrial planet in their HZs.
Our key findings include the following:

(i) For the 67 systems in which the chaotic region of the Jovian
does not overlap – or only partially overlaps – the HZ, there are
large regions of stability in which TPs can maintain stable orbits
in the HZ, and so we predict that a 1M⊕ body could also do so in
these systems.

(ii) For the 26 systems in which the chaotic region of the Jovian
completely overlaps the HZ, numerical simulations show that a
1M⊕ body can still maintain stable orbits in the HZ of some of
these systems (15/26 systems; see Table 5), often as a result of the
body being trapped in MMRs with the Jovian.

(iii) Of all the single Jovian planet systems we investigate, only
11/93 (∼12 per cent) were incapable of hosting a small body in a
stable orbit within the HZ.

(iv) We find that Jovians with e & 0.4 seem unlikely to coexist
with Terrestrial planets in the system’s HZ. Systems containing
Jovians with such high eccentricities are thought to be the result of
dynamical instabilities that would have resulted in the collision or
ejection of other planets in the HZ (Carrera et al. 2016). Given that
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the fitting of radial velocity data can overestimate the eccentricity of
observed single Jovian planets (Anglada-Escudé & Dawson 2010;
Anglada-Escudé et al. 2010; Wittenmyer et al. 2013), this points to
the need for ongoing follow-up work to better constrain the orbits
of such systems.
(v) Interior Jovians do not overlap as strongly with the HZ, while

exterior Jovians tend to overlap with more of the HZ. Interior Jo-
vians raise potential problems in the formation and migration of the
Jovian to such a position, and this may pose problems for the Ter-
restrial planet formation in the HZ after such migration (Armitage
2003). However, studies have shown that there can still be sufficient
material for the Terrestrial planet formation (Mandell & Sigurdsson
2003; Fogg & Nelson 2005; Raymond et al. 2006; Mandell et al.
2007). Conversely, exterior Jovians do not pose the same formation
and migration problems and have demonstrably stable MMRs that
can host a 1M⊕ in the HZ.
(vi) We identify eight systems for which stable 1M⊕ planets in

the HZ are dynamically stable and could be detected with the future
ESPRESSO spectrograph, if they exist: HD 43197, HD 87883,
HD 164604, HD 156279, HD 285507, HD 80606, HD 162020
and HD 63454. We also identify five additional systems that can
support 1M⊕ planets in the HZ and may be detectable, but they also
have stable regions within the HZ outside of the detection limit of
ESPRESSO: HD 137388, HD 171238, HD 111232, HD 99109 and
HD 46375.
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Figure A1. The librating resonant angles φ = (p + q)λ′ − pλ − qω′ versus time for all the stable bodies of the (p + q): p MMR for the Jovians in the red
completely overlapping systems with stable regions. Note that each body is run in its own simulation, just the resonant angle plots are stacked.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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We keep moving forward, opening up new doors and

doing new things, because we’re curious and curiosity

keeps leading us down new paths.

— Walt Disney

3
Properties of the single Jovian planet population

and the pursuit of Solar system analogues

The previous chapter presented an analysis of a subset of the single Jovian population. In

this chapter we expand upon that work by extending the analysis to the entire population.

In Chapter 2 it was shown that, through both the semi-analytic criterion developed

by Giuppone et al. (2013) and our numerical work, very little gravitational stirring of

the habitable zone takes place in architectures where the single Jovian planet is located

significantly interior or exterior to the habitable zone. Therefore we exclude such systems

in this work. For systems that contain a giant planet in the proximity of the habitable

zone, we carry out a similar investigation to that presented in Chapter 2.

The work in this chapter focuses on two goals. Firstly, we determine the overarching

properties within the single Jovian planet population with respect to habitable zone sta-

bility. Secondly, we present a set of systems that we define as Solar system analogues that

host very stable habitable zones.

The remainder of this chapter presents the published paper, “Properties of the single

67
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Chapter 3. Properties of the single Jovian planet population and the pursuit of Solar

system analogues

Jovian planet population and the pursuit of Solar system analogues”, by Matthew T.

Agnew, Sarah T. Maddison & Jonathan Horner (2018), presented in the Monthly Notices

of the Royal Astronomical Society, 477, 3646.
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ABSTRACT
While the number of exoplanets discovered continues to increase at a rapid rate, we are still
to discover any system that truly resembles the Solar system. Existing and near future surveys
will likely continue this trend of rapid discovery. To see if these systems are Solar system
analogues, we will need to efficiently allocate resources to carry out intensive follow-up obser-
vations. We seek to uncover the properties and trends across systems that indicate how much
of the habitable zone is stable in each system to provide focus for planet hunters. We study
the dynamics of all known single Jovian planetary systems to assess the dynamical stability of
the habitable zone around their host stars. We perform a suite of simulations of all systems
where the Jovian planet will interact gravitationally with the habitable zone, and broadly clas-
sify these systems. Besides the system’s mass ratio (Mpl/Mstar), the Jovian planet’s semimajor
axis (apl), and eccentricity (epl), we find that there are no underlying system properties which
are observable that indicate the potential for planets to survive within the system’s habitable
zone. We use Mpl/Mstar, apl, and epl to generate a parameter space over which the unstable
systems cluster, thus allowing us to predict which systems to exclude from future observational
or numerical searches for habitable exoplanets. We also provide a candidate list of 20 systems
that have completely stable habitable zones and Jovian planets orbiting beyond the habitable
zone as potential first-order Solar system analogues.

Key words: astrobiology –methods: numerical – planets and satellites: dynamical evolution
and stability – planets and satellites: general.

1 INTRODUCTION

A key goal of exoplanetary science is to find Earth analogue
planets – planets that might have the right conditions for life to
both exist and be detectable. Given that the only location we know
of that hosts life is the Earth, that search is strongly biased towards
looking for planetary systems that strongly resemble our own – So-
lar system analogues.While we have seen an explosion of exoplanet
discoveries in the last decade that is sure to continue (e.g. Sullivan
et al. 2015; Dressing et al. 2017), the discovery of Solar system
analogues still proves to be a decidedly challenging goal. While
Jupiter-sized planets have been detected for over 20 years, these
are often very close to their host stars (e.g. Mayor & Queloz 1995;
Charbonneau et al. 2000). It has only been much more recently
that we have begun to detect Jupiter-sized planets on decade-long
orbital periods; the so-called Jupiter analogues (Boisse et al. 2012;
Wittenmyer et al. 2014, 2016; Kipping et al. 2016; Rowan et al.
2016). Similarly, discoveries of lower mass planets have become

⋆ E-mail: magnew@swin.edu.au

more common (Vogt et al. 2015; Wright et al. 2016; Gillon et al.
2017), thanks in a large part to the Kepler survey (Borucki et al.
2010; Morton et al. 2016). The current count of confirmed exoplan-
ets now exceeds 3500.1 As a result, we can begin to consider the
exoplanet population as a whole in order to better understand any
overarching properties of the sample, and to also provide a means
to exclude existing systems from further follow-up in our search for
Solar system analogues.

Due to the observational biases inherent to the radial velocity
(RV) method (Wittenmyer et al. 2011; Dumusque et al. 2012), a
great deal of work has gone into attempting to theoretically predict
where additional exoplanets could remain stable in existing systems,
via both predictions of regions of stability and/or instability (Jones,
Sleep & Chambers 2001; Jones & Sleep 2002; Jones, Underwood
& Sleep 2005; Jones & Sleep 2010; Giuppone, Morais & Correia
2013) and dynamical simulations (Rivera & Haghighipour 2007;
Thilliez et al. 2014; Kane 2015; Thilliez & Maddison 2016). The

1As of 2018 January 18 (NASA Exoplanet Archive, exoplan-
etarchive.ipac.caltech.edu).

C⃝ 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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large size of Jovian planets means that they are often easier to detect
and can dominate RV signals. For this reason, it has been suggested
that the seeming abundance of single Jovian planet systems is the
result of an observational bias rather than a true reflection of the
exoplanet population (Marcy et al. 2005; Cumming et al. 2008).
In the Solar system, Jupiter is thought to have played an integral

role in determining the Solar system architecture that we see today
(e.g. Gomes et al. 2005; Horner et al. 2009; Walsh et al. 2011;
Izidoro et al. 2013; Raymond & Morbidelli 2014; Brasser et al.
2016; Deienno et al. 2016). A number of authors have investigated
the role Jupiter may have played in nurturing the right environment
on the Earth for life to have prospered (e.g. Bond, Lauretta &
O’Brien 2010; Carter-Bond, O’Brien & Raymond 2012; Martin
& Livio 2013; Carter-Bond, O’Brien & Raymond 2014; O’Brien
et al. 2014; Quintana & Lissauer 2014) although this is still an
active area of research for which debate continues (e.g. Horner &
Jones 2008, 2009, 2010, 2012; Horner, Waltham & Elliot Koch
2014a; Grazier 2016). However, without a clear answer, the search
for Solar system analogues and the search for habitable exoplanets
remains tightly coupled. Finding a true Solar system analogue is
inherently challenging due to the small transit and RV signals of the
inner rocky planets, and the large decade to century-long orbits of
the outer giant planets. Because of this, we begin with a simplified
definition of a Solar system analogue, that being: a Sun-like star
with a rocky planet in the habitable zone (HZ), and a Jovian planet
orbiting beyond the outer boundary of the HZ. Thus, searching for
single Jovian systems that are capable of hosting hidden Earth-like
planets in the HZ becomes a natural starting point in the search for
habitable exoplanets and Solar system analogues.
Agnew et al. (2017) took a sample of single Jovian planet sys-

tems and used N-body simulations to produce a candidate list of
systems that could host a 1M⊕ planet on a stable orbit within the
system’s HZ, and that could be detected with current or near-future
instruments. Here, we expand upon that earlier work by examining
all currently known single Jovian planet systems to (1) identify any
overarching trends (that may be the result of formation or evolution
scenarios) within the single Jovian planet population, (2) exclude
planetary architectures within which the system’s HZ would be un-
stable, and (3) provide a candidate list to guide future observing
efforts in the search for Solar system analogues.
In Section 2, we describe the method used to calculate the bound-

aries of the HZ, and how we select the single Jovian planet systems
whichwewish to simulate and detail the numerical simulations used
to dynamically analyse these systems. We then discuss our results
in Section 3, and present a candidate list of Solar system analogues
for use by future planet hunters. We summarize our findings in
Section 4.

2 METHOD

We first consider the existing single Jovian population from the
NASA Exoplanet Archive,2 removing all systems with incomplete
stellar or planetary properties. We then calculate the HZ boundaries
for each system using the method outlined in Kopparapu et al.
(2014). This allows us to estimate those systems for which the HZ
will likely be stable (due to the distance of the Jovian planet from
the HZ). For those systems for which the Jovian is located close

2Our sample of single Jovian planets was obtained from the NASA Exo-
planetArchive, exoplanetarchive.ipac.caltech.edu, on 2017March 27,which
gave an initial sample of 771 planets.

Table 1. The constants used to calculate the HZ for our simulations, as-
suming Earth-like planet we are searching for is 1M⊕, as presented in
Kopparapu et al. (2014).

Runaway greenhouse Maximum greenhouse

a 1.332 × 10−4 6.171 × 10−5

b 1.58 × 10−8 1.698 × 10−9

c −8.308 × 10−12 −3.198 × 10−12

d −1.931 × 10−15 −5.575 × 10−16

Seff⊙ 1.107 0.356

enough to the HZ to potentially perturb the region, we then peform
dynamical simulations to ascertain the degree to which this occurs.
For our analysis of the sample of the single Jovian planet pop-

ulation, we accept the stellar and planetary properties as they are
presented in the relevant data bases, acknowledging that there may
be uncertainties associated with these parameters.

2.1 Habitable zone

We calculate the HZ boundaries using the method outlined by
Kopparapu et al. (2014), which is only valid for stars with 2600K
≤Teff ≤ 7200K. They present an equation for the astrocentric dis-
tance of different regimes for the inner and outer boundary of the
HZ as

dHZ =

s
L/L⊙
Seff

au, (1)

where L is the luminosity of the star, and Seff is calculated as

Seff = Seff⊙ + aT⋆ + bT 2
⋆ + cT 3

⋆ + dT 4
⋆ , (2)

where T⋆ = Teff − 5780K, and a, b, c, d, and Seff⊙ are constants de-
pending on the planetary mass considered,Mpl, and the HZ bound-
ary regime being used. Here, we assume a 1M⊕ planet, and use
a conservative HZ boundary regime utilizing the runaway green-
house boundary for the inner edge, and the maximum greenhouse
boundary for the outer edge (Kopparapu et al. 2014). This corre-
sponds with the constants shown in Table 1. Kane (2014) found that
these boundaries are significantly influenced by uncertainties of the
stellar parameters, but we use the best-fitting values as presented in
the NASA Exoplanet Archive.

2.2 System selection

The single Jovian planet population as of 2017 March 27 is made
up of 771 systems.3 We remove from this sample those systems
that are missing planetary or stellar properties, which excludes 175
systems. Of the 596 remaining systems, 54 systems feature stellar
temperatures that fall outside the range 2600K ≤Teff ≤ 7200K
required by the Kopparapu et al. (2014) HZ calculation, and so
these too are removed from our sample. This yields the final sample
of 542 systems.
For all systems for which the Jovian planet is greater than 10 Hill

radii from themidpoint of theHZ,we expect little to no gravitational
stirring within the HZ (Jones et al. 2005; Jones & Sleep 2010;
Giuppone et al. 2013). In such systems, computational resources are
wasted on simulating completely stable HZs. Of the 542 systems in

3Those systems with only one planet that has Rpl > 6 Earth radii orMpl > 50
Earth masses in lieu of available radius data.
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Figure 1. All 542 currently known single Jovian planet systems that have the required stellar and planetary parameters, and that satisfy the 2600K ≤Teff ≤
7200K criterion for the HZ calculation. The x-axis is the orbital period of each Jovian planet, normalized by the period in the centre of the HZ. The red, hashed
area represents the cut-off for systems that do not satisfy the 0.1 THZ ≤ TJovian ≤ 10THZ criterion.

our sample, a total of 360 systems fell into this category, of which
355 had an interior Jovian and 5 had an exterior Jovian. We excluse
these systems from our suite of simulations, and simply tag them
as having wholly stable HZs. In our sample, all of the remaining
systems that are expected to gravitationally stir the HZ have a Jovian
planet with an orbital period 0.1THZ, mid ≤ TJovian ≤ 10 THZ, mid, and
so we use this criterion as a slightly more conservative cut than
apl > 10 Rhill. A histogram illustrating the 542 systems with the
orbital period cuts overlaid can be seen in Fig. 1.
Using the Jovian orbital period criterion outlined above leaves

a total of 182 single Jovian systems that could, potentially, exhibit
a degree of instability within the HZ. In this work, we simulate
this sample to investigate the impact of the Jovian planets on the
stability across the HZ.

2.3 Dynamical simulations

In order to assesswhether a systemwith a known Jovian planet could
host an Earth-like world in its HZ, we carry out a suite of detailed
N-body simulations. We distribute a large number of massless test
particles (TPs) through the HZ of the systems in which we are
interested, and integrate the evolution of their orbits forwards in
time for a period of 10 million years. This is a computationally
intensive endeavour, and the simulations we present below required
a total of 6 months of continuous integration across the several
hundred computing cores available to us. In order to facilitate a
timely analysis, in this work we solely examine the scenario of
co-planar systems – in which the orbits of our putative exo-Earths
are always set to move in the same plane as the Jovian planet. This
focus on co-planar orbits is common in exoplanetary science, being
the standard assumption in the modelling of the orbits of newly
discovered multiple exoplanet systems (e.g. Robertson et al. 2012;
Horner et al. 2013, 2014b), where no information is currently held
on themutual inclination between the orbits of the known planets. In
some studies (e.g. Horner et al. 2011;Wittenmyer, Horner & Tinney

2012; Wittenmyer, Horner & Marshall 2013b), we have shown that
mutual inclination between exoplanet orbits typically acts to render
a system less stable. As such the assumption of co-planarity is a
mechanism by which we maximize the potential for a given system
to exhibit a dynamically stable HZ.

Both our own Solar system and those multiple exoplanet systems
have demonstrably very low mutual inclinations (Lissauer et al.
2011a,b; Fang &Margot 2012; Figueira et al. 2012; Fabrycky et al.
2014). However, we acknowledge that those systems are not per-
fectly flat. Once a small amount of mutual inclination is added to a
previously co-planar system, it opens up the possibility for the exci-
tation of both the inclination and eccentricity of objects that would
otherwise have been moving on mutually stable orbits. As such, in
the future, we plan to expand this work to investigate the impact of
small, but non-zero, mutual inclinations on the stability (or other-
wise) of those systems for which this work predicts a dynamically
stable outcome. In this work, our focus remains on the study of
the most optimistic scenario, that being perfect co-planarity, the
aforementioned caveat must be kept in mind.

To test the dynamic stability of each system, we use the SWIFT

N-body software package (Levison & Duncan 1994) to run a series
of simulations with massless TPs. We randomly distribute 5000
TPs throughout the HZ of each system within the ranges shown in
Table 2. The upper bound of the TP eccentricity of 0.3 was selected
as a reasonable upper value for an orbit to remained confined to the
HZ (Jones et al. 2005). While a planet may be considered habitable
at eccentricities as high as 0.5< e< 0.7 depending on the response
time of the atmosphere-ocean system (Williams & Pollard 2002;
Jones et al. 2005), we are interested in planets and systems that
more closely resemble the Earth and the Solar system.

The simulation of each system was run for a total integration
time of Tsim = 107 years, or until all TPs were removed from the
system. TPs ejected beyond an astrocentric distance of 250 au are
removed from the simulations. The time step of each simulation

MNRAS 477, 3646–3658 (2018)
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Table 2. The range of orbital parameters within which the test particles
were randomly distributed throughout the HZ.

Min Max

a (au) HZmin HZmax
e 0.0 0.3
i (◦) 0.0 0.0
" (◦) 0.0 0.0
ω (◦) 0.0 360.0
M (◦) 0.0 360.0

Table 3. The location of the Jovian planet’s periastron, rperi, and apastron,
rap, relative to the HZ for each dynamical classification.

Class r < aHZ, in aHZ, in< r<aHZ, out aHZ, out < r

I-a rperi, rap – –
I-b rperi rap –
II-a – – rperi, rap
II-b – rperi rap
III – rperi, rap –
IV rperi – rap

was calculated to be 1/50 of the smallest initial orbital period of the
TPs, or the Jovian planet if it was interior to the HZ.

3 RESULTS AND DISCUSSION

For each of the 182 systems simulated, the lifetime of each TP and
the resulting number of TPs that survived was recorded, as well as
their initial semimajor axis and eccentricity. The resulting stability
of individual systems, as well as the entire population, can then be
analysed.

3.1 Dynamical classifications

Our 182 systems are broadly divided into six dynamical classifi-
cations based on the apsides of the Jovian planet relative to the
boundaries of the HZ. These classes are as follows:

(i) I-a Interior,
(ii) I-b Interior & touching,
(iii) II-a Exterior,
(iv) II-b Exterior & touching,
(v) III Embedded, and
(vi) IV Traversing.

The locations of the Jovian planet’s periastron, rperi, and apastron,
rap, relative the HZ are listed in Table 3. These are demonstrated
in the schematic in Fig. 2. The number of single Jovian systems in
each dynamical class is listed in Table 4.
In Fig. 3, we show the entire population of single Jovian planet

systems simulated. Fig. 3 very clearly demonstrates the importance
of epl on HZ stability where those systems with high eccentricities
– represented by large error bars – have far less stable HZs. Class
I and II systems have large regions of stability within the HZ, and
this decreases with the Jovian planet’s increasing eccentricity as the
system begins to approach becoming a class IV (traversing) system.
We would intuitively expect class III and IV systems to be un-

stable. However, we do see TPs surviving for the duration of the
simulation in some cases, and thus we will investigate these classes
in greater detail.

In Figs 4 and 5, we again show the entire population of single
Jovian planet systems simulated, but this time considering how the
orbital eccentricities of the stable TPs evolve. Fig. 4 demonstrates
the level of eccentricity excitation of each TP, shown by the change
in eccentricity ($e) of the simulated TPs, where a change of 1 is
used to indicate complete removal of the TP from the system. As
there are 5000 TPs per simulation, we bin the TPs in 182 equally
spaced bins, and take the mean eccentricity change of all TPs within
each bin ($e = 1/n

P
$en) so as to not lose information from

excessive stacking of points. We plot the systems in the same order
as they appear in Fig. 3 to allow comparison. Unsurprisingly, TPs
with higher initial eccentricities are removed in systems where the
Jovian planet is located near the HZ, as the apsides of their orbits
mean they begin to experience close encounters with the Jovian
planet while lower eccentricity TPs may not. In the 1D histogram
in lower panel of Fig. 4, we combine the initial eccentricity data of
the survivors across all 182 simulated systems. This more clearly
highlights that, over the entire population, lower initial eccentricity
TPs are more likely to survive.
Fig. 5 shows the final eccentricities of the surviving TPs against

their initial eccentricity for all systems. We see that the major-
ity of the final eccentricities of surviving TPs are low (e < 0.3),
suggesting little eccentricity excitation. However, there are clear
examples of higher eccentricity TPs surviving, shown by the green
and yellow points scattered across the plot. We combine the final
eccentricity data of all the survivors across the 182 systems in the
1D histogram in the lower panel. This clearly shows that TPs with
final eccentricities less than 0.3 (87.6 per cent) dominate the surviv-
ing TP population. Combined with the level of excitation shown in
the top panel, this demonstrates that surviving TPs experience low
levels of excitation, and that when TPs are excited they tend to be
removed entirely.
In the search for an Earth-like planet, we focus specifically on

TPs that have a final eccentricity of less than 0.3, as this is a value
that generally leads to a HZ confined orbit (Jones et al. 2005).
However, studies suggest that a planet may still receive sufficient
luminosity to be considered habitable with eccentricities as high as
0.7, depending on a range of planet properties (Williams & Pollard
2002; Jones et al. 2005). Taking the cut off of e< 0.3 indicates that
87.6 per cent of the surviving TPs would be considered potentially
habitable, based solely on this criterion, while the more optimistic
cut of e < 0.7 takes that total up to 99.3 per cent.

3.1.1 Class III HZ-embedded Jovian planets

A Jovian planet whose orbit is embedded within the HZ would
seem to suggest a completely unstable HZ. It is natural to suspect
that, in such cases, the planet would not be able to coexist with a
1M⊕ planet within the HZ. However, our simulations reveal several
systems which demonstrate stability via mean-motion resonances
(MMRs) with a HZ-embedded Jovian planet, including those in the
form of planets trapped at the stable L4 and L5 Lagrange points,
commonly referred to as Trojans. An example of such a class III
system is HD 19994 shown in Fig. 6. Fig. 6(a) shows the Carte-
sian view of the system at the conclusion of the simulation, clearly
highlighting the stable Trojan companions that survive on the same
orbit as the Jovian planet. We also see TPs that survive in the 2:3
and low eccentricity 3:5 MMRs. Fig. 6(b) shows the position of
every particle tested on a semimajor axis versus eccentricity (a−e)
parameter space, where the colour corresponds to the survival time
of the particle on a logarithmic scale. This more clearly demon-
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Figure 2. The six dynamical classes of single Jovian planet systems are: (a) I-a Interior, (b) II-a Exterior, (c) III Embedded, (d) I-b Interior and touching, (e)
II-b Exterior and touching, and (f) IV Traversing. The green annulus represents the HZ of the system, while the blue ellipse represents the orbit of the Jovian
planet. The black cross represents the star.

Table 4. The number of single Jovian systems within each dynamical class.

Class Sub-count Total

I-a Interior 64
88

I-b Interior & touching 24
II-a Exterior 34

60
II-b Exterior & touching 26
III Embedded 11
IV Traversing 23
Total 182

strates the influence of stabilizing MMRs (overlaid in green). The
1:1 and 2:3 MMRs offer particularly strong protection for TPs, but
the influence of both the 3:4 and 3:5 MMRs can also be seen to
result in a number of stable outcomes.
It should be kept in mind that these simulations used massless

TPs, and so the mutual gravitational interactions between a possible
1M⊕ planet and the Jovian planet have not been taken into account.
However, based on the findings of Agnew et al. (2017), it is often the
case that 1M⊕ planets are also able to survive in such simulations.
Furthermore, the L4 and L5 Lagrangian points are stable for cases
where the mass ratio of the Jovian planet to its host star is µ < 1/26
which holds true for all the star–Jovian planet systems considered
in this work (Murray & Dermott 1999).

An inherently challenging issue in the detection of planets that
share an orbit with a Jupiter mass planet is that they represent a
degenerate scenario for the radio velocity signal, and so would be
indiscernible from the signal of a single Jupiter mass planet. This
degeneracy would be broken if one (or both) planets transit or via
differences in the planets long-term librations.

3.1.2 Class IV HZ-traversing Jovian planets

Due to the higher eccentricities, a planetary architecture with amore
unstable HZ is likely that of a HZ-traversing Jovian planet. As was
the case with the example shown in Section 3.1.1, MMRs can again
provide stability in such a scenario. Fig. 7 demonstrates one such
system, HD 43197. We can see in Fig. 7(a) that there exist stable
TPs at the conclusion of the simulation on orbits that straddle the
HZ. Even though some of these particles may move on orbits that
exit the HZ, it may still be possible for such high eccentricity planets
(e < 0.7) to remain habitable depending on the response rate of the
atmosphere-ocean system (Williams & Pollard 2002; Jones et al.
2005). Fig. 7(b) demonstrates that the source of stabilization in this
scenario is the 1:2 MMR with the existing Jovian planet.

While it is interesting to demonstrate that a HZ-traversing Jovian
planet can coexist with bodies in the HZ of the system, it should be
noted that a high eccentricity Jovian planet would most likely be the
result of gravitational interactions with other massive bodies during
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Properties of the single Jovian planet population 3651

Figure 3. All 182 systems simulated plotted on a normalized semimajor axis (a/aHZ, mid) x-axis. The coloured points represent the Jovian planet and error
bars the apsides of its orbit. The green region represents the HZ, and the black points are those TPs of the initial 5000 that are still surviving at the end of the
simulation.

the planetary system’s evolution, and so it seems highly unlikely that
a rocky planet could remain in the HZ after such dynamical interac-
tions (Carrera, Davies & Johansen 2016; Matsumura, Brasser & Ida
2016). In addition, as a result of eccentricity harmonics and aliasing,
a fraction of published eccentric single planets are actually multi-
ple systems (Anglada-Escudé & Dawson 2010; Anglada-Escudé,
López-Morales & Chambers 2010; Wittenmyer et al. 2013a) and
so such systems must be further examined to confirm that they are
high eccentricity single systems. The result nevertheless demon-
strates that seemingly destructive systems are certainly capable of

harbouring other bodies on stable orbits within the HZ through the
influence of stabilizing resonances.

3.2 Population properties

We also search for correlations between the stability of the HZ and
the observable system parameters. Since it is gravitational interac-
tions that will determine the stability of the HZ, one might expect
Mpl, epl, and apl to have an effect. Other observables include Teff and
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Figure 4. The change in TP eccentricities for all 182 systems simulated.
We plot the initial TP eccentricity against the systems ordered along the
y-axis as in Fig. 3. The colour represents the mean change in eccentricity
of all TPs within each bin ($e = 1/n

P
$en). The lower panel shows a

1D histogram of the percentage of all surviving TPs that particular initial
eccentricity values make up.

Figure 5. Similar to Fig. 4, but colour now represents final eccentricities
of the TP in all 182 systems. The lower panel shows the 1D histogram of
the percentage of all surviving TPs that have a particular final eccentricity.
The various cuts for habitability for an e < 0.3 and e < 0.7 are overlaid in
green and orange, respectively, while the percentage of surviving TPs that
fall within these cuts is listed above.
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Figure 6. The HD 19994 system demonstrating the MMRs and L4 and
L5 Lagrange points providing a means to stabilize an otherwise inherently
unstable HZ. The Cartesian plot is a snapshot at the end of the simulation,
with the existing Jovian planet’s orbit shown in blue.

stellar metallicity, for which we would not expect any correlation,
though Teff is correlated withM⋆, which likely affects themass ratio.
We examine all the systems simulated and plot their semimajor

axis, eccentricity, mass ratio, metallicity, and effective temperature
against one another in Fig. A1, with the colour of each point indi-
cating the number of surviving TPs. Other than some very slight
clustering with respect to mass ratio, epl, and apl, no clear trends
are revealed by our analysis. The clustering, however, does empha-
size the expected dependence that mass ratio, semimajor axis, and
eccentricity have on the stability of the HZ. As such, we use the
semi-analytic criterion fromGiuppone et al. (2013) in order to intro-
duce a parameter that incorporates these parameters. The equation
they use for the reach of the chaotic region around a planet is

δ = Cµ2/7apl, (3)

where C was calculated to be a constant equal to 1.57 (Duncan,
Quinn & Tremaine 1989; Giuppone et al. 2013), µ = Mpl/M⋆ is
the mass ratio between the planet and its parent star, and apl is the
semimajor axis of the planet. While the equation was originally
formulated by Wisdom (1980) for circular orbits, Giuppone et al.
(2013) mention that it offers an approximation for eccentric orbits
(as an eccentric orbit will precess and sweep out the entire annulus

Figure 7. The HD 43197 system demonstrating the 1:2 MMR providing a
means to stabilize an otherwise inherently unstable HZ. The Cartesian plot
is a snapshot at the end of the simulation, with the existing Jovian planet’s
orbit shown in blue.

bound by the apsides of the orbit). As such, we can calculate the
chaotic region as

apl(1 − e) − δ ≤ chaotic˜region ≤ apl(1+ e)+ δ, (4)

where e is the planet’s eccentricity, and δ is defined as in equa-
tion (3). Hence, the width of the chaotic region can be calculated
by

achaos =
�
aapastron + δ

�
−

�
aperiastron − δ

�

= (a(1+ e)+ δ) − (a(1 − e) − δ)

and substituting δ from equation (3) yields

achaos =
�
a(1+ e)+ Cµ2/7a

�
−

�
a(1 − e) − Cµ2/7a

�
,

achaos

a
= 2

�
e + Cµ2/7� . (5)

This value, achaos/a, we refer to as the chaos value for the following
plots and discussion.
In Fig. 8, we plot all the systems by normalized semimajor axis

(a/aHZ, mid) against the chaos value. It is immediately apparent that
there is a very obvious ’desert’ where no TPs survive in the systems
considered. As our simulations use massless TPs, this plot cannot
be used to predict the stability of massive bodies, such as a 1M⊕
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Figure 8. The stability of all 182 single Jovian planet systems simulated in
this study. The existing Jovian planet is plotted on a normalized semimajor
axis (a/aHZ, mid) against chaos value (equation 5) parameter space. Fig. 8(a)
shows each individual system, where the colour of each point represents the
percentage of surviving TPs at the end of the simulation. Contours have been
interpolated and underlaid based on the 182 data points. Fig. 8(b) divides
the parameter space into different dynamical regions.

planet. However, this plot can be used to exclude systems from
further observational searches for planets in the HZ, since if TPs
are dynamically unstable, then, in general, one would expect planets
to also be dynamically unstable. However, there will be exceptions
to this rule. While adding an additional massive body (or, indeed,
changing the mass of the giant planet in the system) will not affect
the location ofmean-motion resonances, the secular dynamics of the
systemwill be impacted by such changes (Barnes&Raymond 2004;
Raymond & Barnes 2005; Horner & Jones 2008). In rare cases, this
might lead to an otherwise unstable orbit being stabilized.
Newly discovered systems can be plotted on this map to predict

whether it is worthwhile undertaking follow-up observations, or
exhaustive numerical simulations, to further investigate whether a
1M⊕ planet could be hidden within the HZ on a stable orbit. As the
number of planetary systems discovered continues to grow, having a
quick method by which systems with unstable HZs can be removed
from further studies will be beneficial.

Figure 9. The 20 single Jovian planet systems that have been loosely clas-
sified as potential Solar system analogues. This corresponds to a system that
has a Jovian planet orbiting beyond the HZ, and a completely stable HZ
within which a 1M⊕ planet could be hidden. The error bars represent the
apsides of the Jovian planet’s orbit. The size of the point is proportional to
m1/3.

3.3 Searching for Solar system analogues

From our investigation of the entire single Jovian population, we are
able to provide a candidate list of potential Solar system analogues
for future planet hunters. These are shown with respect to the single
Jovian planet population in Fig. 8(b), and schematically in Fig. 9.
There are several ways in which a Solar system analogue can be
defined. ϵ Eridani (Schütz et al. 2004; Backman et al. 2009; Greaves
et al. 2014; Lestrade & Thilliez 2015; MacGregor et al. 2015; Su
et al. 2017) and HR 8799 (Rhee et al. 2007; Marois et al. 2008;
Su et al. 2009; Marois et al. 2010; Matthews et al. 2014; Contro
et al. 2016) are two such examples, both having multiple asteroid
belts and hosting (or are proposed to host) several giant planets,
just as we find in the Solar system. However, none have thus far
been found to host rocky planets in their HZs. Another example is
the recent discovery of the eighth planet in the Kepler-90 system
(Shallue & Vanderburg 2017), just as we find eight planets in our
own system. However, these planets are all on far smaller, tighter
orbits than planets in our Solar system. For this work, we use the
term Solar system analogue to encompass those systems that have
a rocky Earth-like planet in the HZ, and a Jovian planet beyond
the HZ with orbital periods similar to the Earth and Jupiter, re-
spectively. Given that we use massless TPs in our simulations, we
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cannot constrain the stable semimajor axes of the HZ, as gravita-
tional interactions between any putative exo-Earth and the Jovian
planet are not taken into account. Thus, we seek only those systems
with a Jovian planet beyond the HZ that also have an entirely, or
predominantly, unperturbed HZ. Fig. 9 shows the 20 systems found
in this study that fit this definition, with our Solar system (Earth and
Jupiter only) for comparison.
Following Agnew et al. (2017), we can compute the magnitude

of the Doppler wobble that a 1M⊕ planet would induce on its host
star using the equation

K =
✓

2⇡G
T⊕

◆ 1
3 M⊕ sin I

⇣
M⋆+M⊕

⌘ 2
3

1r
1−e2⊕

, (6)

where G is the gravitational constant, M⋆ is the mass of the host
star, I is the inclination of the planet’s orbit to our line of sight, and
T⊕, e⊕, and M⊕ are the period, mass, and eccentricity of the 1M⊕
planet, respectively.
We next ask: what is the minimum RV resolution required to

detect an exo-Earth in the HZ if it exists? K is larger for smaller
orbital periods, so we calculate K for the outer boundary of the HZ,
which can be considered the ’conservative view’, i.e. the weakest
Doppler wobble a rocky body would induce on its host star. Thus,
we calculate the semi-amplitude of theDoppler shift produced at the
outer edge of theHZ to provide theminimumRV resolution required
to detect the exo-Earth if it exists. These values are presented in
Table 5. We also provide the resolution required for larger 2M⊕
and 4M⊕ planets, but acknowledge that the boundaries of the HZ
will vary slightly for a larger planet, as noted by Kopparapu et al.
(2014).
We also consider the dynamical evolution of the system, and

what impact that may have had on the HZ. We use the definition
of resilient habitability introduced by Carrera et al. (2016), which
defines the ability of a planet to avoid being removed from a system
(by collision or ejection) and remain within the HZ. Carrera et al.
(2016) considered the dynamical interactions an existing Jovian
planet would have with objects in the HZ during its evolution to the
orbital parameters seen today. If a planet has resilient habitability,
the HZ was not completely disturbed during the dynamical evolu-
tion of the system. Carrera et al. (2016) simulate a large suite of
systems, and by scaling the results of these simulations to various
different semimajor axes, create an a−e map that can be used to
infer the probability that a planet has resilient habitability, given the
a and e values of an existing Jovian planet.We plot the Jovian planet
from each of our Solar system analogues on the resilient habitability
plots presented by Carrera et al. (2016), and provide the probability
bin each system falls into in Table 5. This provides another param-
eter by which to prioritise systems for observational follow-up to
hunt for potentially habitable exo-Earths. Of the candidates we put
forward, we are particularly interested in those that have a greater
than 50 per cent probability of having resilient habitability.
We find that four systems have a resilient habitability probability

of greater than 50 per cent: HD 222155, HD 24040, HD 95872, and
HD 13931, which has an almost 75 per cent probability. We suggest
these should be the priority candidates for follow-up observation
with ESPRESSO as they have not only dynamically stable HZs, but
also have a greater than 50 per cent probability that the dynamical
evolution of the Jovian planet did not completely destabilise the HZ.
The candidate list presented in Table 5 represents those systems we
tested numerically to possess dynamically stableHZs. There are also
those systems that we tagged as having a stable HZ (as discussed
in Section 2.2), 5 of which have a Jovian planet exterior to the HZ

that may also be considered Solar system analogues, however, we
present only those systems for which numerical simulations were
carried out. We also do not present those systems labelled as ’Stable
Interior Jupiters’ in Fig. 8(b). These systems are shown to have
very stable HZs. However, as they are interior to the HZ it raises
another question regarding Jovian planet formation and migration
scenarios, and what effect these may have on amount of material
remaining for terrestrial planet formation (Armitage 2003; Mandell
& Sigurdsson 2003; Fogg & Nelson 2005; Mandell, Raymond &
Sigurdsson 2007).
As discussed in Section 2.3, our investigation and subsequent re-

sults are for perfectly co-planar systems. Mutually inclined planets
may exchange angular momentum, resulting in the excitation of the
orbital inclination and/or eccentricity of an otherwise potentially
habitable world, which would clearly affect its HZ stability. As our
Solar system analogues are defined such that the Jovian planet does
not gravitationally perturb the HZ, it may also be the case that the
Jovian planet is at a sufficient distance from the HZ that it would
not strongly disturb the HZ at shallow mutual inclinations either.
Regardless, we recommend further analysis of these systems of in-
terest to more robustly prioritise them for observational follow-up.

4 CONCLUSIONS

We simulated the dynamical stability of the entire known single
Jovian population for which stellar and planetary properties are
available, that satisfy the criterion 2600K ≤Teff ≤ 7200K, and for
which the Jovians are located within 0.1THZ ≤ TJovian ≤ 10 THZ.
We then investigated both the dynamical properties of individual
systems as well as of the entire population with the aim of providing
a guide for where to focus resources in the search for Earth-like
planets and Solar system analogues.
We divide the 182 single Jovian systems into dynamical classes

based on the apsides of the Jovian planet relative to the boundaries of
the HZ: systems for which the Jovian is interior to the HZ, exterior
to the HZ, embedded in the HZ, and traverses the HZ. Perhaps
somewhat surprisingly, we find that there are regions of stability
in the HZ even when the Jovian is embedded in or traverses the
HZ. For such dynamical classes, we find that stabilizing MMRs are
capable of providing regions of stability, including the L4 and L5
Lagrange points in the case of HZ-embedded Jovians. While these
stable regions have been demonstrated with massless test particles
in this study, Agnew et al. (2017) has shown that this is usually a
strong indication that the region is also stable for a 1M⊕. In the case
of the L4 and L5 Lagrangian points, the regions are stable as long
as the mass ratio of the Jovian planet isµ< 1/26. It should be noted
that these results are based on the systems as we see them today
and it has been shown that, particularly with the high eccentricity,
HZ-traversing Jovian planets, the dynamical evolution may have
already destroyed or ejected any bodies from the HZ (Carrera et al.
2016; Matsumura et al. 2016).
Examining the entire population, as expected we find that the

main indicators of HZ stability are semimajor axis, mass ratio, and
eccentricity of the Jovian planet. Other observable quantities such
as Teff and stellar metallicity show no overarching trends within
the single Jovian planet population. However, by using the semi-
analytic criterion of Giuppone et al. (2013), we find a ’desert’ in
the chaos-normalized semimajor axis parameter space which we
can use to exclude single Jovian planet systems that are unable to
coexist with other bodies in their HZ. This map of the chaos value is
useful for rapidly excluding newly discovered systems from further
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Table 5. The minimum required radial velocity sensitivities required to detect a 1M⊕, 2M⊕, or 4M⊕ planet in the HZ. We also include the probability that
each system has resilient habitability described by Carrera et al. (2016).

Kmin (m s−1)
Probability of resilient
habitability (per cent)

System 1M⊕ 2M⊕ 4M⊕

HD 222155 0.0504 0.1008 0.2016 50−75
HD 72659 0.0565 0.1129 0.2259 25−50
HD 25171 0.0581 0.1162 0.2323 25−50
HD 13931 0.0613 0.1226 0.2452 50−75
psi Dra B 0.0600 0.1200 0.2400 0−25
HD 220689 0.0643 0.1286 0.2573 25−50
HD 216435 0.0589 0.1179 0.2357 0−25
HD 86226 0.0654 0.1308 0.2616 25−50
HD 24040 0.0630 0.1260 0.2520 50−75
HD 6718 0.0701 0.1402 0.2805 25−50
HD 27631 0.0717 0.1433 0.2866 25−50
HD 114613 0.0596 0.1193 0.2385 25−50
HD 32963 0.0717 0.1435 0.2870 25−50
HD 70642 0.0681 0.1361 0.2723 25−50
HD 30177 0.0705 0.1410 0.2820 25−50
HD 290327 0.0751 0.1501 0.3002 25−50
HD 164922 0.0752 0.1503 0.3006 0−25
HD 95872 0.0755 0.1511 0.3022 50−75
HD 30669 0.0795 0.1590 0.3179 0−25
HD 10442 0.0615 0.1229 0.2458 0−25

observational or numerical follow-up in the search for habitable
exoplanets and Solar system analogues.
Systems with a completely stable HZ suggest that the Jovian

planet’s gravitational influence is not strong enough to interact with
bodies within the HZ. In this work, we can simply define Solar
system analogues as systems with an exterior Jovian planet and
an entirely, or predominantly, unperturbed HZ. We find that there
are 20 systems which we can therefore define as Solar system
analogues, with a Jovian planet exterior of the HZ, and for which
the HZ is left completely, or nearly completely, unperturbed by its
gravitational influence. These systems are ideal candidates to search
for an Earth-like planet in the HZ of the system, and are shown in
Fig. 9 and Table 5. We also present the probability that each of these
systems has resilient habitability as outlined byCarrera et al. (2016).
Specifically, we find that HD 222155, HD 24040, HD 95872, and
HD 13931 all have a greater than 50 per cent probability (and in fact
HD 13931 has an almost 75 per cent probability) that a terrestrial
planet could survive in the HZ during the dynamical evolution of the
existing Jovian. As a result, we suggest that these systems should
be a priority for observational follow-up with ESPRESSO.
While we were unable to find overarching properties amongst

the single Jovian planet population that can be used to indicate
HZ stability, we were able to generate a map over a parameter
space which shows a clear clustering of systems with unstable HZs.
This can be used to exclude newly discovered systems from an
exhaustive suite of simulations or observational follow-up in the
search for habitable exoplanets. Furthermore, we have been able to
provide a candidate list of potential Solar system analogues for use
by planet hunters, which should assist in focusing resources in the
search for habitable Earth-like planets amongst the ever-growing
exoplanet population.
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Anglada-Escudé G., López-Morales M., Chambers J. E., 2010, ApJ, 709,

168
Armitage P. J., 2003, ApJ, 582, L47
Backman D. et al., 2009, ApJ, 690, 1522
Barnes R., Raymond S. N., 2004, ApJ, 617, 569
Boisse I. et al., 2012, A&A, 545, A55
Bond J. C., Lauretta D. S., O’Brien D. P., 2010, Icarus, 205, 321
Borucki W. J. et al., 2010, Science, 327, 977
Brasser R., Matsumura S., Ida S., Mojzsis S. J., Werner S. C., 2016, ApJ,

821, 75
Carrera D., Davies M. B., Johansen A., 2016, MNRAS, 463, 3226
Carter-Bond J. C., O’Brien D. P., Raymond S. N., 2012, ApJ, 760, 44
Carter-Bond J. C., O’Brien D. P., Raymond S. N., 2014, in Benvenuti P.,

Lago M. T.V.T., Kaifu N., eds, AIP Conf. Proc. Vol. 293, Migration &
Extra-solar Terrestrial Planets: Watering the Planets, Cambridge Univ.
Press, Cambridge, p. 229

Charbonneau D., Brown T. M., Latham D. W., Mayor M., 2000, ApJ, 529,
L45

MNRAS 477, 3646–3658 (2018)

D
ow
nloaded from

 https://academ
ic.oup.com

/m
nras/article-abstract/477/3/3646/4964754 by Sw

inburne Library user on 17 June 2019



Properties of the single Jovian planet population 3657

Contro B., Horner J., Wittenmyer R. A., Marshall J. P., Hinse T. C., 2016,
MNRAS, 463, 191

Cumming A., Butler R. P., Marcy G. W., Vogt S. S., Wright J. T., Fischer D.
A., 2008, PASP, 120, 531

Deienno R., Gomes R. S., Walsh K. J., Morbidelli A., Nesvorný D., 2016,
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APPENDIX A: SINGLE JOVIAN PLANET SYSTEM TRENDS

FigureA1. Plots of all simulated single Jovian planet systems comparing the semimajor axes, eccentricities,mass ratios,metallicities, and effective temperatures
against one another. The colours indicate the number of survivors. As can be seen, other than some minor clustering with respect to semimajor axis, eccentricity,
and mass ratio, there is very little trending.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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The universe is a pretty big place. If it’s just us, seems

like an awful waste of space.

— Carl Sagan

4
Prospecting for exo-Earths in multiple planet

systems with a gas giant

In the research presented in the two previous chapters, only single Jovian systems were

considered. In this chapter we broaden our dynamical search to also include multiple

planet systems with at least one gas giant.

In the single planet case, the star–planet configuration forms a two-body system. With

no external perturbations, such a system would be perfectly dynamically stable. In con-

trast, here we are considering the � 2 planet case, i.e. the system is now an n-body (n � 3)

problem. As such, before we commence a dynamical search of the habitable zone following

the framework established in Chapter 2, we must first assess the stability of each system

with the currently accepted orbital parameters. This stability assessment is to quickly

identify systems that are unstable with their best fit values, rather than to thoroughly

analyse stability over the accepted error range of orbital parameters as one would carry

out in more thorough studies of individual systems (e.g. Marshall et al., 2019). Another

implication in moving to a n � 2 planet systems is that the resonant mechanics responsible
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84 Chapter 4. Prospecting for exo-Earths in multiple planet systems with a gas giant

for stabilising or destabilising the orbits of planets is more complicated than was the case

for the simpler two-body configurations (e.g. two-body mean motion resonances versus

multiple planet resonant chains) and requires more detailed stability analysis.

The rest of this chapter presents the published paper, “Prospecting for exo-Earths in

multiple planet systems with a gas giant”, by Matthew T. Agnew, Sarah T. Maddison

& Jonathan Horner (2018), presented in the Monthly Notices of the Royal Astronomical

Society, 481, 4680.
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ABSTRACT
In this work, we hunt for the best places to find exo-Earths in the currently known exoplanet
population. While it is still unclear whether Jupiter had a beneficial or detrimental effect on
the creation of the right environment for a habitable Earth to develop, we focus on the 51
multiple planet systems that have at least one Jupiter-like planet and aim to identify which
would be good candidates to host an exo-Earth. We conduct a series of numerical simulations
to identify dynamically stable regions of the habitable zone of the multiple exoplanet systems
capable of hosting an Earth-mass planet. We produce a candidate list of 16 systems that could
host such a stable exo-Earth in their habitable zone, and for which the induced radial velocity
signal of a hypothetical one, two or four Earth-mass planet on the host star would be detectable
with the Echelle SPectrograph for Rocky Exoplanet and Stable Spectroscopic Observations
spectrograph. We find that whilst the gravitational interactions with the massive planet nearest
the habitable zone are critical in determining stability, the secular resonant interactions between
multiple planets can also have a dramatic influence on the overall stability of the habitable
zone.

Key words: astrobiology –method: numerical – planets and satellites: dynamical evolution
and stability – planets and satellites: general.

1 INTRODUCTION

The high-precision spectroscopy instruments that will be available
on the next generation of ground-based and space-based telescopes
will usher in a new era in the search for life on potentially Earth-like
worlds. The sensitivity of such instruments will enable us to detect
small, rocky planets in the habitable zone (HZ) of exoplanetary sys-
tems (Pasquini et al. 2010; Pepe et al. 2014; González Hernández
et al. 2017). However, with over 37001 confirmed exoplanets to
date, and that number expected to more than double with NASA’s
Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2014;
Sullivan et al. 2015; Barclay, Pepper & Quintana 2018), it is im-
portant to provide direction to help planet hunters to identify the
most promising candidates in their search for potentially habitable
exoplanets.
One of the key goals of the next generation of exoplanet surveys

will be the discovery of a planet that could be considered to be a
twin to the Earth, in order to facilitate the search for evidence of
life elsewhere. We currently know only one location where life has
established and has thrived, so to maximize our chances of suc-
cess in the search for life beyond the Solar system, it makes sense

⋆ E-mail: magnew@swin.edu.au
1As of 2018 June 26 (NASA Exoplanet Archive, exoplanetarchive.
ipac.caltech.edu).

to first look at those systems that most closely resemble our own.
A large body of research has considered the impact that Jupiter
may have had in establishing the right conditions for life on Earth
– from its role in facilitating Earth’s composition and hydration
(e.g. Bond, Lauretta & O’Brien 2010; Carter-Bond, O’Brien &
Raymond 2012; Martin & Livio 2013; Carter-Bond, O’Brien &
Raymond 2014; O’Brien et al. 2014; Quintana & Lissauer 2014),
to suggestions that it might have served to shield our planet from
an impact regime that would otherwise have proven inimical to life
(Wetherill 1994;Ward&Brownlee 2000). In recent years, a number
of studies have suggested that Jupiter’s role as an impact shield may
have, at the very least, been significantly overstated (e.g. Horner &
Jones 2008, 2009; Horner, Jones&Chambers 2010; Horner& Jones
2012; Horner, Gilmore & Waltham 2015; Grazier 2016), the exis-
tence of Jupiter in our own Solar system nevertheless provides a
point from which to begin; an Earth-like planet coexisting with a
Jupiter-like planet. Regardless of whether Jupiter fostered or hin-
dered the development of life on Earth, it is clear that the dynamics
of a massive body will have an impact on the dynamics of nearby
planets.

A wide range of tools exist that facilitate the computational study
of the dynamical interaction of planetary systems. Such tools have
been used to perform a variety of studies that investigate the sta-
bility of planetary systems. Some authors have used those tools to
examine the effects of outer, giant planets on inner, rocky planets
(e.g. Carrera, Davies & Johansen 2016; Kaib & Chambers 2016;

C⃝ 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Mustill, Davies & Johansen 2017), whilst others have used those
tools to investigate the dynamical feasibility of proposedmultiplanet
systems (e.g. Horner et al. 2011; Wittenmyer, Horner & Tinney
2012; Wittenmyer et al. 2014).
Other studies have used such simulations to predict the stabil-

ity of hypothetical additional bodies in existing systems (Barnes &
Raymond 2004; Raymond & Barnes 2005; Wittenmyer et al. 2013)
and, with improved computing power, simulation suites continue to
be used to assess the dynamical stability of exoplanetary systems
and predict the feasibility of additional, as yet unseen companions
(Kane 2015; Thilliez &Maddison 2016; Agnew et al. 2017; Agnew,
Maddison & Horner 2018). While there are several bodies of work
that have advanced analytical, semi-analytical, and qualitative clas-
sifications (Giuppone,Morais &Correia 2013; Laskar& Petit 2017;
Agnew et al. 2018) in order to rapidly and robustly assess system
stability, the potential chaos of multibody systems means that nu-
merical simulations of planetary systems remain an important tool
in studying dynamical stability.
In our previous work, we developed a framework to predict which

single Jovian planet systems are capable of hosting a dynamically
stable and potentially habitable rocky planet (Agnew et al. 2017,
2018). It was found that the proximity of a massive Jupiter-like
planet to the HZ is critical in determining the overall stability of
the HZ. This can take the form of completely dynamically stable
HZs when the Jovian planet is well separated from the HZ (e.g.
hot Jupiters or Jupiters far beyond the outer boundary of the HZ);
or in the form of stable islands of mean-motion resonance (MMR)
with the Jovian planet close to the HZ (e.g. with an orbit embedded
within, or traversing, the HZ). In this work, we study the effects of
the gravitational interactions of multiple planets on potential exo-
Earths in the HZ ofmultiplanet systems, in order to understand what
sort of planetary architectures can maintain stable HZs.
In Section 2, we describe themethod used to determine our source

list of multiple Jovian planet systems to model and the numerical
technique used to predict which systems are capable of hosting
dynamically stable exo-Earths in their HZs. We present and discuss
our results in Section 3, highlighting the dynamical stability analysis
and the candidate list of observable exo-Earths, and summarize our
findings in Section 4.

2 METHOD

In this work, we numerically search the catalogue of known mul-
tiple planet systems to determine which, if any, would be capable
of hosting dynamically stable and potentially habitable exo-Earths.
Before introducing additional bodies into the HZ of each system,
we first need to confirm the dynamical stability of the known plan-
ets using existing best-fitting planetary and stellar parameters. If
we find a multiplanet system to be dynamically unstable, then it
is a candidate for further observations or numerical analysis (e.g.
Robertson et al. 2012; Wittenmyer et al. 2012). Such studies are
beyond the scope of this work, but we will report on those systems
which we find to be dynamically unstable. If a system is found to
be stable, we can then begin to assess the stability of its HZ, first
with massless test particles, and then with massive bodies for those
systems which experience gravitational stirring in their HZ due to
the orbits of the known planets.

2.1 System selection

We classify an exoplanet as either a terrestrial, a super-Earth, a
Neptunian or a Jovian using a radius classification scheme (or mass

Table 1. The radius and mass limits we use to classify exoplanets. Mass is
used only in the case of missing radius data.

rmin rmax mmin mmax
(r⊕) (r⊕) (M⊕) (M⊕)

Terrestrials 0 <1.5 0 <1.5
Super-Earths 1.5 <2.5 1.5 <10
Neptunians 2.5 <6 10 <50
Jovians 6 >6 50 >50

Table 2. The constants provided by Kopparapu et al. (2014) which we use
to calculate the edges of the HZ for our simulations.

Runaway Greenhouse Maximum Greenhouse

a 1.332 × 10−4 6.171 × 10−5

b 1.58 × 10−8 1.698 × 10−9

c −8.308 × 10−12 −3.198 × 10−12

d −1.931 × 10−15 −5.575 × 10−16

Seff⊙ 1.107 0.356

classification scheme in lieu of available radius data). The radius
and mass cuts we use are shown in Table 1. By applying this clas-
sification scheme to the systems in the NASA Exoplanet Archive,2

we find that there are 135 multiple planet systems with at least one
Jovian planet.3 We immediately eliminate 77 systems for which
the necessary stellar or planetary properties required to carry out
numerical simulations are unavailable or unknown. As there are so
few exoplanet systems for which the mutual inclinations of planets
have been measured, we accept all systems with missing inclination
and longitude of ascending node values, and make the simplifying
assumption that all systems considered are co-planar. Whilst this
is an idealized scenario, there is research to support shallow, near
co-planar mutual inclinations for multiple planet systems (Lissauer
et al. 2011a,b; Fang & Margot 2012; Figueira et al. 2012; Fab-
rycky et al. 2014). We consider the implications of non-zero mutual
inclinations on the HZ stability of a system in lesser detail in Sec-
tion 3.2.1. There are 58 systems remaining for which we have all
the necessary stellar and planetary properties, noting that none of
these have inclination data available.
We calculate the HZ boundaries for each star following the ap-

proach of Kopparapu et al. (2014). They provide a method for
calculating the HZ boundaries of F, G, K and M spectral type main-
sequence stars that is only valid for stars with 2600 K ≤ Teff ≤
7200 K. The distance from the star for the edges of the HZ is

dHZ =

s
L/L⊙

Seff
au, (1)

where L is the luminosity of the star, and Seff is calculated as

Seff = Seff⊙ + aT⋆ + bT 2
⋆ + cT 3

⋆ + dT 4
⋆ , (2)

where T⋆ = Teff − 5780 K, and a, b, c, d, and Seff⊙ are constants
depending on the planetary mass considered within the HZ, Mpl,
and the HZ boundary regime being used. We use the conservative
HZ boundaries (Runaway Greenhouse and Maximum Greenhouse
from Kopparapu et al. 2014), and a 1 M⊕ planet. This gives us the
constants as shown in Table 2. Whilst we will ultimately consider
2 and 4 M⊕ planets in our results when we calculate the induced

2exoplanetarchive.ipac.caltech.edu
3As of 2018 April 27.
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Table 3. The orbital parameters of the TPs and 1 M⊕ body for the sim-
ulations. The TPs were randomly distributed between the minimum and
maximum values given. Each 1 M⊕ simulation used a unique set of orbital
parameters, where the parameters are incremented over the given range for
the number of values shown.

TPs 1 M⊕
Min Max Min Max No. of steps

a (au) HZmin HZmax HZmin HZmax 51
e 0.0 0.3 0.0 0.3 16
i (◦) 0.0 0.0 0.0 0.0 1
" (◦) 0.0 0.0 0.0 0.0 1
ω (◦) 0.0 360.0 0.0 288.0 5
M (◦) 0.0 360.0 0.0 288.0 7

Doppler wobble on the star, the resulting small variations in the HZ
boundaries are trivial (in the order of a few per cent for a star like
the Sun).
Given that the HZ calculation of Kopparapu et al. (2014) is only

valid for temperatures in the range 2600 K ≤ Teff ≤ 7200 K, we
eliminate a further seven systems where the host star is either too
hot or too cold for such analysis to be valid. This yields the final
sample of 51multiple planet systemswith at least one Jovian planet.

2.2 Dynamical simulations

We conduct a series of numerical simulations to help determine
which of the 51 systems could potentially host a habitable exo-
Earth.We use theN-body package SWIFT (Levison&Duncan 1994),
using the regularized mean variable symplectic (RMVS) integrator
(Levison & Duncan 2000), with a combination of massive planets
and massless test particles (TPs). Our three sets of simulations
consist of the following: (1) a planetary stability test, using the
existing known planets of each system; (2) an HZ stability test,
using massless TPs in the HZ of each system, along with the known
planets; and (3) a gravitationally stirredHZ test, wherebywe explore
the dynamical stability of a 1 M⊕ planet in system for which the
existing planets gravitationally perturb the HZ.
For the planetary dynamics test, we use the best-fitting stellar and

planetary parameters for each system from the NASA Exoplanet
Archive. This includes the stellar mass and effective temperature
of the host star, and the semimajor axis, eccentricity, longitude of
periastron and time of periastron passage (from which the mean
anomaly is computed) for all the known planets in each system (the
initial conditions for all planets in a given system can be found in
Table B1). These simulations are run for 108 yr, using an integration
time-step of 1/50 of the orbital period of the innermost planet. The
simulations terminate if two of the planets experience amutual close
encounter, considered to be approaching to within one Hill radius
of the other, or if a planet is ejected from the system, defined in this
work as reaching an astrocentric distance of 250 au.
The second set of simulations investigates the stability of the HZ

for those systems found to pass the planetary stability test. 1000
massless TPs are randomly distributed throughout the HZ with
orbital parameters within the ranges shown in Table 3. Simulations
are run for 107 yr, using an integration time-step of 1/50 of the
orbital period of the innermost object (TP or planet). Simulations
are terminated if all the TPs are removed by ejection from the system
(defined as r > 250 au).
In systems which experience substantial gravitational stirring of

the HZ by another planet, a surviving swarm of stable TPs does
not necessarily indicate that a 1 M⊕ body would also be stable.

Table 4. Multiple exoplanet systems found to be dynamically unstable with
the currently accepted best-fitting data. Some systems have been subject to
numerical re-analysis, while others are candidates for a similar numerical
analysis must still be carried out.

System Destabilization Re-analysis
Time (yr) Reference

HD 5319 6.2 × 10 Kane (2016)
24 Sex 3.6 × 104 Wittenmyer et al. (2012)
HD 200964 1.4 × 102 Wittenmyer et al. (2012)
HD 33844 7.0 Wittenmyer et al. (2016)
BD+20 2457 4.9 × 10 Horner et al. (2014)
HD 67087 3.1 × 10 Marshall et al. (in

preparation)
HD 181433 2.2 × 10 Horner et al. (in

preparation)
HD 133131 A 1.0 × 105 To be investigated
HD 160691 5.4 × 107 To be investigated

It is possible for the orbit of a putative exo-Earth to be stabilized,
or destabilized, by the mutual gravitational interactions with the
known exoplanets. This motivates the third set of simulations which
investigates the stability of a 1M⊕ planet in theHZof gravitationally
stirred systems. We focus on those systems from the second set of
simulations for which some massless TPs survived on stable orbits
throughout the entire simulation, but we ignore those systems that
had large unperturbed regions within their HZ.We assume that such
systems are inefficiently stirred and that the 1 M⊕ body will remain
stable, and hence massive body simulations would be a waste of
computational resources.

We follow the dynamical evolution of a 1 M⊕ body with orbital
parameters given inTable 3. In each simulation, the initial conditions
of the known massive planets were set to their observed best-fitting
values, whilst the orbital parameters of the 1M⊕ bodywere changed
systematically from run to run. A total of 28 560 (51 × 16 ×
5 × 7) simulations were performed for each system studied. These
simulations were run for 107 yr with an integration time-step of 1/50
of the orbital period of the innermost planet, and the simulations
were terminated if one of the planets experienced a close encounter
(within one Hill radius) with another or any of the planets were
ejected from the system.

3 RESULTS AND DISCUSSION

Here, we present the results of our three sets of simulations, present
an in-depth look at the complex stabilizing behaviour found in some
of the multiple planet systems, and examine the implications of
mutual inclinations between the orbits of the TPs and the planets.
Finally, we present a candidate list estimating the radial velocity
signal that an exo-Earth would induce on its host star for those
systems where we determined that a stable exo-Earth could exist
within the HZ. This candidate list is intended to help direct future
searches for Earth-like planets in these systems.

3.1 Planetary stability

For the 51 planetary systems that satisfied the selection process out-
lined in Section 2.1, we conduct a dynamical stability analysis as
described in Section 2.2. Table 4 shows the nine systemswe found to
be unstable using their observed best-fitting orbital parameters. Five
of these systems have had further numerical analyses performed to
identify more appropriate parameters. A further two are currently

MNRAS 481, 4680–4697 (2018)
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being investigated (HD 67087 and HD 181433), and two require
similar dynamical investigation. Whilst numerical simulations are
used to suggest more dynamically feasible orbital parameters, ulti-
mately further observations of these systems are required to better
constrain each planet’s orbit.
It should be emphasized that the planetary masses provided are

minimummasses (i.e.mpl =m sin I, where I is the inclination of the
planet’s orbit with respect to our line of sight). As such, the actual
masses of each planet will also vary somewhat depending on the
inclination of the orbit of each planet relative to us, and that may
impact on the overall stability of each system.

3.1.1 Angular momentum deficit comparison

While numerical simulations provide a thorough and robust assess-
ment of the dynamical stability of a planetary system, they can
be computationally expensive and time consuming, especially as
the number of planets increases or for systems where planets are
spread over a large range of orbital periods. Numerical and theo-
retical predictions complement one another and can be applied to
different types of system architectures. In the case of tightly or-
biting hot Jupiter systems, the small integration time-step needed
to accurately resolve the short orbital period is a very inefficient
use of computational resources. In such a scenario, theoretical pre-
dictions potentially offer a more appropriate method to assess the
stability of the system. Alternatively, multiple planet systems with
complex stabilizing resonant mechanisms require the robustness of
numerical methods to ensure the stability is identified.
To address this issue, Laskar & Petit (2017) present the angular

momentum deficit (AMD) stability criterion. AMD is a conserved
quantity that indicates the variability of averaged planetary systems,
where zero corresponds with co-planar, circular motion, and higher
values indicate chaotic behaviour. The AMD stability criterion can
be used to predict the potential stability (or otherwise) of a given
planetary system given the masses, m, semimajor axes, a, and ec-
centricities e, of the bodies in the system. For each pair of adjacent
planets, we can calculate the AMD stability coefficient β given by
equation 58 of Laskar & Petit (2017). For any pair of planets, the
AMD coefficient β < 1, this means collisions are not possible and
hence the pair is considered AMD stable. A multiple planet system
is considered AMD stable if all adjacent pairs of planets are AMD
stable.
Using this approach, we can compute the AMD stability coeffi-

cient for each of our systems to predict their stability or instability,
and compare that with the results of our numerical simulations. In
Fig. 1, we show those systems that we found to be numerically sta-
ble for 108 yr in the upper plot, and numerically unstable systems
are shown in the lower plot. Following Laskar & Petit (2017), a blue
planet indicates AMD stability, whilst a red planet indicates AMD
instability. It can quickly be seen that all those systems which we
found to be numerically stable are also AMD stable. Conversely,
all of our numerically unstable systems are also found to be AMD
unstable, with the exception of HD 160691.

3.1.2 HD 160691

HD 160691 contains four planets that have large separations and
relatively circular orbits (Pepe et al. 2007). Intuitively, and quan-
titatively considering its AMD stability, it appears stable. Our nu-
merical analysis shows the system to be stable for more than 50
Myr. However, it becomes unstable shortly after that point (see

Figure 1. An AMD stability plot adapted from Laskar & Petit (2017)
showing all the multiple planet systems we consider in our analysis. Planets
in each system are represented by circles, with size proportional to the planet
mass to the third power, m1/3, and colour representing the AMD stability
coefficient, β, of each planet with its inner neighbour (and the innermost
planet with the star). When β > 1 (shown here in red) the planet, and
consequently the system, is AMD unstable.

Fig. 2). This is due excitation between several of the planets that
ultimately leads to HD 160691 b and HD 160691 d experiencing
a close encounter. Fig. 2(a) shows the final year leading up to the
close encounter, while Figs 2(b) and (c) show the evolution of the
planetary semimajor axes and eccentricities.
While we have one discrepancy between numerical stability and

AMD stability, overall the analytical model accurately predicts
those systems that are unstable. AMD stability is a demonstrably
powerful tool for determining system stability of multiple planet

MNRAS 481, 4680–4697 (2018)

D
ow
nloaded from

 https://academ
ic.oup.com

/m
nras/article-abstract/481/4/4680/5097893 by Sw

inburne Library user on 17 June 2019



4684 M. T. Agnew, S. T. Maddison and J. Horner

Figure 2. The Cartesian plot, and the evolution of the semimajor axes and
eccentricities of the four planets in the HD 160691 system. The Cartesian
plot shows the orbits for the last year leading up to the close encounter. The
fainter, coloured regions in the semimajor axis plot shows the apsides of the
planets’ orbits.

systems, and is a time efficient approach compared with our numer-
ical analysis.

3.2 HZ stability

For those 42 systems that passed the planetary stability test in the
first set of simulations, we conduct simulations of massless TPs
spread throughout the HZ as defined by Kopparapu et al. (2014).
The aim of this second set of simulations is to test the stability
of the HZ and determine which systems require further numerical
investigation. Systems that are found to have completely unstable
HZs, as well as those with completely, or nearly completely, stable
HZs, require no further analysis. For the latter group, an extensive
suite of massive body simulations would yield little value at high
computational cost.

Fig. 3 shows the HZ of each system, all the planetary bodies, and
any surviving TPs after 107 yr of the simulation (called survivors).
Note that planets located significantly interior or exterior to the
HZ are not shown. We plot the various bodies and HZ boundaries
against a normalized semimajor axis, where unity corresponds with
the semimajor axis at the mid-point of the HZ, such that anorm =
abody/aHZ, mid. The normalized semimajor axis allows us to align the
HZs of all systems for easy comparison across systems. The planets
are plotted with colours corresponding to the classification scheme
of Table 1, and the error bars representing the apsides of the planet’s
orbit.

The systems are sorted vertically in order of the fraction of TPs
that survive the full duration of the integration. The horizontal blue
lines show survival threshold per centages of 0 per cent, 25 per cent,
50 per cent, and 75 per cent. The systems below the 0 per cent line
are those with no survivors, and we do not investigate this group
of systems further. Conversely, those above the 25 per cent line
show large regions of relatively unperturbed TPs. This suggests
gravitational stirring by existing planets is not sufficiently large to
disturb the bulk of the HZ. We argue that a suite of simulations with
a massive body for all such systems (>25 per cent survivors) would
be a waste of computational resources, as the majority of the bodies
would be stable and therefore such simulations would provide little
scientific value.

Of all 42 systems simulated, there are 15 systems which have
mostly stable HZs, 13 have unstable HZs, and 14 have gravitation-
ally stirred HZs. These latter 14 systems are those with between
0 per cent and 25 per cent survivors, whose HZs contain narrow re-
gions and points of stability. Similar behaviour was observed for
a number of single Jovian planet systems investigated by Agnew
et al. (2017). These smaller regions may be the result of unperturbed
islands of stability, whilst points often correspond to the location of
stabilizing MMRs with one of the existing planets. As MMRs are
the result of mutual gravitational interactions, it is critical to run
massive body simulations to understand whether this is indeed the
mechanism by which stability is achieved in these systems.

3.2.1 Effect of inclination

Whilst we have assumed that all systems are co-planar, a number
of studies have shown that multiple body systems are typically not
perfectly planar, and generally feature shallow TP mutual inclina-
tions (Lissauer et al. 2011a,b; Fang & Margot 2012; Figueira et al.
2012; Fabrycky et al. 2014). We therefore investigate the impact of
shallow inclinations in the 14 systems of interest (i.e. those with
between 0 per cent and 25 per cent survivors shown in Fig. 3).
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Prospecting for exo-Earths 4685

Figure 3. All 42 currently known multiple planet systems with at least one Jovian planet orbiting stars with 2600 K ≤ Teff ≤ 7200 K. The x-axis is normalized
semimajor axis, defined as anorm = abody/aHZ, mid. The planets are coloured according to planetary classifications given in Table 1, while the error bars represent
the apsides of their orbits. The green region represents the HZ of each system. The systems are sorted by the fraction of TPs that survived the 107 yr duration
of our simulations, from most stable (top) to least stable (bottom). The locations of surviving TPs are marked by black dots.

We repeat the massless TP simulations as outlined in Section 2.2
for these 14 systems, placing 2000 TP in the HZ with random
inclinations, i, between 0◦ and 5◦, and longitudes of ascending
node, ", between 0◦ and 360◦. For two of the systems (HD 10180
and HD 215497), we attempted a suite of such simulations.
An example of our inclination investigation is shown in Fig. 4

for HD 147018. The (a, i) stability map shows the lifetime of each
of the 2000 massless TP coloured logarithmically, and indicates
that orbital inclination has very little to no effect on the stability
of TPs with shallow inclinations. The upper histogram bins the
stability of the TPs by semimajor axis and shows the stable and
unstable regions for both the original 1000 TP co-planar case, and
the slightly inclined 2000 TP case are the same (outside of stochastic
variations, i.e. single stable TPs). It should be noted that the points
in Fig. 3 correspond with those TPs that are stable for the entire
simulation, whereas the histogram shows the mean lifetime of all
TPs that fall within the a and i bins.
The histogram on the right of Fig. 4 bins the stability of TPs

by inclination. We see very little variation, and no trend between

TP stability and inclination. We overlay the mean survival time
of the co-planar TPs (in orange), again showing little variance.
This result suggests that our assumption of co-planarity has little
impact on our results. The results for the other systems are shown in
Fig. A1.
In the case of HD 10180, the massive bodies do not as efficiently

clear the TPs from the system due to their inclination. As a result,
the system takes significantly longer to simulate, as not many of the
TPs have been ejected to an astrocentric distance of 250 au, where
they would be removed from the simulation. The result of this is that
the simulation takes an inordinate length of time to complete. For
this system we instead compare the co-planar and shallow inclined
cases for the first million years to see if the systems begin to diverge.
It was found that the survival time of the TPs in the shallow inclined
cases are longer than the co-planar case in just the first million years
(see Fig. A1m).
Looking at the results of all systems in Fig. A1, we can see that the

shallow inclinations either extend the TP lifetimes or have no effect.
In either case, the TPs are generally removed within the 107 yr of
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4686 M. T. Agnew, S. T. Maddison and J. Horner

Figure 4. The (a, i) stability map for the HD 147018 system. The colour scale for the TP lifetimes is logarithmic. The top histogram shows the binned mean
lifetimes for the original 1000 co-planar TPs (orange), and the 0◦ < i ≤ 2.◦5 TPs (purple), and 2.◦5 < i ≤ 5◦ TPs (blue) shallow inclination TPs. The bins are
only 1/3 the width of their actual size for readability. The histogram on the right shows the binned mean lifetimes for the 0◦ < i ≤ 5◦ TPs, with the mean
lifetime of all co-planar TPs overlaid in orange.

the simulation, and hence the assumption of co-planarity remains a
reasonable starting point for our next series of simulations with an
Earth-mass body in gravitationally stirred HZs.
It should be emphasized that this investigation considers only

the inclinations of the TPs, and not the massive bodies (i.e. itp
< 5◦ but ipl = 0◦). Without further constraints on the planetary
orbital inclinations, the parameter space for each system grows
significantly such that a systematic analysis of all systems extends
beyond the scope of this work.

3.3 Gravitationally stirred HZs

Systems in our HZ stability simulations which featured heavily
perturbed HZs, but managed to retain some stable TPs, are of par-
ticular interest as theymay represent systemswhereHZ stability can
only be achieved as a result of the stabilizing influence of MMRs.
We performed a final set of simulations with a 1 M⊕ body in the
HZ of those 14 systems. We use (a, e) stability maps and lifetime
histograms to examine the nature of the stable islands in HZ. An
example of such plots is shown in Figs 5 and 6 for the system HD
215497.
Our massive body simulations consist of a suite of 28 560 simula-

tions for each system with a 1 M⊕ body placed on a unique orbit in
each simulation. This includes 35 simulations (5ω × 7M) at each
(a, e) position, which are binned and coloured by the mean lifetime
in the (a, e) stability maps. This is an established technique for
studying system stability (e.g. Horner & Lykawka 2010; Marshall,
Horner & Carter 2010; Horner et al. 2012). On the stability maps,
we overlay the lines of several dominant MMRs that correspond
with the orbits of the known planets in each system, with the in-

Figure 5. The (a, e) stability map for the HD 215497 system. The colour
scale for the lifetimes is logarithmic, and each bin represents the mean
lifetime of the 35 massive bodies that began the simulation at that particular
(a, e) value, with different ω and M values. The semimajor axes that align
with the MMRs of each planet are overlaid, starting with the innermost
planet at the bottom and progressively moving upwards for each planet
further out.

nermost planet at the bottom, and each line above corresponding
to the next planet out. Similarly, the lifetime histograms show all
simulation outcomes for each system over the 51 semimajor axis
bins (see Table 3). For each a bin, a total of 560 simulations were
run. We plot both the lifetime of the longest surviving 1 M⊕ body
and the mean lifetime of the 560 simulations.

MNRAS 481, 4680–4697 (2018)

D
ow
nloaded from

 https://academ
ic.oup.com

/m
nras/article-abstract/481/4/4680/5097893 by Sw

inburne Library user on 17 June 2019



Prospecting for exo-Earths 4687

Figure 6. The lifetime histogram for HD 215497. The lifetimes are shown
logarithmically on the y-axis. The dark bars represent the average lifetime
of all bodies that share the same a values, but different e, ω, and M values,
whilst the grey bars represent the maximum lifetime of all bodies.

The stability map and lifetime histogram of HD 215497 demon-
strate a beautiful example of MMR stabilization. We can see that,
at each island of stability, there is a corresponding line denoting
an MMR with the second planet. However, whilst alignment of
a body’s semimajor axis with another planet’s MMR can be a
strong indicator of resonant stabilization (Agnew et al. 2017), it
is critical to determine whether the body is librating within the
resonance. This can be achieved by plotting the variation in the
resonant argument over the simulation duration. The values of the
resonant angle of the 1 M⊕ body were computed for the domi-
nant MMRs in the HD 215497 system, and the results are shown
in Fig. 7.
Fig. 8 shows the stability maps of all 14 systems of interest (those

with less than 25 per cent survivors in the HZ stability simulations).
HD 11506 highlights the importance of these massive body simu-
lations, as this system has surviving massless TPs in its HZ, but no
survivingmassive bodies whenmutual gravitational interactions are
considered by using a 1 M⊕ body. The rest of the simulations show
varying levels of stability, some like HD 10180 and HD 215497
showing particularly narrow MMR stabilized bands, while others
such as HD 147018 and HD 113538 show wider unperturbed re-
gions.
We notice that, in general, the MMR stabilized bands are due

to interactions with only one planet. While several systems have
more than one planet close enough to the HZ that several of their
MMRs can be found in the HZ, it is typically the case that the
planet closest to the HZ dominates over the others when it comes to
resonant stabilization. The 1:1 resonance proves particularly strong
in stabilizing bodies around the L4 and L5 Lagrangian points (in
other words as Trojan companions to the massive planet), but as
noted byAgnew et al. (2018), planets sharing an orbit in this manner
represent a degenerate scenario for the radial velocity (RV) signal.
This is perhaps not surprising, given that lower order resonances
are typically stronger than their higher order cousins, and that both
Jupiter and Neptune host significant Trojan populations within the
Solar system. However, we note that this rule of thumb would most
likely break down when the planet nearer to the HZ is sufficiently
less massive than those further from it.

Figure 7. The resonant angle, φ = (p + q)λ
′ − pλ − qω

′
, against time for

all the stable bodies of the (p + q): p MMR in the HD 215497 system. The
number of bodies shown in each plot is indicated in the legend, with each
1 M⊕ body stable in its own simulation stacked for these plots. The bound
resonant angles demonstrate libration.
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4688 M. T. Agnew, S. T. Maddison and J. Horner

Figure 8. The 1 M⊕ stability maps for the 14 multiple systems with less than 25 per cent survivors in the HZ stability tests.
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3.3.1 Multiple planet interactions

Our sample yields a wide variety of outcomes, from systems that
have larger, unperturbed, stable regions within the HZ, to others
with small ‘islands’ of stability. For several of these stable islands,
as demonstrated with HD 215497, the stabilization is the result of
mean-motion resonant interactions with a single planet. However,
it is also possible for complicated dynamical behaviours such as
three-body resonances and resonant chains to create stable systems
(e.g. Gallardo 2014; Gallardo, Coito & Badano 2016; Mills et al.
2016; Delisle 2017; Luger et al. 2017). Fig. 8 demonstrates several
systemswhere complex dynamical behaviour is observed. Two such
systems are 47 UMa (Fig. 8a) and HD 141399 (Fig. 8g).

47 UMa has been shown previously to possess stable orbits in
the HZ which are the result of stabilizing resonances (Laughlin,
Chambers & Fischer 2002; Ji et al. 2005). Our simulations show
overlap of some of the lower order MMRs, for example the 3:2
MMR of 47 UMa b (innermost planet; lower blue line in Fig. 8a)
with the 7:2 MMR of 47 UMa c (second planet; middle red lines
in Fig. 8a). Plotting the resonant argument of some of these stable
1 M⊕ bodies, Fig. 9 shows that they do not solely librate about the
3:2 MMR of 47 UMa b. Instead, there is some very clear structure
that shows both circulation, as well as periods of libration (or bound
resonant angles) that eventually ‘drift’ overmuch longer time-scales
to a non-librating (or unbound resonant angle) state. The time-
scales of 104–106 yr suggest that secular interactions are driving
the bodies out of, or into, the MMR. Fig. 9(a) demonstrates both
circulation, with the resonant angle circulating for the first 2 Myr,
and short-term resonant behaviour, with the body librating between
∼3 and 3.75 Myr. Fig. 9(b) shows a body moving between states
of circulation (e.g. the unbound resonant angle regions between ∼0
and 1 Myr) to transient states of resonant behaviour (e.g. the bound
resonant angle regions between ∼1 and 2 Myr). Similarly, Fig. 9(c)
shows a long period of non-resonant behaviour (between ∼2 and
6Myr) followed by resonant behaviour (between∼6.25 and 7Myr).
These periods of circulation and transient libration with low-order
resonances can occur for periods of ∼1 Myr.
Focussing on HD 141399, rather than bodies falling into a tran-

sient resonant state with a low-order MMR that gradually moves to
an unbound resonant angle state, the bodies engage in so-called
resonance-hopping, essentially ‘jumping’ between two or more
higher order resonances as is evident, and observable, in our own
Solar system (e.g. Lykawka & Mukai 2007; Bailey & Malhotra
2009; Wood et al. 2018). In the case of HD 141399, the 1:4 MMR
of HD 141399 b (innermost planet; lower blue lines in Fig. 8g)
lines up with the tightly packed 14:5, 17:6, and 26:9 MMRs of HD
141399 d (third planet; upper yellow lines in Fig. 8g). This resonant
hopping is shown in Fig. 10 where it can be seen that the 1 M⊕
bodies jump from one semimajor axis that aligns with an MMR
ratio to another (and back again) as the high-order resonances are
not strong enough to dominate over one another. Furthermore, in
this scenario, HD 141399 b is less massive than HD 141399 d by a
factor of 3, and so this also provides means for the weaker, higher
order MMRs to prevent the stronger, lower order MMR from dom-
inating. This ultimately results in the resonant angle of the bodies
not librating at any particular MMR.

3.4 Searching for exo-Earths in multiple Jupiter systems

The primary goal of our work is to produce a list of candidate
systems that could potentially contain Earth-mass planets in their
HZ and be detectable with current or near-future instruments. The

Figure 9. Examples of different body’s resonant angles at the 3:2 MMR
with 47 UMa b, i.e. φ = 3λ

′ − 2λ − ω
′
. These plots demonstrate that

the resonant angle structure is perturbed on secular time-scales in 47 UMa.
In some cases, the bodies experience periods of bound librations for up to
∼1Myr (e.g. between 1 and 2Myr in Fig. 9b), while in other cases the bodies
experience periods of circulation (e.g. between 0 and 2.5 Myr in Fig. 9a).
The body also alternates between bound MMR behaviour and circulation
and completely unbound, chaotic behaviour.

results presented in Sections 3.2 and 3.3 show where a potential
exo-Earth could exist on a dynamically stable orbit for a total of
29 multiple planet systems. Of these, 15 feature almost entirely
stable HZs, whilst the other 14 show gravitationally stirred HZs
that contain regions of stability. Here, we estimate the strength of
the radial velocity signal such an exo-Earth would induce on its host
star.
We use the equation for the radial velocity semi-amplitude, K,

where

K =
✓
2πG
T⊕

◆1/3 M⊕ sin I
(M⋆ +M⊕)2/3

1p
1 − e2⊕

. (3)

Here,G is the gravitational constant,M⋆ is the mass of the host star,
I is the inclination of the planet’s orbit with respect to our line of
sight, and T⊕, e⊕, and M⊕ are the period, mass, and eccentricity
of the hypothetical exo-Earth. For our calculations, we retain our
previously established assumption that the system is co-planar (i.e.
i= 0◦), and also assume the most optimistic inclination with respect
to our line of sight, i.e. I = 90◦. We note that for shallow orbital
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4690 M. T. Agnew, S. T. Maddison and J. Horner

Figure 10. Two examples of resonant hopping between nearby MMRs
around 1.0 au in HD 141399. The grey line shows the semimajor axis of the
a stable 1 M⊕ body, while the black line shows a moving average to more
clearly show what semimajor axis value the body is stuck at. The coloured
dashed lines indicate the MMRs of the different planets in HD 141399, from
the innermost (blue) planet to the outermost (yellow) planet.

inclinations of 5◦ (i.e. I = 85◦ or 95◦) we would see a decrease in
signal strength of <1 per cent.
We produce two candidate lists: one for those that we simulated

with a 1 M⊕ body (in the 14 perturbed HZ systems), and one for
those that we only simulated with massless TPs (in the 15 systems
with largely unperturbed HZs).
For the massless TP candidate list, we calculate the value for K

that would result from the presence of a 1, 2, and 4M⊕ exo-Earth. As
these 15 systems have unperturbed or largely unperturbed HZs, it is
not unreasonable to compute the predicted radial velocity signals of
such exo-Earths as the gravitational strength of the known massive
planet (which is of the order of a Jovian mass) is the critical factor
when assessing HZ stability.
It should be noted that while the HZ boundaries will indeed shift

slightly as a function of exo-Earthmass, asmentioned in Section 2.1,
these small variations (<5 per cent change in the width of the HZ
between a 1 and 4 M⊕ exo-Earth) relative to the semimajor axis of
the exo-Earth are considered to be negligible for the purposes of
this predictive exercise.
Exo-Earths are particularly challenging to detect due to their

small size and mass. For those that orbit Sun-like stars, these prob-
lems are exacerbated by the fact that HZ planets would have or-
bital periods of approximately 1 yr. At present, such planets are
essentially undetectable with current radial velocity instruments,
which have a limit of around 1 m s−1 (Dumusque et al. 2012; Swift
et al. 2015). However, the ESPRESSO (Echelle SPectrograph for
Rocky Exoplanet and Stable Spectroscopic Observations) spectro-
graph (González Hernández et al. 2017), the latest instrument avail-
able on the ESO Very Large Telescope to resolve Doppler shifts,
has the goal of achieving a resolution as low as 0.1 m s−1 (Pepe et al.
2014). At such resolution, it should be possible to detect exo-Earths
around Sun-like stars. Looking further into the future, the proposed
CODEX (COsmic Dynamics and EXo-earth experiment) spectro-

Figure 11. The semi-amplitude of Doppler wobble induced on all multiple
systems that were found to be able to maintain an exo-Earth on stable orbits
within their HZ. At a given semimajor axis, the strength of the signal can be
computed using equation (3). We show the induced radial velocity wobble
for a 1 (blue), 2 (green), and 4 M⊕ (red) exo-Earth. The brown and pink
shaded regions indicate the detection limits of the ESPRESSO (0.1 m s−1)
and future CODEX (0.01 m s−1) spectrographs, respectively.

graph for the European Extremely Large Telescope is expected to
deliver resolutions as low as 0.01 m s−1 (Pasquini et al. 2010). Al-
though such high resolution offers great promise for the search for
Earth-like worlds, these discoveries will remain challenging espe-
cially when considering the imposed noise due to the activity of the
host star that could otherwise result in false positives (Robertson
et al. 2014).

For each body that remains stable for the duration of the simula-
tion, we use equation (3) to compute the induced radial velocity sig-
nal,K. This yields several values forK that depend on the orbital pa-
rameters of each surviving body (massless TPs for>25 per cent sur-
vivor systems or massive bodies for the <25 per cent survivor sys-
tems).We compare thesewith the detection limits of theESPRESSO
and CODEX instruments. The induced radial velocity signals of all
systems for the three exo-Earth masses of 1, 2, and 4 M⊕ are shown
in Fig. 11.

In those figures, the brown and pink shaded regions correspond
with the detection limits of ESPRESSO and CODEX, respectively.
These regions indicate that for a particular exo-Earth mass (1, 2,
or 4 M⊕), if all points lie within the brown region, then the exo-
Earth will be detectable by ESPRESSO if it exists. An example is
a 4 M⊕ exo-Earth (red points) in the HZ of the HD 60532 system.
These systems should be a priority for ESPRESSO. Conversely, if
all points lie within the pink region, then the exo-Earth would be
beyond the detection limit of ESPRESSO, but would be detectable
by CODEX if it exists. One such example is a 1 M⊕ exo-Earth
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Table 5. The systems that should be prioritized based on the detectability
of an exo-Earth with the ESPRESSO spectrograph. The systems are catego-
rized into three groups by whether an exo-Earth in the HZ, i.e. 1, 2, or 4 M⊕
is the least massive that may be detected with ESPRESSO.

Desired exo-Earth
Mass System

1 M⊕ HD 113538

2 M⊕ HIP 65407
HD 190360
XO-2 S
HD 37605
HD 9446
HD 217107
HD 142
HD 38529
BD-08 2823
HD 215497

4 M⊕ TYC
1422-614-1
HD 11964
HD 177830
HD 60532
HD 134987

(blue points) in the HZ of the HIP 65407 system. In between these
two extremes are systems that straddle both regions. For example,
see the case of a 2 M⊕ exo-Earth (green points) in the HZ of the
HD 11964 system. In such systems, an exo-Earth could exist in a
stable orbit within the brown region (i.e. within the detection limit
of ESPRESSO) or within the pink region (i.e. beyond the detection
limit of ESPRESSO). These systems should be a second priority
for ESPRESSO, as a non-detection means the exo-Earth may still
exist but is located further from the star such that the induced radial
velocity signal is too small to be detected with ESPRESSO.
As the signal is dependent on the host star’s mass, some systems

will be too challenging to detect a 1 M⊕ planet, but detection of a
2 or 4 M⊕ may be possible. The list of systems is summarized in
Table 5. Of particular interest is HD 113538 which not only has two
gas giants beyond the HZ, just as we see in our own Solar system,
but is also the only system that can maintain a 1 M⊕ exo-Earth on a
stable orbit within its HZ that would also induce a detectable radial
velocity signal on its host star.

4 CONCLUSIONS

We have investigated the entire population of currently known mul-
tiple planet systems that contain at least one Jovian planet in order
to determine which systemswould be themost promising targets for
observations using new instruments designed specifically to search
for exo-Earths. We have expanded upon the approach developed
by Agnew et al. (2017), and present a more systematic framework
to assess the ability for all future discovered single and multiple
planet systems to host hidden exo-Earths in their HZs. Whilst our
approach is numerical, supplementing it with the AMD stability
scheme presented by Laskar & Petit (2017) proves to be beneficial
in optimizing time and computational resources.
The key findings of our work are as follows:

(i) We find nine systems that do not pass our planetary stability
analysis, i.e. the known exoplanets are not stable given their current
best-fitting orbital parameters. While several of these systems have

undergone further numerical investigation to better constrain their
orbital parameters, there are still two for which there has not yet
been any further analysis: HD 133131 A and HD 160691.
(ii) The AMD stability criteria presented by Laskar & Petit

(2017) is a powerful predictor of system stability, as demonstrated
by the nearly complete agreement between our planetary stability
simulations and the analytical predictions.
(iii) Massless TP simulations are important in identifying stable

regions of the HZ in a computationally efficient manner. In systems
where resonant behaviour is responsible for providing stabiliza-
tion, TP simulations should not be used to indicate massive body
stability due to the absence of mutual gravitational interactions.
However, they remain a powerful tool in excluding systems from
further investigation as a result TP instability (Agnew et al. 2018).
TP simulations are also useful in quickly identifying large regions
of HZ stability that are unperturbed or only mildly perturbed by the
gravitational effects of existing planets.
(iv) In general, in systems where low-order MMRs are responsi-

ble for stabilizing a putative exo-Earth, the planet that is nearer to
the HZ will tend to dominate the dynamics and be the sole body re-
sponsible for providing stabilization. Conversely, in systems where
higher order MMRs align with the semimajor axis of the stabilized
body but for which the resonant angle does not librate, resonance-
hopping between weaker, high-order resonances provides a means
of pseudo-stability. In some cases, a low-order MMR can stabilize
a body but long time-scale secular interactions causes the body to
‘wander’ between being trapped in an MMR and being free, i.e. the
resonant angle alternates between being bound and unbound.
(v) Of the systems we simulated, there are 28 candidates for

which there is the potential for dynamically stable exo-Earths to
exist, as yet undetected, in their HZs (see Fig. 11). Of those, 16 of
them would be detectable with the ESPRESSO spectrograph if they
exist (see Table 5).
(vi) Of particular interest is HD 113538, which could host a 1M⊕

body within its HZ that would be detectable with the ESPRESSO
spectrograph, and also has two giant planets located beyond its HZ.
Taken in concert, this makes that system a promising potential Solar
system analogue (Agnew et al. 2018).

In the search for Solar system analogues and a true twin Earth, a
focus on a system that resembles our own is a logical starting point.
As the Solar system contains several massive planets, we sought to
identify candidates that also share this property. Between systems
with very stable, unperturbed HZs, and those with stable orbits that
result from resonant mechanisms with the known, massive bodies,
we have provided a list that can both demonstrably host stable Earth-
mass planets in the HZ, but would also be detectable with the new
ESPRESSO spectrograph.
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APPENDIX A: INCLINATION PLOTS

Figure A1. The a–i stability maps for all systems from Section 3.2.1 for which we explored the effects of TP inclination on the stability of the HZ. The colour
scale for the TP lifetimes is logarithmic. The top histogram shows the binned mean lifetimes for co-planar TPs (orange), 0◦ < i ≤ 2.◦5 TPs (purple), and 2.◦5 <
i ≤ 5◦ TPs (blue). The bins are only 1/3 of their actual width for readability. The histogram on the right shows the binned mean lifetimes for the 0◦ < i ≤ 5◦

TPs, with the mean lifetime of all co-planar TPs overlaid in orange.
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Figure A1 – continued
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Figure A1 – continued

APPENDIX B: ORBITAL PARAMETERS

Table B1. The orbital parameters for the exoplanetary systems simulated as theywere presented in theNASAExoplanet
Archive (exoplanetarchive.ipac.caltech.edu) as of 2018 April 27.

Star Planet m sin i a e i " ω t0
(MJup) (au) (◦) (◦) (◦) (d)

HD 113538 b 0.36 1.24 0.14 0.0 0.0 74 2455 500.0
c 0.93 2.44 0.2 0.0 0.0 280 2456 741.0

HD 219134 b 0.012 0.038474 0.0 0.0 0.0 0.0 2449 999.5
c 0.011 0.064816 0.0 0.0 0.0 0.0 2449 998.5
d 0.067 0.23508 0.0 0.0 0.0 0.0 2449 964.0
f 0.028 0.14574 0.0 0.0 0.0 0.0 2449 983.0
g 0.034 0.3753 0.0 0.0 0.0 0.0 2449 972.0
h 0.34 3.11 0.06 0.0 0.0 215 2448 725.0

BD-06 1339 b 0.027 0.0428 0.0 0.0 0.0 0.0 2455 220.5
c 0.17 0.435 0.31 0.0 0.0 41 2455 265.2

BD-08 2823 b 0.045 0.056 0.15 0.0 0.0 30 2454 637.7
c 0.33 0.68 0.19 0.0 0.0 − 233 2454 193.0

HAT-P-17 b 0.534 0.0882 0.342 89.2 0 201 2454 803.25
c 3.4 5.6 0.39 0.0 0.0 181.5 2454 885.0

Pr0211 b 1.88 0.03176 0.011 0.0 0.0 17 2456 678.8
c 7.79 5.5 0.71 0.0 0.0 111 2456 736.0

HD 181433 b 0.024 0.08 0.396 0.0 0.0 202 2454 542.0
c 0.64 1.76 0.28 0.0 0.0 21.4 2453 235.0
d 0.54 3 0.48 0.0 0.0 − 30 2452 154.0

HD 215497 b 0.02 0.047 0.16 0.0 0.0 96 2454 858.95
c 0.33 1.282 0.49 0.0 0.0 45 2455 003.48

HD 37605 b 2.802 0.2831 0.6767 0.0 0.0 220.86 2453 378.241
c 3.366 3.814 0.013 0.0 0.0 221 2454 838.0

HD 11964 b 0.622 3.16 0.041 0.0 0.0 0 2454 170.0
c 0.0788 0.229 0.3 0.0 0.0 102 2454 370.0

HD 147018 b 2.12 0.2388 0.4686 0.0 0.0 − 24.03 2454 459.49
c 6.56 1.922 0.133 0.0 0.0 − 133.1 2455 301.0
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Table B1 – continued

Star Planet m sin i a e i " ω t0
(MJup) (au) (◦) (◦) (◦) (d)

HIP 65407 b 0.428 0.177 0.14 0.0 0.0 50 2456 990.8
c 0.784 0.316 0.12 0.0 0.0 − 19 2457 047.0

XO-2 S b 0.259 0.1344 0.18 0.0 0.0 311.9 2456 413.11
c 1.37 0.4756 0.1528 0.0 0.0 264.5 2456 408.1

HIP 14810 b 3.88 0.0692 0.1427 0.0 0.0 159.32 2453 694.598
c 1.28 0.545 0.164 0.0 0.0 329 2454 672.24
d 0.57 1.89 0.173 0.0 0.0 286 2454 317.198

HD 108874 b 1.29 1.038 0.082 0.0 0.0 232 2454 069.0
c 0.99 2.659 0.239 0.0 0.0 27 2452 839.0

HD 159868 b 2.1 2.25 0.01 0.0 0.0 350 2453 435.0
c 0.73 1 0.15 0.0 0.0 290 2453 239.0

HD 141399 b 0.451 0.415 0.04 0.0 0.0 − 90 2456 998.0
c 1.33 0.689 0.048 0.0 0.0 − 140 2456 838.0
d 1.18 2.09 0.074 0.0 0.0 − 140 2456 923.0
e 0.66 5 0.26 0.0 0.0 − 10 2458 900.0

HD 217107 b 1.39 0.0748 0.1267 0.0 0.0 24.4 2454 396.0
c 2.6 5.32 0.517 0.0 0.0 198.6 2451 106.0

HD 47186 b 0.07167 0.05 0.038 0.0 0.0 59 2454 566.95
c 0.35061 2.395 0.249 0.0 0.0 26 2452 010.0

HD 38529 b 0.839 0.131 0.257 0.0 0.0 92.5 2454 012.64
c 13.38 3.712 0.341 0.0 0.0 17.8 2452 256.4

HD 4203 b 1.82 1.1735 0.52 0.0 0.0 328.03 2451 911.52
c 2.17 6.95 0.24 0.0 0.0 224 2456 000.0

HD 9446 b 0.7 0.189 0.2 0.0 0.0 215 2454 854.4
c 1.82 0.654 0.06 0.0 0.0 100 2454 510.0

HD 133131 A b 1.42 1.44 0.33 0.0 0.0 16 2452 327.0
c 0.42 4.49 0.49 0.0 0.0 100 2452 327.0

HD 160691 b 1.08 1.497 0.128 0.0 0.0 22 2452 365.6
c 1.814 5.235 0.0985 0.0 0.0 57.6 2452 955.2
d 0.03321 0.09094 0.172 0.0 0.0 212.7 2452 991.1
e 0.5219 0.921 0.0666 0.0 0.0 189.6 2452 708.7

HD 187123 b 0.523 0.0426 0.0103 0.0 0.0 25 2454 343.12
c 1.99 4.89 0.252 0.0 0.0 243 2453 580.04

HD 183263 b 3.67 1.51 0.3567 0.0 0.0 233.5 2452 111.7
c 3.57 4.35 0.239 0.0 0.0 345 2451 971.0

HD 190360 b 1.56 4.01 0.313 0.0 0.0 12.9 2453 542.0
c 0.06 0.1304 0.237 0.0 0.0 5 2454 390.0

HD 74156 b 1.8 0.292 0.627 0.0 0.0 176.5 2453 788.59
c 8.06 3.85 0.432 0.0 0.0 258.6 2453 415.0

HD 169830 b 2.88 0.81 0.31 0.0 0.0 148 2451 923.0
c 4.04 3.6 0.33 0.0 0.0 252 2452 516.0

HD 10180 c 0.0416 0.06412 0.073 0.0 0.0 328 2454 001.445
d 0.0378 0.12859 0.131 0.0 0.0 325 2454 022.119
e 0.0805 0.2699 0.051 0.0 0.0 147 2454 006.26
f 0.0722 0.4929 0.119 0.0 0.0 327 2454 024.67
g 0.0732 1.427 0.263 0.0 0.0 327 2454 002.8
h 0.2066 3.381 0.095 0.0 0.0 142 2453 433.4

HD 134987 b 1.59 0.81 0.233 0.0 0.0 352.7 2450 071.0
c 0.82 5.8 0.12 0.0 0.0 195 2461 100.0
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Table B1 – continued

Star Planet m sin i a e i " ω t0
(MJup) (au) (◦) (◦) (◦) (d)

47 UMa b 2.53 2.1 0.032 0.0 0.0 334 2451 917.0
c 0.54 3.6 0.098 0.0 0.0 295 2452 441.0
d 1.64 11.6 0.16 0.0 0.0 110 2451 736.0

HD 168443 b 7.659 0.2931 0.52883 0.0 0.0 172.923 2455 626.199
c 17.193 2.8373 0.2113 0.0 0.0 64.87 2455 521.3

HD 11506 b 4.21 2.708 0.37 0.0 0.0 218.9 2456 637.2
c 0.36 0.721 0.24 0.0 0.0 272 2454 127.0

HD 163607 b 0.77 0.36 0.73 0.0 0.0 78.7 2454 185.0
c 2.29 2.42 0.12 0.0 0.0 265 2455 085.0

HD 142 b 1.25 1.02 0.17 0.0 0.0 327 2452 683.0
c 5.3 6.8 0.21 0.0 0.0 250 2455 954.0

HD 154857 b 2.24 1.291 0.46 0.0 0.0 57 2453 572.5
c 2.58 5.36 0.06 0.0 0.0 352 2455 219.0

HD 219828 b 0.06607 0.045 0.059 0.0 0.0 225 2455 998.78
c 15.1 5.96 0.8115 0.0 0.0 145.77 2454 180.7

HD 67087 b 3.06 1.08 0.17 0.0 0.0 285 2450 154.8
c 4.85 3.86 0.76 0.0 0.0 256 2450 322.5

HD 177830 b 1.49 1.2218 0.009 0.0 0.0 85 2450 154.0
c 0.15 0.5137 0.3 0.0 0.0 110 2450 179.0

HD 1605 b 0.96 1.48 0.078 0.0 0.0 26 2453 443.3
c 3.48 3.52 0.098 0.0 0.0 241 2454 758.3

HD 60532 b 1.06 0.77 0.26 0.0 0.0 − 3.7 2454 594.7
c 2.51 1.6 0.03 0.0 0.0 179.8 2454 973.0

HD 5319 b 1.76 1.6697 0.02 0.0 0.0 97 2456 288.0
c 1.15 2.071 0.15 0.0 0.0 252 2453 453.0

HD 200964 b 1.85 1.601 0.04 0.0 0.0 288 2454 900.0
c 0.895 1.95 0.181 0.0 0.0 182.6 2455 000.0

HD 33844 b 1.96 1.6 0.15 0.0 0.0 211 2454 609.0
c 1.75 2.24 0.13 0.0 0.0 71 2454 544.0

24 Sex b 1.99 1.333 0.09 0.0 0.0 9.2 2454 762.0
c 0.86 2.08 0.29 0.0 0.0 220.5 2454 930.0

HD 4732 b 2.37 1.19 0.13 0.0 0.0 85 2454 967.0
c 2.37 4.6 0.23 0.0 0.0 118 2456 093.0

HIP 67851 b 1.38 0.46 0.05 0.0 0.0 138.1 2452 997.8
c 5.98 3.82 0.17 0.0 0.0 166.5 2452 684.1

TYC
1422-614-1

b 2.5 0.69 0.06 0.0 0.0 50 2453 236.5

c 10 1.37 0.048 0.0 0.0 130 2453 190.5

nu Oph b 24 1.9 0.1256 0.0 0.0 9.6 2452 034.2
c 27 6.1 0.165 0.0 0.0 4.6 2453 038.0

BD+20 2457 b 21.42 1.45 0.15 0.0 0.0 207.64 2454 677.03
c 12.47 2.01 0.18 0.0 0.0 126.02 2453 866.95

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Mystery creates wonder and wonder is the basis of

man’s desire to understand.

— Neil Armstrong

5
Predicting multiple planet stability and habitable

zone companions in the TESS era

In the previous chapters we presented the results of our dynamical search for habitable

worlds within the population of single Jovian planet systems, and the population of mul-

tiple planet systems with at least one gas giant. A goal of these studies was to produce

a candidate list to inform planet hunters of the best places to search for such a habitable

world. However, another goal of our research is to find a means by which to rapidly as-

sess systems by their ability to host a hidden exo-Earth within their habitable zone. In

this chapter, we focus on the latter of these goals and present a tool that can be used to

rapidly assess the dynamical stability of multiple planet systems, and predict where stable

exo-Earths may exist within the habitable zone of a system.

We conduct a suite of generic numerical simulations of single planet systems for a

range of planetary masses spanning three orders of magnitude, with a high density swarm

of massless test particles. The results of these simulations make up the predictive tool we

put forward, as the resulting structure, or “stability signature”, of the test particles that
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survived through the entire simulation make up scale-free templates that can be used to

assess other systems.

We discuss the method we use to extract the stability signature from the surviving

test particles, and go into detail about how to use these to: 1) assess planetary stability,

and 2) find where stable exo-Earths may exist within the habitable zone of a system. We

follow this with a demonstration of both applications, as well as comparisons with our

previous numerical work to highlight the robustness of our tool.

We believe the tool is a strong compliment to analytical work, and something that

could be incorporated into follow-up programs such as the Exoplanet Follow-up Observ-

ing Program for TESS (ExoFOP-TESS). This would allow for the stability of planetary

systems to be assessed as they are discovered with TESS. It would also allow for predictions

to be made about habitable zone companions in these systems.

The rest of this chapter presents the published paper, “Prospecting for exo-Earths in

multiple planet systems with a gas giant”, by Matthew T. Agnew, Sarah T. Maddison

& Jonathan Horner (2018), presented in the Monthly Notices of the Royal Astronomical

Society, 481, 4680.

The rest of this chapter presents the published paper, “Predicting multiple planet

stability and habitable zone companions in the TESS era”, by Matthew T. Agnew, Sarah

T. Maddison, Jonathan Horner & Stephen R. Kane (2019), presented in the Monthly

Notices of the Royal Astronomical Society, 485, 4703.
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ABSTRACT
We present an approach that is able to both rapidly assess the dynamical stability of multiple
planet systems, and determine whether an exoplanet system would be capable of hosting a
dynamically stable Earth-mass companion in its habitable zone (HZ). We conduct a suite of
numerical simulations using a swarm of massless test particles (TPs) in the vicinity of the orbit
of a massive planet, in order to develop a predictive tool which can be used to achieve these
desired outcomes. In this work, we outline both the numerical methods we used to develop the
tool, and demonstrate its use. We find that the TPs survive in systems either because they are
unperturbed due to being so far removed from the massive planet, or due to being trapped in
stable mean-motion resonant orbits with the massive planet. The resulting unexcited TP swarm
produces a unique signature in (a, e) space that represents the stable regions within the system.
We are able to scale and translate this stability signature, and combine several together in order
to conservatively assess the dynamical stability of newly discovered multiple planet systems.
We also assess the stability of a system’s HZ and determine whether an Earth-mass companion
could remain on a stable orbit, without the need for exhaustive numerical simulations.

Key words: astrobiology –methods: numerical – planets and satellites: dynamical evolution
and stability – planets and satellites: general.

1 INTRODUCTION

The search for potentially habitable worlds is an area of immense
interest to the exoplanetary science community. Since the first
discoveries of exoplanets orbiting main sequence stars (Campbell,
Walker & Yang 1988; Latham et al. 1989; Mayor & Queloz 1995),
planet search surveys have endeavoured to discover the degree to
which the Solar system is unique, and to understand how common
(or rare) are planets like the Earth (e.g. Howard et al. 2010a;
Wittenmyer et al. 2011). The launch of the Kepler spacecraft in
2009 led to a great explosion in the number of known exoplanets
(e.g. Borucki et al. 2010; Sullivan et al. 2015; Morton et al.
2016; Dressing et al. 2017). Kepler carried out the first census
of the Exoplanet era, discovering more than two thousand planets.1

Kepler’s results offer the first insight into the true ubiquity of planets,
and the frequencywithwhich Earth-size planetswithin the habitable
zone (HZ) can be found orbiting Sun-like stars (Catanzarite & Shao
2011; Petigura, Howard &Marcy 2013; Foreman-Mackey, Hogg &

⋆ E-mail: magnew@swin.edu.au
1As of 2018 September 13 (Kepler and K2mission site, https://www.nasa.g
ov/mission pages/kepler/main/index.html).

Morton 2014). The Transiting Exoplanet Survey Satellite (TESS)
seeks to continue this trend in exoplanet discoveries (Ricker et al.
2014; Sullivan et al. 2015; Barclay, Pepper & Quintana 2018),
concentrating on planet detection around bright stars that are more
amenable to follow-up spectroscopy (Kempton et al. 2018).
In addition to the rapid increase in the known exoplanet popula-

tion, the generational improvement of instruments being used for
detection, confirmation, and observational follow-up, has recently
allowed for planets to be detected with masses comparable to that
of the Earth, albeit on orbits that place them far closer to their host
stars than the distance between the Earth and the Sun (e.g. Vogt
et al. 2015; Wright et al. 2016; Anglada-Escudé et al. 2016; Gillon
et al. 2017). Whilst such Earth-mass planets generate larger, more
easily detectable radial velocity signals, current and near-future
instruments (e.g. the ESPRESSO and CODEX spectrographs) seek
to detect planets inducing Doppler wobbles as low as 0.1 and
0.01 m s−1, respectively (Pasquini et al. 2010; Pepe et al. 2014;
González Hernández et al. 2017). At such small detection limits,
those spectrographs may well be able to detect Earth-mass planets
that orbit Sun-like stars at a distance that would place them
within the star’s HZ (Agnew et al. 2017; Agnew, Maddison &
Horner 2018a,b). With the advent of these new high-precision
spectrographs, as well as the launch of the next generation of space

C⃝ 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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telescopes (such as the James Webb Space Telescope, JWST), it
will be possible to perform observational follow-up in far greater
detail. As a result, it is timely to consider methods by which we
might prioritize the observations needed in order to detect Earth-
size planets (Horner & Jones 2010).
Whilst the detection of a Solar system analogue would be

considered the holy grail in the search for an exoplanet that truly
mimics Earth, finding something that resembles the Solar system
itself beyond a handful of similarities has so far proven to be
particularly challenging (Boisse et al. 2012; Wittenmyer et al.
2014b, 2016; Kipping et al. 2016; Rowan et al. 2016; Agnew et al.
2018a). By relaxing the criteria of our search to instead look for
multiple planet systems where at least one planet is comparable in
mass to Earth and resides in its host star’s HZ (Kasting, Whitmire &
Reynolds 1993; Kopparapu et al. 2013, 2014; Kane et al. 2016), we
will still yield exoplanetary systems that share several similarities
with our own system, and are still candidates for further study from
the perspective of planetary habitability. Additionally, we consider
the notion that the observational bias inherent to several detection
methods (Wittenmyer et al. 2011; Dumusque et al. 2012) can be
interpreted to suggest that systems with massive, giant planets may
also coexist with smaller, rocky exoplanets that so far have been
undetectable due to detection limits (Agnew et al. 2017). Indeed,
given the challenges involved in finding habitable exo-Earths, it
might be the case that such planets exist within known exoplanetary
systems, lurking below our current threshold for detectability.
Future studies of those systems might allow such planets to be
discovered, if they exist – which serves as an additional motivation
for the development of a method by which we can prioritize systems
as targets for the search for Earth-like planets: systems that host
dynamically stable HZs.
The standard method used to determine whether a system could

host unseen planetary companions is by assessing the system’s
overall dynamical stability. This can be done analytically (e.g. Giup-
pone, Morais & Correia 2013; Laskar & Petit 2017), or numerically
(e.g. Raymond & Barnes 2005; Jones, Underwood & Sleep 2005;
Rivera & Haghighipour 2007; Jones & Sleep 2010; Wittenmyer
et al. 2013; Agnew et al. 2017). Such studies have resulted in the
development of several methods that allow exoplanetary systems
to be assessed by planetary architectures as they are observed
today (Giuppone et al. 2013; Carrera, Davies & Johansen 2016;
Matsumura, Brasser & Ida 2016; Agnew et al. 2018a). It has been
frequently demonstrated that a variety of resonant mechanisms are
often integral in determining the dynamical stability of a system
(e.g. Wittenmyer, Horner & Tinney 2012; Gallardo 2014; Kane
2015; Gallardo, Coito & Badano 2016; Mills et al. 2016; Luger
et al. 2017; Delisle 2017; Agnew et al. 2017; Agnew et al. 2018b).
Typically, such studies examine a single exoplanetary system, and
study it in some depth to determine whether it is truly dynamically
stable, and whether other planets could lurk undetected within it.
Such efforts are extremely computationally intensive, which means
that few systems can readily be studied in such detail.
Here, we consider whether it is instead possible to use detailed

N-body simulations to build a more general predictive tool that
could allow researchers to quickly assess the potential stability (or
instability) of any given system without the need for their own suite
of numerical simulations. This would identify systems for which
further observational investigation might be needed. In doing so,
we develop a tool by which one can: (1) rapidly and conservatively
assess the dynamical stability of a newly discovered multiple planet
system to identify those where further observation is required to
better constrain orbital parameters, and (2) identify the regions in

a given exoplanetary system that could host as-yet undiscovered
planets, based on their dynamical interactionwith the known planets
in the system. We present a suite of simulations that have identified
the stable regions around generic planetary systems that can be used
to examine the stability of specific systems. Ultimately, we wish to
demonstrate the use cases of our predictive tool to rapidly assess
new systems found with TESS.

In Section 2, we introduce the use cases that we have in mind
when developing our predictive tool. We outline the fundamental
approach of our method in Section 3, and demonstrate how the
general stability signatures we compute can be normalized and
translated to fit any single planetary system discovered. In Section 4,
we show how the mass, eccentricity, and inclination of a massive
body influences its stability signature. We follow this with various
examples of how our method can be used to infer system stability
or to determine where stable resonant HZ companions may exist in
Section 5, and summarize our findings in Section 6.

2 DYNAMICAL PREDICTIONS

The predictive tool we present was developed to be applied to
exoplanetary systems discovered by TESS with two goals in mind:
(1) to determine the dynamical feasibility of newly discovered
multiple planet systems, and (2) to predict the regions of stability
in TESS systems where another unseen planet may exist.

The first use case is to provide a tool that may be incorporated into
the Exoplanet Follow-up Observing Program for TESS (ExoFOP-
TESS).2 When amultiple planet system is discovered, we can utilize
our tool to dynamically assess the stability of the system given the
inferred orbital parameters. While our approach will miss more
complex destabilizing behaviour (such as the influence of secular
resonant interactions as demonstrated by Agnew et al. 2018b), it
can conservatively assess the dynamical stability of a system ‘on
the fly’. Demonstrating instability using a conservative approach
would suggest further observations are required to better constrain
the orbital parameters of the planets, or to reassess the number of
planets in the system in the cases of potential eccentricity harmonics
and aliasing (Anglada-Escudé, López-Morales & Chambers 2010;
Anglada-Escudé & Dawson 2010; Wittenmyer et al. 2013).

The second use case is to assist in the search for potentially
habitable Earth-size planets. Using N-body simulations, we can
make dynamical predictions of regions in the (a, e) parameter
space where additional planets will definitely be unstable. This
formed the core of our previous work in this series (Agnew et al.
2017, 2018a,b), where we were able to identify systems that could
potentially host dynamically stable HZ planets. Here, we extend
that work to develop a stability mapping process that will enable
future studies to quickly identify the regions in newly discovered
exoplanetary systems where planets can definitely be ruled out,
on dynamical grounds, as well as those regions where additional
planets could only exist under very specific conditions (such as
when trapped in a mutual mean-motion resonance (MMR) with
another planet, e.g. Howard et al. 2010b; Robertson et al. 2012;
Wittenmyer et al. 2014a).

To develop such a tool, we performed a large number of
detailed N-body simulations to determine how the unstable regions
centred on a given planet’s orbit are influenced by its mass, orbital
eccentricity, and inclination in order to produce a scale-free template
that can be applied to any system.

2https://heasarc.gsfc.nasa.gov/docs/tess/followup.html
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3 METHOD

We have developed our predictive tool by conducting thorough,
high-resolution test particle (TP) simulations. In each simulation,
a swarm of TPs are distributed randomly throughout a region in
(a, e) space around the orbit of a massive planet. At the end of
the simulation, the distribution of surviving TPs reveals evacuated
regions (which correspond to areas of instability), and regionswhere
TPs remain unperturbed, and so remain on similar orbits to those
held at the beginning of the integrations. Since our simulations
are primarily focused on facilitating the search for habitable
worlds, we chose to enforce a maximum initial eccentricity on
the orbits of TPs of 0.3, based on studies that suggest that the
habitability of a given Earth-like world would be significantly
reduced for higher eccentricities (Williams & Pollard 2002; Jones
et al. 2005).
The goal of these simulations is to determine the stable, un-

perturbed regions around a massive body, which we refer to as
that body’s ‘stability signature’. More specifically, we put forward
two definitions: the optimistic stability signature being the curve
that bounds the maximum eccentricity of the unexcited TPs,
and the conservative stability signature that bounds the minimum
eccentricity of the excited TPs. The key reasons for considering
the signature as a curve rather than a two-dimensional area in (a,
e) space are: (1) in the simplest case (the massive body moving
on a circular orbit) only those TPs with sufficiently eccentric
orbits have apsides that enter within the region of instability
nearby to the massive planet (generally some multiple of its Hill
radius), and so the regions below the curve (i.e. the TPs with
less eccentric orbits) will be stable, and (2) multiple curves can
be combined and presented in a ‘look-up map’ within which
we can interpolate to find the curves for planetary masses we
do not simulate explicitly. This is explained in greater detail in
Section 4.
By determining the stability signatures for a range of planet

masses, the signatures can be used as a scale-free template that can
be applied to any system in order to assess its dynamical stability
without the need to run numerical simulations. Our proposed
exploration of the planet mass parameter space and the resulting
stability signatures will also enable researchers to predict the
regions of a given exoplanetary system where additional planets
are dynamically feasible, and those where no planets are likely
to be found. We anticipate that this method will provide a useful
filtering tool by which systems can be examined to quickly predict
whether they are dynamically feasible, and which might be able
to host a potentially habitable exoplanet. We present here the
general simulations we carried out from which we determined the
stability signatures and how the signatures from these simulations
can be used to create the stability template for any specific
system.
In thiswork,we consider the stability of additional bodiesmoving

on coplanar orbits in circular, single planet systems. While it is
highly unlikely that a planet will have a perfectly circular orbit, our
intent is for this to be a conservative assessment of the stability of the
system. Our approach can be expanded and refined to also consider
eccentric and inclined orbits, which we will pursue in future work.

3.1 Numerical approach

Two observables when detecting an exoplanet are stellar mass, M⋆

(obtained indirectly from the luminosity of the star, L⋆), and the
orbital period of a planet, Tpl (obtained directly). We can use these

to calculate the semimajor axis of the planet by

apl =
3

s
GM⋆T

2
pl

4⇡2
, (1)

where G is the universal Gravitational constant, and hence we can
infer the distance of a planet from the observed orbital period. For
any fixedM⋆ value, the semimajor axis will scale with orbital period
according to the power law

a ∝ T 2/3. (2)

Kopparapu et al. (2014) put forward a method to calculate the
HZ of a system usingM⋆ and the planetary mass,Mpl. In general, a
minimummass forMpl is determined via the radial velocity method.
Taken in concert with the above, this means that from the observed
parameters L⋆ and Tpl, we can infer M⋆ and apl, measure Mpl, and
hence compute the HZ around the star.
By numerically simulating a range of mass ratios (µ = Mpl/M⋆)

while keeping constant the mass of the star (M⋆ = M⊙) and
semimajor axis of the planet (apl = 1 au), we produce the stability
signature for each of the simulated masses and can consolidate them
tomake a ‘look-upmap’. To apply our general stability signatures to
a newly discovered system, one would first determine the mass ratio
between the planet and the star in that system, and use thatmass ratio
to interpolate between our simulated stability signatures in our look-
up map. This yields the signature around a planet of any mass Mpl.
Once this step is complete, one then translates the signature obtained
from the nominal apl = 1 au to a location closer to, or farther from,
the host star to match the discovered planet. We can then compare
the stability signatures of all planets in multiple planet systems with
one another to conservatively assess dynamical stability, as well as
determine which systems can host hypothetical exo-Earths within
their HZ, without the need to run numerical simulations.
This approach limits the stability constraint to be multiples of

the orbital period rather than number of years. Our numerical
simulations are for a planet orbiting at apl = 1 au in a M⋆ = 1 M⊙
system (i.e. Tpl = 1 yr). As we simulate our systems for 107 yr (i.e.
107 orbits), if we were to use our stability signature for a planet that
orbits at a semimajor axis with an orbital period of 0.1 yr (i.e. 1/10th
of the simulated orbital period) we can only refer to the planet as
being stable for 106 yr (i.e. 107 orbits).

3.2 Normalization of system

As our general simulations were performed for a range of mass
ratios, but for a fixed stellar mass, normalization is important so
that we are still able to determine the stability signature around a
newly discovered system regardless of its stellar mass.
As per our definition of the stability signature being the curve

that bounds the maximum eccentricity of the unexcited TPs, let us
consider a hypothetical function that maps semimajor axis, a, to this
curve, {(a, f(a)) : a ∈ A}, where A is the domain over which we
simulated. Our simulations all use a stellar mass of M⋆ = 1 M⊙,
and a planet orbiting at apl = 1 au (i.e. Tpl = 1 yr). To normalize a
system, we first determine what the semimajor axis is that matches
an orbital period of one year for a system with a different stellar
mass. From equation (1), the semimajor axis will scale with stellar
mass according to the power law

a ∝ M1/3
⋆ . (3)

For a given system discovered with stellar massM⋆ = nM⊙, we can
scale the massesM⋆ andMpl by 1/n, and compute that the one-year
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Figure 1. A demonstration of how normalization of a stability signature
is possible. The black points represent those TPs that have not been
removed from the system at the end of the simulation. We plot the points
from (a) as teal points in (b) and (c) to more easily compare structure
between the simulations with differentMpl. The mass ratio remains constant
(µ = 64M⊕/M⊙) in all three simulations. By ensuring the semimajor axis
of the planet is such that its orbital period remains constant, i.e. Tpl = 1 yr
at (a) 1 au around 1 M⊙, (b) 0.5 au around 0.25 M⊙ and (c) 2 au around
8 M⊙, then the stability signature across differing mass planets remains
constant, as shown by the agreement between the black and teal points.
Some common low-order MMRs are shown in pink.

orbital period will occur at a1year = n1/3 au.We demonstrate in Fig. 1
how the stable signatures are shown to be identical when the mass
ratio, µ, and orbital period, Tpl, remain constant. Thus, when an
exoplanet of massMpl is discovered orbiting a star of massM⋆, it is
possible to first normalize the system by scaling the planetary and
stellar masses while retaining a constant mass ratio.
Once normalized, we can then interpolate between the planetary

masses we simulated in order to obtain the stability signature for
any planetary mass (within the upper and lower µ we simulate).
In terms of function notation, a new function for the normalized
stability signature fnorm will have the scaled domain of f, while still
mapping to the unscaled stability signature values f(a), that is,

{(a, fnorm(a)) : a ∈ n1/3A}, (4)

Figure 2. A demonstration of how translatability of a signature is possible.
The black points represent those TPs that have not been removed from the
system at the end of the simulation.We plot the points from (a) as blue points
in (b) and (c) to more easily compare structure between the simulations. The
mass ratio remains constant (µ = 64M⊕/M⊙) in all three simulations. The
stability signature is then translated to different semimajor axes i.e. from (a)
apl = 1 au to (b) apl = 0.5 au or (c) apl = 2 au. However, as outlined in
Section 3, the number of years of stability is determined by the semimajor
axis the signal has been translated to. Some common low-order MMRs are
shown in pink.

where fnorm(a) is the function mapping the scaled domain to the
original signature curve, given by

fnorm(n1/3a) = f (a).

We must then determine how the domain will vary for a function
that is translated from the semimajor axis where an orbital period
of one year occurs, a1year, to the semimajor axis of the discovered
exoplanet, apl.

3.3 Translatability of signature

As our general simulations are run for a planet at a fixed semimajor
axis of apl = 1 au, translatability is important so that we are still
able to determine the stability signature around a newly discovered
system regardless of the semimajor axis of the planet. We translate

MNRAS 485, 4703–4725 (2019)

D
ow
nloaded from

 https://academ
ic.oup.com

/m
nras/article-abstract/485/4/4703/5307090 by Sw

inburne U
niversity of Technology user on 17 June 2019
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the normalized signature by simply taking the ratio between the
semimajor axis of the planet (apl) and the one-year semimajor axis
(a1year). We express this ratio as

k = apl/a1year

= apl/n
1/3. (5)

The discovered exoplanet’s stability signature at its semimajor axis
is then obtained by multiplying the normalized signature by k.
We demonstrate this in Fig. 2. In terms of function notation, a
new function for the planet’s stability signature fplanet will have
the translated domain of fnorm, while still mapping to the unscaled
stability signature values f(a), that is,

{(a, fplanet(a)) : a ∈ k n1/3 A}
{(a, fplanet(a)) : a ∈ (apl/n1/3) n1/3 A}
{(a, fplanet(a)) : a ∈ apl A} (6)

where fplanet(a) is the function mapping the scaled and translated
domain to the original signature curve, that is,

fplanet(apl a) = f (a).

Thus, from the observed parameters L⋆ and Tpl, we can inferM⋆ and
apl, and from radial velocity measurements we can determine Mpl.
With these parameters, we are able to: (1) normalize the system by
scaling M⋆ and Mpl, (2) interpolate between the planetary masses
in our look-up map in order to obtain the normalized signature,
and (3) translate the normalized signature to the semimajor axis
of the detected planet to find its stability signature without the
need for additional numerical simulations. Being able to obtain
the stability signature of any discovered planetary system allows
us to: (1) combine the stability signatures of all planets within a
multiple planet system in order to rapidly and conservatively assess
its dynamical stability, and (2) determine the stable, unperturbed
regions around an exoplanet in order to constrain where a habitable
terrestrial planet could exist. These applications will be discussed
in depth in Section 5.

3.4 Simulations

All our simulations model a two-body, star–planet system within
which we randomly scatter 105 massless TPs in order to test the
stability of a hypothetical third body. The motion of two massive
bodies and a third massless body constitutes the Restricted Three-
BodyProblem. The 105 TPs represent 105 possible orbital parameter
configurations for this third body. These TPs are scattered in order
to find the stable regions within the (a, e) parameter space within
the vicinity of the orbit of a massive body. The central star for
our simulations has mass M⋆ = 1 M⊙, and the semimajor axis
of the planet is apl = 1 au. We then carry out three distinct
suites of simulations, in which we vary the planetary mass (mpl),
eccentricity (epl) or inclination (ipl). The orbital parameters of the
planet for each suite of simulations is summarized in Table 1. The
orbital parameters for the swarm of TPs are randomly generated
within a fixed range for all three sets of simulations, and will be
discussed in detail after first outlining how the planetary parameters
are varied in each simulation. In our first set of simulations, we
explore the effect of planetary mass, mpl. Since the mass of the
host star is kept constant, this allows us to examine the effect of
the mass ratio µ = Mpl/M⋆ on the resulting stability signatures. In
these simulations, we set the orbital parameters of the planet to
those values shown for Set 1 in Table 1. The mass of the planet
is then varied sampling the range Mpl = 1–1024M⊕, with the

Table 1. The orbital parameters of the massive planet used in each set of
simulations.

Parameter Set 1 Set 2 Set 3

M (M⊕) 1, 2, 4, . . . ,
1024

32.0 32.0

a (au) 1.0 1.0 1.0
e 0.0 0, 0.05, 0.1, . . . , 0.3 0.0
i (◦) 0.0 0.0 0, 2.5, 5, . . . , 10
" (◦) 0.0 0.0 0.0
ω (◦) 0.0 0.0 0.0
M (◦) 0.0 0.0 0.0

mass increased incrementally by factors of 2 (i.e. 1, 2, 4, 8, . . . ).
We span these masses so as to appropriately cover the expected
mass distribution of planets found with TESS (Sullivan et al.
2015).
In our second set of simulations, we explore the effect of

eccentricity. In these simulations, we fix the planetary mass to
Mpl = 32M⊕ as this falls within the dominant mass range of
expected TESS findings (Sullivan et al. 2015). In these simulations,
we set the orbital parameters of the planet to those values shown
for Set 2 in Table 1. The eccentricity of the planet is then varied
from epl = 0.0 to 0.3 in steps of 0.05 for each simulation. In our
final set of simulations, we explore the effect of inclination. In these
simulations we again fix the planetary mass to Mpl = 32M⊕. and
set the orbital parameters of the planet to those values shown for
Set 3 in Table 1. The inclination of the planet is then varied from
ipl = 0.0◦ to 10.0◦ in steps of 2.5◦ for each simulation.
For all of our simulations, we randomly scatter 105 massless

TPs throughout the system. As we are interested in obtaining the
stability signatures in the vicinity of the orbit of a massive body, the
TPs are distributed between orbits with periods in 10: 1 and 1: 10
commensurability with the planet (which for apl = 1 au is given by
0.215 au . a . 4.642 au), and with eccentricities 0.0 ≤ e ≤ 0.3. It
should also be noted that, by varying the values ofωtp andMtp across
the full 0◦–360◦ range, this allows for a fixed value ofωpl = 0.0◦ and
"pl = 0.0◦ for Sets 2 and 3, respectively, to still cover the relevant
parameter space.

3.5 Analysis

One of the key goals of this work was the development of a tool that
can be used to assess the dynamical stability of a systemwithout the
need to run numerical simulations. We achieve this by running N-
body simulations with a swarm of massless TPs to produce a set of
scalable templates, which reveals the unperturbed regions around
a planet, which we refer to as that planet’s ‘stability signature’.
More specifically, we determine two stability signatures: one that
optimistically provides an upper bound above which TPs are shown
to be excited, and a second that more conservatively provides a
lower bound below which no TPs were shown to be excited.
For each simulation, we determine the system’s stability signa-

tures based on the excitation of the TPs perturbed by the planet
over a period of 107 yr. We consider a TP to be excited by the
planet if its semimajor axis changes relative to its initial position by
$aexcited = (afinal − ainitial)/ainitial > 0.01 over the course of the entire
simulation. This is because ultimately we wish to use the signatures
to predict the locations most likely to host additional planets in
the system – particularly Earth-mass bodies. Since our simulations
use massless TPs, they do not take into account mutual gravitational
interactions between the planet and any companion – represented by
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the TPs – orbit. In order to use TPs to predict the stability of massive
bodies with any confidence (such as demonstrated by Agnew et al.
2017, 2018b), we only need to consider those TPs that are not
excited (in other words, the gravitational influence of the known
exoplanet is not destabilizing it). The gravitational influence of the
less massive Earth-mass planet is also unlikely to perturb the known
exoplanet in this scenario. In the cases of our first and third sets of
simulations, where the massive planet moves on a circular orbit, the
Jacobi integral is constant as the system is a circular restricted three-
body problem. The dynamics in this case differs from the restricted
three-body problem that we see with eccentric orbits, and so the
results of Set 2 will also differ significantly due to the difference in
the dynamical evolution resulting from the additional eccentricity
of the planet itself.
Thus, by considering the relative change in semimajor axis

of TPs, and ignoring those that are excited by the gravitational
influence of the planet (i.e. $aexcited > 0.01), we are left with
the most stable, unexcited bodies. From this, we can extract the
optimistic stability signature by placing the unexcited TPs into bins
in semimajor axis, and taking the maximum eccentricity of the
TPs in each bin. In contrast, we obtain the conservative stability
signature, below which we see no TP excitation, by placing the
excited TPs into bins in semimajor axis, and taking the minimum
eccentricity of the TPs in each bin. In both scenarios, we disregard
outliers. We do this for two reasons. First, tiny regions of stability
seem to be unlikely places for planets to form and survive in all but
the youngest stellar systems, and so such regions typically offer little
prospect of predicting potential stable planet locations. In addition,
we are interested in regions of stability that are represented by stable
swarms of TPs, rather than individual outliers, as stable resonances
are not infinitely thin, but have a measurable width in semimajor
axis space. In this work, we ignore surviving TPs that are alone in a
given bin. For bins that contain multiple surviving TPs, we consider
the cumulative distribution function (CDF) of the eccentricities of
the TPs. We ignore any TPs that have a final eccentricity in the top
2.5 per cent of the CDF within each bin. The converse process
is true for ignoring outliers when determining the conservative
stability signature, considering the excited TPs instead of the
surviving TPs.
Plotting a curve connecting the eccentricity of the most eccentric,

unexcited TP in each semimajor axis bin – and for which outliers
have been removed – yields a signature like that shown by the yellow
curve in the upper plots of Fig. 3. Similarly, we can plot the curve of
the least eccentric, excited TPs as shown by the green curve (middle
plots). Fig. 3(a) shows that at low masses (µ = 8M⊕/M⊙), other
than the very obvious region that is cleared in the planet’s immediate
vicinity, the optimistic signature is very difficult to extract, and as
a result, the accuracy with which this can be achieved is somewhat
limited. However, the curve of the excited TPs is much more clearly
defined, and so this can still be acquired easily. Fig. 3(b) shows that
for more massive planets (µ = 64M⊕/M⊙), the outlined method
for obtaining the optimistic stability signatures is much cleaner as
the signature is more distinct. The optimistic stability signatures
(the yellow curves in Fig. 3) are thus the curve in (a, e) space,
above which are the perturbed regions near a given planet. The
conservative stability signatures (the green curves) are the curve in
(a, e) space below which are the stable, unperturbed regions near
a given planet. These can be combined as shown in the tricolour
figures (bottom plots) to yield a classification scheme where planets
can be deemed stable, unstable, or potentially stable in between
these two extremes where we have evidence of TPs being both
excited and unexcited.

Using the approach outlined above, the stability signatures were
extracted for all of our simulations and compiled to produce the
desired look-up maps, and to compare how different parameters
might impact dynamical stability of the systems. The resulting look-
up map forms the basis of the predictive tool we developed in
assessing system stability without further numerical simulations.

4 RESULTS AND DISCUSSION

4.1 Effect of mass

The influence of the mass of the known planet on the stability in a
given system is the main focus of this work, and as such is covered
in the most detail. We present the compiled stability signatures and
look-up maps in Fig. 4.

Fig. 4(a) shows the stability signature for all the planetary
masses we simulated in Set 1 in Table 1. The stability signatures
were extracted as outlined above, and specifically the signatures
for µ = 8 and 64M⊕/M⊙ can be seen in Fig. 3. The x-axis shows
the semimajor axes between orbits with periods in 10: 1 and 1: 10
commensurability with the planet (which for apl = 1 au is given by
0.215 au . a . 4.642 au), while the y-axis shows the eccentricity
values of the stability signatures in Fig. 4(a), and indicates the mass
ratio of the planet in each simulation in Figs 4(b) and (c). As the
maximum eccentricity we tested with our simulations was 0.3, this
means that the maximum value in these signatures correspond with
very stable, unexcited regions for a body up to an eccentricity of 0.3.
While the maximum values could mean bodies with eccentricities
higher than 0.3 may also be stable at these locations, as we did
not explore higher than 0.3 we can only predict up to this value.
We also overlay various other boundaries for the onset of chaos.
These include simpler approximations, such as the boundaries of
1, 3, and 5 Hill radii from the massive planet, as well as more
developed analytic definitions. There have been several studies
into the onset of chaos (e.g. Mustill & Wyatt 2012; Giuppone et al.
2013; Deck, Payne & Holman 2013; Petit, Laskar & Boué 2017;
Hadden & Lithwick 2018), and here we plot those results presented
by Mustill & Wyatt (2012), Giuppone et al. (2013), and Deck et al.
(2013).

We emphasize that for low-mass planets the optimistic stabil-
ity signatures are difficult to extract accurately without making
significant assumptions or changes to the extraction methodology.
This was demonstrated for µ = 8M⊕/M⊙ in Fig. 3(a), and can be
seen for other masses µ ≤ 8M⊕/M⊙ in Fig. 4(a). Despite this, the
conservative signature for such low-mass scenarios can still be seen
to be demonstrably stable for all but the regions located nearest to
the planet, but this should be kept in mind for any systems with
µ ≤ 8M⊕/M⊙.

Fig. 4(a) shows that for systems with µ > 8M⊕/M⊙, the
optimistic stability signatures are much less noisy and hence
more distinctly defined. The semimajor axes that correspond with
stabilizing MMRs are also clearly visible (shown by the dashed
magenta lines), as is the manner in which the widths of those
resonances can vary with planetary mass. In contrast, Fig. 4(a)
shows that the conservative signals aremuchmore distinctly defined
even for low-mass ratios, and so are useful for identifying stability.

Figs 4(b) and (c) show the look-up maps we developed by
representing the eccentricity values of the stability signature for
each µ as shaded areas. The dark regions represent strongly
stable regions, specifically where the maximum eccentricity of an
unexcitedTP is 0.3 (themaximumvalueweused in our simulations).
Conversely, the lighter regions represent the unstable regions, where
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System stability and HZ companions in the TESS era 4709

Figure 3. Stability signature extraction from two different systems. The TPs plotted to extract the optimistic signature (yellow) are those considered to be
‘unexcited’ ($aexcited < 0.01). Conversely, the TPs plotted to extract the conservative signature (green) are those considered to be ‘excited’ ($aexcited > 0.01).
The semimajor axis is divided into 400 equally spaced bins, and the value of that bin is determined to be the maximum eccentricity of the unexcited TPs within
that bin (for the yellow optimistic case) or the minimum eccentricity of the excited TPs within that bin (for the green conservative case). The signatures can be
combined to yield a tricolour plot with three distinct regions: unstable, stable, and potentially stable. Some common low-order MMRs are shown in pink.

the maximum eccentricity of an unexcited TP is zero or near zero,
meaning that region in (a, e) space has been completely cleared of
TPs. The stabilizing resonances are again evident in Fig. 4(b) (the
vertical dark streaks embedded in the light white cloud, highlighted
by the dashed magenta lines), as is the strong influence that the
mass ratio has on the reach of the unstable region. We see similar
features in Fig. 4(c), but in this case theMMRs can be seen to have a
destabilizing effect on the TPs, specifically the 2:1 and 1:2 MMRs.
In general, the various analytic definitions for the onset of chaos
bounds or straddles the unstable regions we present to some extent
in both the optimistic and conservative cases, suggesting there is use
to both the optimistic and conservative definitions depending on the
desired application. It also highlights that a more robust definition
of excitation utilizing the derivations in these works may yield

better, more precisely defined signatures. Generally, these analytic
criteria derive the boundary of the onset of chaos to be related to
the relative difference in semimajor axis between the two bodies.
As such, monitoring this throughout each simulation may yield a
far more robust method by which to obtain the stability signatures.
The results of each simulation from which the stability signature
was extracted can be found in Fig. C1.
In addition to the details that are evident in Figs 4(b) and (c),

the look-up map can also be used to assess dynamical stability
in a system, with specific emphasis on the conservative stability
contour map. We can interpolate between the masses we simulated
to obtain the signature for a planet of any mass (within the
maximum and minimum mass ratios of µ = 1–1024M⊕/M⊙).
We look at how to do this to achieve our two goals – assessing
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4710 M. T. Agnew et al.

Figure 4. The (a) stability signatures, (b) optimistic look-up map, and (c) conservative look-up map, of the 11 planetary masses simulated between µ = 1
and 1024M⊕/M⊙. In these simulations, the systems considered consist of TPs on initially low eccentricity (e < 0.3) orbits that are coplanar with the massive
planet that perturbs them. Subpart (a) shows the stability signature for each planetary mass simulated. The red region is the unstable region, the green is the
stable region, and the yellow is in between where demonstrably stable and unstable TPs have been shown to exist. Subparts (b) and (c) combine all the stability
signatures into contour maps, allowing for stability signatures at interim masses to be obtained by interpolating logarithmically between those we simulated.
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System stability and HZ companions in the TESS era 4711

Figure 4 – continued

dynamical stability in multiple planet systems, and how to identify
systems where an exo-Earth may exist in the HZ of systems – in
Section 5.

4.2 Effect of eccentricity

Whilst we focus primarily on coplanar, circular orbits, our method
can be further developed and refined to extend to eccentric orbits.
In this work, the eccentricity look-up map we generate is limited
to a single mass ratio (µ = 32M⊕/M⊙) and is not used like the
ones presented in Fig. 4. However, it does allow us to explore
the influence of planetary eccentricity on the stability of a system.
Fig. 5 shows the optimistic and conservative stability signatures, and
the look-up maps for a mass ratio of µ = 32M⊕/M⊙. The x-axis
shows the semimajor axis range simulated to obtain the stability
signatures, i.e. between orbits with periods in 10: 1 and 1: 10
commensurability with the planet (which for apl = 1 au is given by
0.215 au . a . 4.642 au), while the y-axis shows the eccentricity
values of the stability signatures in Fig. 5(a), and indicates the
eccentricity of the planet in each simulation in Figs 5(b) and
(c). We only explore between e = 0 and 0.3, given that existing
literature shows that multiple planet systems (especially where one
is a potentially habitable terrestrial planet) are uncommon for high
eccentricity orbits (e > 0.4). This has been explained as being
most likely attributable to planet–planet scattering during planetary
formation and evolution (Matsumura et al. 2016; Carrera et al. 2016;
Agnew et al. 2017; Zinzi & Turrini 2017).
The stability signatures resulting from these simulations prove

more challenging to extract since the TPs become far more excited.
This can be seen by plotting the excitation of theTPs in (a, e) space in
Figs C1 and C2 for the circular and non-circular cases, respectively.
While we do see the theoretical work bounding the unstable, chaotic

region in Fig. 5(c), there is a noticeable deviation with the optimistic
signature (as evident in Fig. 5b). This highlights two important
notions: (1) as mentioned earlier, the case for investigating the effect
of eccentricity means the system is no longer a circular restricted
three-body problem. As such, the Jacobi integral is not conserved
and so we see significantly different dynamics than in the circular
case when investigating the effect of mass, and (2) the method by
which we determine excitation is not well suited when investigating
eccentric orbits. Since we see qualitative agreement in Figs 4(b)
and (c), and 5(c) with different analytic derivations for the onset of
chaos (e.g. Mustill &Wyatt 2012; Deck et al. 2013; Giuppone et al.
2013), a modification of the excitation criteria that utilizes some
of the research presented in these works should be incorporated in
future work that seeks to include the eccentricity parameter space.
This may yield criteria that are more suitable for the eccentric cases.
Fig. 5 demonstrates the destabilizing influence planetary ec-

centricity has on the dynamical stability of nearby objects – a
result that matches what has been found in previous studies of
proposed multiple planet systems (Carrera et al. 2016; Agnew et al.
2017). Fig. 5 shows how rapidly the regions nearby a planet are
destabilized as the planet moves from a circular to an eccentric orbit.
The semimajor axes that correspond to the locations of potential
stabilizing MMRs are also far less pronounced, as seen by the less
distinct dark vertical streaks in Fig. 5(b). Even more impressive is
the range of destabilization in semimajor axis in Fig. 5(c), reaching
out in both directions to the locations of the 3: 1 inner resonance
and the 1: 4 outer resonance with the planet’s orbit in the highest
eccentricity case we examined (epl = 0.3). In contrast, the unstable
regions in the circular case only reached to the 5: 3 inner, and just
beyond the 1: 2 outer respectively, re-enforcing the significance
of even moderate orbital eccentricities on multiple system stability
(Zinzi & Turrini 2017).
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4712 M. T. Agnew et al.

Figure 5. The (a) stability signatures, (b) optimistic look-up map and (c) conservative look-up map for the seven planetary eccentricities simulated between
e = 0 and 0.3. In these simulations, the systems are coplanar and the planet has mass ratio µ = 32M⊕/M⊙. Subpart (a) shows the stability signature for each
planetary mass simulated. The red region is the unstable region, the green is the stable region, and the yellow is inbetween where demonstrably stable and
unstable TPs have been shown to exist. Subparts (b) and (c) combine all the stability signatures into contour maps, allowing for stability signatures at interim
eccentricities to be obtained by interpolating between those we simulated.
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System stability and HZ companions in the TESS era 4713

4.3 Effect of inclination

Similar to our investigation into the effect of eccentricity on the
stability signatures of a planet, here we explore the influence of
planetary inclination on the stability of a system. Fig. 6 shows
the various stability signatures and the look-up maps for a mass
ratio of µ = 32M⊕/M⊙. The x-axis shows the semimajor axes
that we simulated to obtain the stability signatures, while the y-axis
shows the eccentricity values of the stability signatures in Fig. 6(a),
and indicates the inclination of the planet in each simulation in
Figs 6(b) and (c). The 5 inclined systems can be seen in Fig. C3.
What is immediately apparent from both Figs 6(a) and (b) is that

shallow mutual inclinations (i.e. i ≤ 10◦) have very little influence
on the stability signatures of a system. Fig. 6(a) shows that the
stability signatures vary very little outside of the inherent stochastic
variations expected using a randomly distributed swarm of TPs.
Fig. 6(b) shows that the stabilizing influence of MMRs remains
more or less consistent across the range of inclinations explored, as
is evident by the near-uniform vertical dark streaks. Similarly, the
destabilizing effect of the 2:1 and 1:2 MMRs are evident across all
inclinations, with the conservative signature in Fig. 6(c) showing
depletion in regions that align with the locations of the 2:1 and 1:2
MMRs.
While the conditions here are those for the circular restricted

three-body problem, it is important to note that the dynamics will
change still further when the third body is treated as a massive,
rather than massless object – in other words when we move from
considering the restricted three-body problem to the unrestricted
three-body problem. The mutual gravitational interactions that
would exist betweenmassive bodies, rather than amassive body and
massless TPs, are expected to yield more complicated dynamical
behaviour. In such a scenario, inclination would have a much more
significant influence on dynamical stability. However, previous
studies have shown that multiple planet systems are likely to exist
on shallow, near coplanar orbits (Lissauer et al. 2011a,b; Fang &
Margot 2012; Figueira et al. 2012; Fabrycky et al. 2014).

5 APPLICATIONS

The first batch of TESS science observations has already resulted in
the detection of two planets (Huang et al. 2018; Vanderspek et al.
2018), and this is expected to grow to several thousand throughout
the lifetime of the survey (Ricker et al. 2014; Sullivan et al. 2015;
Barclay et al. 2018). Here, we demonstrate how our approach can
be applied for our two proposed use cases for newly discovered
TESS systems.
The first use case is to conservatively assess the dynamical

stability of multiple planet systems. The approach we take is to
assess the stability of each planet separately to provide insight into
the multiple planet system as a whole. We detail this in Section 5.1.
The assessments presented here are conducted using the best-fitting
orbital parameters inferred from observations to test the robustness
of our approach. We follow this with a demonstration of how to
assess stability across the region covered by the uncertainties of the
orbital parameters of planets, and so how our method can provide a
means to assess the stability of a system with the currently inferred
planetary parameters, and if more observations are needed to better
constrain the true nature of the system (e.g. Anglada-Escudé et al.
2010; Anglada-Escudé & Dawson 2010; Wittenmyer et al. 2013;
Horner et al. 2014). As our look-up map in Figs 4(b) and (c) are
only for circular orbits, and does not take into account secular
interactions which can occur over longer time-scales, this is a

conservative assessment that can be used as a quick, first-order
check of a system, enabling a rapid assessment of systems that
are likely to be dynamically unstable with their current nominal
best-fitting orbits.
The secondary use case allows for the rapid identification of

single planet (and certainmultiple planets) systemswhere additional
planets can maintain stable orbits within the HZ (with potential
Earth-mass planets being of particular interest here). In this way,
the expected return of several thousand newly discovered systems
by TESS can be quickly assessed to identify those which could
contain as yet undetected exo-Earths. We detail how we achieve
this in Section 5.2.

5.1 Multiple planet stability

To assess the stability of multiple planet systems, the stability of
each planet needs to be assessed separately. Thus, for any planet,
P1, we must investigate the gravitational influence that the other
planets, P2, P3, P4 . . . , Pn have on P1. The same assessment
must be conducted for each planet in the system, investigating the
gravitational influence that the other planets P1, P3, P4, . . . , Pn have
on P2; the gravitational influence that the other planets P1, P2, P4,
. . . , Pn have on P3; and so on.

Let us consider a three planet system. Starting with P1, we first
obtain the stability signature of the other planets by combining
their masses with P1 (i.e. with respective masses M ′

2 = M1 +M2

and M ′
3 = M1 +M3), interpolating within our look-up maps, and

translating the signatures to each planet’s semimajor axis a2 and
a3, respectively. We combine these signatures to get an optimistic
and a conservative signature by taking the minimum value of the
P2 and P3 stability signatures at each semimajor axis location. We
then plot these combined stability signatures, as well as where P1

is located, in (a, e) parameter space. We can then infer if P1 would
be stable, unstable, or potentially stable based on where it lies
within the combined stability signature. The inference of stability
is determined as outlined in Section 3: below the conservative line
corresponds with the unexcited, stable regions around a planet;
above the optimistic line corresponds with the excited regions
around a planet; and in between corresponding with potentially
stable regions. This process is then repeated for P2 and P3. Once
all planets in the multiple system have been assessed, if any planet
is located above the optimistic stability signature, the system is
considered potentially unstable. Conversely, if all of them fall below
the conservative stability signature, the system can be considered
stable. A worked example of this process for HD 5319 can be found
in Appendix A.
We test the robustness our stability signature predictions with

the dynamical stability of systems found through numerical simu-
lations. Agnew et al. (2018b) conducted such a study, simulating
all multiple planet systems with a gas giant within the then known
exoplanet population for 108 yr in order to assess their dynamical
stability. Fig. 7 shows the HD 5319 system, which Agnew et al.
(2018b) found to be dynamically unstable. We can see that the red
planet is located above the optimistic stability signature of the blue
planet, meaning it resides in the excited, unstable regions within
the system, suggesting the system overall is unstable. In Fig. 8, we
show a similar assessment of the 47 UMa system which was found
to be potentially dynamically stable by Agnew et al. (2018b). We
follow the method outlined earlier for assessing the stability of a
three body system by combining stability signatures, and we can
see that all three planets are located within the potentially stable
region.
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4714 M. T. Agnew et al.

Figure 6. The (a) stability signatures, (b) optimistic look-up map, and (c) conservative look-up map for the various planetary inclinations simulated between
i = 0◦ and 10◦. In these simulations, the planet is on a circular orbit and has mass ratio µ = 32M⊕/M⊙. Fig. 6(a) shows the various stability signatures for
each planetary inclination simulated. The red region is the unstable region, the green is the stable region, and the yellow is inbetween where demonstrably
stable and unstable TPs have been shown to exist. Figs 6(b) and (c) combine the stability signatures into contour maps, allowing for stability signatures at
interim inclinations to be obtained by interpolating between those we simulated.

We can compare our stability signature predictions with all
the multiple planet systems that Agnew et al. (2018b) tested
numerically.As they sought to identify systems thatmay host hidden
exo-Earths in the HZ, they had additional criteria relating to the
habitability of each system that ultimately yielded a selection of 51

multiple planet systems from the then known exoplanet population.
As our stability signatures only covermass ratiosµ≤ 1024M⊕/M⊙,
and e≤ 0.3, this places a limitation onwhich systemswe can test our
predictions against. Of the 51 systems, Agnew et al. (2018b) tested
numerically, 25 systems fall within the mass ratio and eccentricity
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System stability and HZ companions in the TESS era 4715

Figure 7. A comparison between the predictions made using our method,
and a previously run numerical simulation conducted by Agnew et al.
(2018b) for HD 5319. For each planet, we overlay its stability signature
and assess the location of the other planet with respect to the first. In (a),
the red planet is located above the optimistic stability signature, suggesting
instability. In (b), the blue planet is located within the potentially stable
region. Despite that, as one of the planets is considered unstable, it can be
suggested these particular system parameters are unstable.

Figure 8. A comparison between the predictions made using our method,
and a previously run numerical simulation conducted by Agnew et al.
(2018b) for 47 UMa. In each panel, one of the planets stability (the circle
and cross marker) is assessed based on where it is located relative to the
combined stability signature of the other two planets (the solid markers). In
this system, all the planets potentially stable, so it can be suggested that this
particular system may be stable.

Table 2. Multiple exoplanet systems stability signature predictions com-
pared with the stability of the system determined from detailed numerical
simulations of Agnew et al. (2018b). This table is intended to demonstrate
the agreement between our approach and numerical simulations, but should
not be seen as a definitive assessment of those system’s stability.

System Numerical Signature Agreement?
Result Prediction

24 Sex Unstable Unstable X
47 UMa Stable Potentially stable –
BD-08 2823 Stable Stable X
HD 10180 Stable Potentially stable –
HD 108874 Stable Potentially stable –
HD 113538 Stable Potentially stable –
HD 134987 Stable Potentially stable –
HD 141399 Stable Potentially stable –
HD 142 Stable Potentially stable –
HD 159868 Stable Potentially stable –
HD 1605 Stable Potentially stable –
HD 160691 Unstable Potentially stable –
HD 187123 Stable Potentially stable –
HD 200964 Unstable Unstable X
HD 219134 Stable Stable X
HD 33844 Unstable Unstable X
HD 47186 Stable Stable X
HD 4732 Stable Potentially stable –
HD 5319 Unstable Unstable X
HD 60532 Stable Potentially stable –
HD 9446 Stable Potentially stable –
HIP 65407 Stable Stable X
HIP 67851 Stable Potentially stable –
TYC 1422-614-1 Stable Potentially stable –
XO-2 S Stable Potentially stable –

ranges we used here, and so we can directly compare our stability
signature predictions with these 25 systems. Our comparison is
summarized in Table 2.
We find that our stability signatures yield agreement on the

dynamical stability of a system in 32 per cent (8/25) of the systems
tested numerically by Agnew et al. (2018b), no strong disagreement
in any of the systems tested, and only one case of disagreement with
a system found to be unstable numerically (HD 160691). This is a
promising result, as our predictions are using stability signatures
for circular orbits, and as highlighted in Section 4.2, higher
eccentricity orbits will create less stable signatures. This means that
the discrepancy in the numerical and signature predictions found
for the HD 160691 (the only system Agnew et al. 2018b found to
be unstable that our method did not also predict to be unstable)
may be reconciled, as the signature being used to predict stability
would be more stable (due to it being circular) than what it should
be in reality (e > 0). It should be noted that our stability signatures
do not take into account higher order secular interactions, and so
stable predictions are inherently less conclusive because of these
not being incorporated. There is also agreement in the potentially
stable system predictions, although for multiple planet stability it is
the unstable predictions that are more useful.
By demonstrating the robustness of our predictions, we can now

present the use case for assessing the stability of a planetary system.
We do this by carrying out Monte Carlo (MC) simulations for a
system, randomly sampling within the accepted range of values. For
each simulation, we can determine a stability metric by assigning a
value of 0 for an unstable system, 1 for a stable system, and linearly
interpolating the metric between 0 and 1 between the two signatures
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4716 M. T. Agnew et al.

for the potentially stable systems (taking the minimum interpolated
value of all planets in a given multiple system). Taking the mean
of all the MC simulations for a system yields a measure of how
stable the system is with the current planetary parameters. As an
example, we consider HIP 65407, for which planet HIP 65407 b has
0.172 ≤ ab ≤ 0.182 au and 0.396 ≤ Mb ≤ 0.46 MJ and HIP 65407 c
has 0.308 ≤ ac ≤ 0.324 au and 0.73 ≤ Mc ≤ 0.838 MJ. We run
100 000 MC simulations and yield a stability metric of 92 per cent,
suggesting this system should not be prioritized when determining
which systems require additional observations to better constrain
the planetary parameters.
It must be re-iterated that this is a conservative prediction, and

the implications of some dynamical interactions may be missed.
Specifically, this assessment only compares stability between pairs
of planets. For systems with more than two planets, this method
will not include the effect of multiple-body interactions. Such
interactions could potentially destabilize a planet-pair that would,
on their own, bemutually stable. As a result, it seems likely that truly
stable solutions would require planets to be somewhat more widely
spaced in such systems than our two-planet stability maps might
otherwise suggest (e.g. Pu & Wu 2015, 2016; Tamayo et al. 2016).
Additionally, previous studies have demonstrated that the ratio of
two planet’s masses has very little influence on stability. Instead, it
is the cumulative mass of the planets that impacts most upon their
stability (Petit et al. 2017; Hadden & Lithwick 2018). As such, our
planetary predictions between large-mass planets is optimistic as
the application is more suited to identifying less massive, Earth-
mass companions. The most appropriate use case for our approach
in assessing planetary stability is in identifying unstable systems
by assessing many permutations of planetary parameters across
the constrained error bars, and using that assessment to inform
observers as to whether to gain more data to better constrain them.

5.2 Predicting HZ companions

Generally, detailed numerical simulations are the means by which
to identify the stable and unstable regions within a planetary
system (Barnes & Raymond 2004; Raymond & Barnes 2005; Kane
2015). Such simulations are computationally expensive and so other
methods to more rapidly predict stability within a system would be
particularly useful. Here, we demonstrate how we can utilize our
approach to identify where additional planets can maintain stable
orbits within the HZ – with a specific focus on Earth-mass planets
– in lieu of computationally expensive simulations. It is essential
to test the robustness of our approach, and we do so by comparing
our predictions with the standard numerical approach. Agnew et al.
(2017, 2018a,b) have performed such simulations to assess HZ
stability (with both massless TPs and 1 M⊕ bodies) for a large
sample of single Jovian planet systems. Here we draw upon the
results of their simulations to compare with our predictions.

5.2.1 TP companion in HZ

We first compare our predictions with systems that were simulated
numerically with massless TPs. Agnew et al. (2018a) conducted a
large suite of simulations for 182 single Jovian planet systems using
5000 TPs randomly distributed throughout the HZ, and simulated
each system for 107 yr. Depending on the orbital parameters of
the Jovian planet, these simulations took days of computational
time. In contrast, our predictions can be performed in seconds.
We compare the TPs that were not removed from the system by

Figure 9. A comparison between the predictions made using our method,
and previously run numerical TP simulations conducted by Agnew et al.
(2018a) for Kepler-16 (epl = 0.0069) and kappa Cr B (epl = 0.044). The
coloured dots show the final position of the TPs in (a, e) spacewith the colour
representing$a. The blue circle represents the planet, the green curve shows
its optimistic stability signature, and the shaded green region shows the HZ
below the stability signature. It can be seen that a large majority of the stable
TPs fall below the stability signature, where we predict the unperturbed
stable regions in the system to be.

ejection or collision at the end of the simulation with the predicted
unperturbed, stable regions below the stability signature using our
method to assess the robustness of our approach formassless bodies.

As our stability signatures have only been determined for mass
ratios µ ≤ 1024M⊕/M⊙ and e ≤ 0.3, this places limitations on
which systems we can compare with. Agnew et al. (2018a) present
10 near-circular systems (i.e. epl < 0.05) that havemass ratios which
fall within this range, and for which they have explored the stable
regions in the HZ using a swarm of massless TPs. These systems
are ideal candidates to demonstrate how the stability signatures can
predict regions of HZ stability. To do this, we: (1) normalize the
system by scaling the mass of the star and the planet, (2) interpolate
between the masses on the look-up map to obtain the optimistic
stability signature of each planet, (3) translate the signature of each
planet to its semimajor axis, and (4) overlay the stability signature
over (a, e) alongside the TPs that survived to the end of the numerical
simulations ran by Agnew et al. (2018a). We can then examine if
the TPs align with the area beneath the stability signature which
corresponds with the unexcited, stable regions in the system. A
worked example of this process for Kepler-16 can be found in
Appendix A. Fig. 9 shows the stability signatures and surviving TPs
as found by Agnew et al. (2018a) for Kepler-16 and kappa Cr B,
two systems where the known planet interacts significantly with the
HZ. All 10 of the near-circular systems can be seen in Fig. B1.
In these figures, the coloured dots represent the final position and

the relative change in semimajor axis of the TPs that remained at the
end of the simulation, the green curve is the stability signature, the
shaded green area is the HZ that exists beneath the signature, and
the blue point is themassive planet. It can be seen that there is strong
agreement between the stability signatures and the surviving TPs
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System stability and HZ companions in the TESS era 4717

for each system as was determined numerically by Agnew et al.
(2018a). Especially so in the case of Kepler-16 as it is the most
circular of the two systems. kappaCrB also shows strong agreement
in that a large majority of the TPs fall below the stability signature,
but as the orbit of the planet is slightly less circular (0.0069 in
Kepler-16 versus 0.044 in kappa Cr B) we see some excitation
of the TPs to eccentric orbits greater than e > 0.3. Regardless,
for near-circular systems we see that the stability signature is a
strong predictor of stable regions, and that further development to
incorporate eccentric orbits has the potential to yield even stronger
predictions for less circular orbits.

5.2.2 Earth-mass companion in HZ

As one of the goals of our work is to identify where Earth-mass
planets could maintain stable orbits, we need to demonstrate the
stability predictions are not just valid for massless TPs, but also
for massive bodies. We have the same mass ratio and eccentricity
constraint aswe did for the TP predictions, and sowe similarly focus
on systems with mass ratios µ ≤ 1024M⊕/M⊙ where the planet
moves on near-circular orbits. Agnew et al. (2017) conducted a
suite of simulations to explore the stable regions in the HZ of
15 single Jovian planet systems by sweeping a 1 M⊕ body over
the (a, e) parameter space. For each system, 20 400 individual
simulationswere run, where the orbital parameters of the 1M⊕ body
were gradually varied to cover the desired parameter space. Such
thorough numerical simulations take days to weeks to complete,
whereas our predictions can be performed in seconds. We compare
the 1 M⊕ bodies that were not removed from the system by
ejection or collision at the end of the simulations with the predicted
unperturbed, stable regions below the stability signature using our
method to assess the robustness of our approach for Earth-mass
bodies.
None of those systems studied by Agnew et al. (2017) would

be considered near-circular, so we just look at those that have
mass ratios that fall within the µ range and with an epl ≤ 0.3.
Three systems fulfill these requirements, HD 132563 B, HD
147513, and HD 34445, and hence are candidates to demonstrate
how the stability signatures can predict HZ stability. While these
systems have relatively low eccentricities (0.22, 0.26, and 0.27,
respectively), they are not what one would consider near-circular.
As such we also include a multiple planet system where the planet
in closest proximity to the HZ is much closer to circular. That
system is 47 UMa, for which Agnew et al. (2018b) carried out a
similar massive body parameter sweep. In this case, the separations
between planets in 47 UMa are such that the predictions are still
useful. To perform these HZ predictions, we perform the same
steps as outlined in Section 5.2.1, but instead of plotting the TPs
that survived to the end of the numerical simulations, we plot the
1 M⊕ bodies that survived to the end of the numerical simulations
performed byAgnew et al. (2017, 2018b). Fig. 10 shows the stability
signatures and surviving 1 M⊕ bodies found by Agnew et al. (2017,
2018b) for HD 132563 B, HD 147513, HD 34445, and 47 UMa.
An additional step required for 47 UMa is that the stability

signatures of all planets must be combined. At any semimajor
axis location, the stability signature of each planet will have a
corresponding eccentricity representing the maximum eccentricity
of the unexcited region. As we assess whether one planet would
excite any other, the smallest of these eccentricity values will
ultimately bound the unexcited region at that semimajor axis
location. As such, we can take the lowest value of all the stability

Figure 10. A comparison between the predictions made using our method,
and previously run numerical 1 M⊕ body simulations conducted by Agnew
et al. (2017, 2018b) for HD 132563 B, HD 147513, HD 34445, and 47 UMa.
The coloured dots show the final position of the 1 M⊕ bodies in (a, e) space
with the colour representing $a. The large coloured circles represent the
planets in each system, the green curve shows optimistic stability signature of
each system, and the shaded green region shows the HZ below the signature.
It can be seen that a large majority of the stable 1 M⊕ bodies fall below
the optimistic stability signature, where we predict the unperturbed stable
regions in the system to be.

signatures at each semimajor axis location to generate a combined
stability signature. The combined signature for 47 UMa is that
shown in the bottom panel of Fig. 10.
In these figures, the coloured dots represent the final position

and the relative change in semimajor axis of the 1 M⊕ bodies that
remained at the end of the simulation, the green curve is the stability
signature, the shaded green area is the HZ that exists beneath the
signature, and the blue, red, and yellow points are the massive
planets.
As the known massive planet in HD 132563 B, HD 147513, and

HD 34445 is eccentric, the stable bodies do not fit the predictions
as accurately as the near-circular cases. We can see that while the
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massive bodies tend to align along the semimajor axis, they are
excited to higher eccentricity orbits. This matches what we see
in the eccentric simulations as described in Section 4.2 and with
what can be seen in Appendix C. However, it does demonstrate that
the predictive ability of the stability signatures is still valid for a
1 M⊕ body. In the case of 47 UMa, as the planets are adequately
separated the stability signature of the planet nearest to the HZ
can be used to predict stability within it. That planet moves on a
much more circular orbit, and so we can see that the stable 1 M⊕
bodies align very closely with the area below the stability signature.
This agreement of the stability signature with 1 M⊕ bodies shows
that our method can be used effectively to identify where stable,
HZ Earth-mass planets could maintain stable orbits in known
exoplanet systems without the need to run exhaustive numerical
simulations.
It is important to note that Figs 9 and 10 demonstrate that several

bodies do remain stable at the end of the numerical simulations
carried out by Agnew et al. (2017, 2018a,b) that have eccentricities
greater than 0.3. The limit of e≤ 0.3 that we enforce here to find the
stability signatures and develop our look-up map is the result of our
focus on habitability (Williams & Pollard 2002; Jones et al. 2005).
As such, it should be kept in mind that our method only predicts the
unperturbed regions in (a, e) space with e ≤ 0.3, even though it is
possible for orbits with higher eccentricities to be stable.

6 CONCLUSIONS

Numerical simulations are integral to assessing the detailed dynam-
ics of planetary systems. However, alternative methods to classify
system stability are beneficial in ensuring computational resources
are efficiently allocated to assess only the most complicated sys-
tems. In this work, we have presented an alternative approach
in assessing the stability of newly discovered exoplanet systems,
such as those that will be found in coming years by TESS, and
its associated follow-up programs. This includes the dynamical
stability of a multiple planet system with the best-fitting orbital
parameters, the overall stability of the HZ of a system, and whether
an Earth-size planet could maintain a stable orbit within the HZ.
The key findings of our work are as follows:

(i) Mass ratio (µ = Mpl/M⋆) and orbital eccentricity are very
influential in determining a system’s overall dynamical stability. In
particular, we find that even moderate orbital eccentricities can
prove to be destabilizing, a finding that re-enforces the results
of several studies that highlight the inverse relationship between
multiplicity and eccentricity (Carrera et al. 2016; Agnew et al.
2017; Zinzi & Turrini 2017).
(ii) ‘Stability signatures’ can be obtained using our method for

each planet in a multiple planet system, and these signatures can
be used to assess the stability of each planet, and to determine
the overall dynamical stability of a particular set of planetary
parameters for a multiple planet system. Comparing our predictions
with previously run numerical simulations using best-fitting orbital
parameters (Agnew et al. 2018b), we found our approach yields no
strong disagreement in any of the systems assessed, and agreement
in 32 per cent of cases.
(iii) The stability of a planetary system can then be investigated

by carrying out the stability signature assessment for many different
permutations of planetary and orbital parameters. By considering
the parameters over their respective error ranges, one can suggest
whether more observations should be taken in order to better
constrain the system to more stable orbital parameters.

(iv) The stability signature interpolated from our results also
proves effective at predicting the stability of massless TPs in near
circular systems. Comparing the signature of several single planet
systems with those TPs that were found to be stable with numerical
simulations by Agnew et al. (2018a) shows strong agreement.

(v) The stability signature is also good at predicting the stability
of a 1 M⊕ planet in the HZ of low eccentricity systems. Comparing
the stability signature of several single planet systems with stable
1 M⊕ bodies found numerically by Agnew et al. (2017), we can
see good agreement, with discrepancies being due to the stable
1 M⊕ bodies being more excited to higher eccentricities as a result
of the existing single planet not being on a near-circular orbit (an
assumption of our model).

(vi) The stability signature is also very good at predicting the
stability of a 1 M⊕ planet in multiple planet systems where the
separation between known planets is such that the HZ only interacts
with the nearest planet. 47 UMa provides such a case where the
planet nearest to the HZ is near circular, and here we again see
strong agreement between the stability signature and the numerical
simulations performed by Agnew et al. (2018b).

Our work has focused on the simplest, near-circular, coplanar case,
and so there is room to refine our approach, which we intend to do
in the future. We have demonstrated that our method shows a high
degree of success for low eccentricity systems, and for multiple
planet systems with large orbital separations.

This approach will be particularly useful for systems discovered
with TESS, allowing the system stability to be assessed for the
best-fitting orbital parameters and informing whether additional
observations should be made to further constrain the orbits. It can
also be used to rapidly predict which newly discovered systemsmay
have dynamically stable Earth-size planets orbiting in their HZ. As
our predictive tool does not require further numerical simulations,
they can be incorporated into the ExoFOP-TESS to provide these
insights as planets are discovered.
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APPENDIX A: WORKED EXAMPLES

A1 Multiple planet stability

Here, we show a worked example for assessing the dynamical
stability of HD 5319. The current known arrangement of HD 5319
is summarized in Table A1. We follow the steps as they are outlined
in Section 5.1.
We first normalize the system. For a star with mass M⋆ = nM⊙,

we scale the masses of both the star, M⋆, and the combined mass
of the planet pair, M ′

pl,1 =′
pl,2= Mpl,1 +Mpl,2, by 1/n. This yields a

normalized planet mass of

1
1.51

(1.76+ 1.15)MJup = 1.927MJup = 612.8M⊕

With the normalized mass, we are now able to obtain the stability
signature of the each planet (which is the same in the twoplanet case)
fromour look-upmaps by interpolating between themasseswe have
simulated. Fig. A1(a) shows where the combined normalized mass
of the planets ‘slices’ across our two maps. The shading of the
look-up map corresponds with the maximum unexcited eccentricity
for the optimistic stability signature, and the minimum excited
eccentricity for the conservative stability signature, each slice of
the contour map will have a corresponding curve. These are shown
in Fig. A1(b).
Having obtained the stability signatures for the planets, we next

need to translate the signatures to the semimajor axes of each planet.
The domain over which our simulations were run is

a ∈ [0.215, 4.642]

As per equation (3.3), the domain of our translated signature will
be

a ∈ apl [0.215, 4.642]

Table A1. Summary of stellar mass, planetary mass, and planetary semi-
major axes of the planet/s in the HD 5319 and Kepler-16 systems as they
are currently known.

HD 5319 b c

Mass 1.51 M⊙ 1.76 MJup 1.15 MJup

Normalized mass 1 M⊙ 1.166 MJup 0.762 MJup

Semimajor axis (au) – 1.6697 2.071

Kepler-16 b
Mass 0.69 M⊙ 0.333 MJup –
Normalized mass 1 M⊙ 0.483 MJup –
Semimajor axis (au) – 0.7048 –
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4720 M. T. Agnew et al.

Figure A1. A worked example of HD 5319 demonstrating the key steps
in assessing multiple planet stability. The coloured circles represent the
planets, while the curves represent the stability signatures.

Figure A2. A worked example of Kepler-16 demonstrating the key steps
in determining if HZ companions may exist. The blue circle represents the
planets, the black dots represent the massless TPs, and the curve represents
the stability signatures.
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This yields a domain for planet b of

a ∈ 1.6697 · [0.215, 4.642]

⇒ a ∈ [0.359, 7.751]

and a domain for planet c of

a ∈ 2.071 · [0.215, 4.642]

⇒ a ∈ [0.445, 9.614]

The translated signatures for each planet can be seen in Fig. A1(c).
To assess stability, we identify where each planet is located rela-

tive to the stability signatures of the other. Fig. A1(c) demonstrates
that in the case of HD 5319, planet c falls outside the optimistic sta-
bility region of planet b, and so is excited and so it may be unstable.

A2 Predicting HZ companions

Here, we show a worked example of predicting HZ companions
in Kepler-16. The current known arrangement of Kepler-16 is
summarized in Table A1. We follow the steps as they are outlined
in Section 5.1.
We first normalize the system. For a star with massM⋆ = nM⊙,

we scale the masses of both the star, M⋆, and planet, Mpl, by 1/n.
This yields normalized mass for planet b of

1
0.69

0.333MJup = 0.483MJup = 153.4M⊕

With the normalized mass, we are now able to obtain the stability
signature for planet b from our look-up map by interpolating
between the masses we have simulated. Fig. A2(a) shows where
the normalized mass of the planet ‘slices’ across our map. For

predictingHZ companions, we use the optimistic stability signature.
The shading of the look-up map corresponds with the maximum
unexcited eccentricity for the optimistic stability signature. This is
shown in Fig. A2(b).
Having obtained the stability signature of planet b, we next need

to translate the signature to its semimajor axis. The domain over
which our simulations were run is

a ∈ [0.215, 4.642]

As per equation (3.3), the domain of our translated signature will
be

a ∈ apl [0.215, 4.642]

This yields a domain for planet b of

a ∈ 0.7048 · [0.215, 4.642]

⇒ a ∈ [0.152, 3.272]

We then compute the HZ boundaries for the system. We use the
conservative HZ definition for a 1 M⊕ as given in Kopparapu et al.
(2014) for our HZ boundaries. Fig. A2(c) shows the translated
signature and the HZ that falls below it for Kepler-16.
Finally, using the results of the numerical simulations run by

Agnew et al. (2018a), we can plot the final position of the TPs
remaining at the end of their simulation in (a, e) space. Fig. A2(d)
demonstrates there is tight agreement between the stability signa-
tures and the numerical simulations.

APPENDIX B: HZ COMPANION FIGURES
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Figure B1. Comparison between all the HZ predictions made using our method, and previously run numerical TP simulations conducted by Agnew et al.
(2018a) for all near-circular systems (epl < 0.05). The coloured dots show the final position of the TPs in (a, e) space. The blue circle represents the planet,
the green curve shows its stability signature, and the shaded green region shows the HZ below the stability signature. It can be seen that a large majority of the
stable (coloured dots) TPs fall below the stability signature, where we predict the unperturbed stable regions in the system to be.
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APPENDIX C: TEST PARTICLE FIGURES

Figure C1. The11 simulations using different mass ratios to investigate its influence on stability near to the planet. The dots show the initial position of the
105 TPs in (a, e) space, while the colour represents the relative change in semimajor axis. The shaded red curves show the boundaries of the 1, 3, and 5 Hill
radii of the planet.
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Figure C2. The seven simulations using different eccentricities to investigate its influence on stability near to the planet. The dots show the initial position of
the 105 TPs in (a, e) space, while the colour represents the relative change in semimajor axis. The shaded red curves show the boundaries of the 1, 3, and 5 Hill
radii of the planet.
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Figure C3. The five simulations using different inclinations to investigate its influence on stability near to the planet. The dots show the initial position of the
105 TPs in (a, e) space, while the colour represents the relative change in semimajor axis. The shaded red curves show the boundaries of the 1, 3, and 5 Hill
radii of the planet.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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We are more fulfilled when we are involved in something

bigger than ourselves.

— John Glenn

6
Conclusions

In this chapter I summarise the conclusions of the work presented within this thesis, and

discuss potential future pursuits in the context of this research.

The key goal of this work was to determine where we should look in the search to

find habitable, rocky Earth-like planets. To do this, I conducted a series of increasingly

complex simulations of the known exoplanet population. This investigation comprised

dynamical simulations of (i) a subset of the single Jovian planet population, (ii) the entire

single Jovian planet population, and (iii) the multiple planet population with at least one

gas giant (Jovian or Saturnian). In addition to this search for systems that could host

potential habitable exo-Earth candidates, I sought to develop a tool that can be used to

assist future planetary discoveries by providing a means to rapidly assess: (i) planetary

stability, and (ii) whether or not an exo-Earth could be dynamically stable within a newly

discovered system’s habitable zone. Here, I summarise the results presented in Chapters 2,

3, 4, and 5, present the candidate list of systems which could potentially host habitable

worlds and Solar system analogues, and discuss the implications of these results. I also

discussi potential future avenues for this research.

129
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6.1 Summary

Over the past twenty years, technological advances have led to an explosion in the discovery

of exoplanetary systems. This population now boasts almost 4000 exoplanets of di↵erent

sizes, densities, orbits and system architectures. However, despite these developments, a

Solar system analogue and a genuine Earth twin continue to elude us. The nearly 10, 000

exoplanets expected to be discovered with TESS will continue to grow the exoplanet

population, and potentially shed light on the uniqueness of the Solar system’s architecture.

Further to this, the latest generation of instruments deployed around the globe, and those

scheduled to come online in the coming years, have detection limits that may well allow

us to detect an Earth twin within the habitable zone of a Sun-like star. The question that

we have thus sought to answer is, “where should we look?”. Throughout this thesis we

have utilised numerical simulations to conduct a thorough dynamical search of the known

exoplanet population to help answer this question.

In Chapter 2 we presented a dynamical study of a subset of the single Jovian exoplanet

population. Our sample was comprised of those systems listed within the Catalog of

Earth-Like Exoplanet Survey TArgets (CELESTA) with only a single known Jovian

planet. We categorised the 93 systems selected by whether a theoretical region of chaos

surrounding the Jovian planet, as derived by Giuppone et al. (2013), overlapped with the

habitable zone of the system. This classification scheme allowed for increasingly higher

resolution simulations to be focussed on those systems with habitable zones that were

dynamically perturbed by the existing Jovian planet.

We began our search with low resolution, massless test particle simulations, and in-

creased the number of test particles for each subsequent set of simulations (where theory

had predicted more gravitational stirring of the habitable zone) to ensure high enough

resolution in our dynamical stability maps to see stabilising zones of mean-motion reso-

nance. For those systems found to have stable mean-motion resonances with the Jovian

planet, we carried out a suite of 1 M� body simulations, sweeping the parameter space

to ensure mutual gravitational interactions between the two planets did not destabilise
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these regions. This left us with a clear indication of systems which could potentially host

a stable exo-Earth in its habitable zone.

We found that only a minority (⇠ 12%) of this sample of single Jovian planet systems

have dynamically unstable habitable zones. The majority of systems either contained

large, unperturbed regions, or stabilising mean-motion resonances with the Jovian planet

within which a 1 M� can maintain a stable orbit for at least 107 years. More importantly,

several of the systems with stable regions in the habitable zone are such that the stellar

wobble a 1 M� planet would induce on its host would be detectable with ESPRESSO

or CODEX in the future, if such a planet exists. We found 8 systems that could host

a detectable 1 M� planet that would be detectable with ESPRESSO. We also identified

a further five systems where such a planet would be dynamically stable, but might be

undetectable with ESPRESSO if the 1 M� planet were located towards the outer edges of

the habitable zone. In this case, the lower detection limit of CODEX would be required.

In Chapter 3 we generalised our work on single Jovian planet systems by conducting

a dynamical search of the entire single Jovian population. One of the key goals of this

work was to conduct a “census” of the population, and establish any common properties

or trends that may be common amongst systems that can host habitable exo-Earths. We

took several approaches to achieve this, including classifying the systems by the nature of

the orbit of the Jovian planet in relation to the habitable zone boundaries around the star;

computing a metric from existing theory – which we call the chaos value – to represent

the destabilising e↵ect of a Jovian planet on the habitable zone; and investigating the

impact – if any – of stellar properties on the system stability. The chaos value metric

we presented, when plotted against normalised semi-major axis, yielded relatively distinct

regions within which the stability and instability of potentially habitable exo-Earths can

be inferred. We also generated a candidate list of 20 single Jovian planets that resemble

our Solar system in the limited sense that they have both a stable habitable zone, and a

Jovian planet orbiting beyond it. For these 20 systems, we computed the radial velocity

precision required to detect a 1 M�, 2 M� or 4 M� at the outermost boundary of the
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habitable zone of each system (i.e. the resolution required to be able to detect a body

anywhere within the habitable zone as the outermost boundary will induce the weakest

Doppler wobble). We found that ESPRESSO will be able to detect a 2 M� or 4 M� planet

anywhere in the habitable zone of these systems, but that the detection of a 1 M� planet

in those systems will require the detection limit of CODEX. We also utilised the resilient

habitability criteria outlined by Carrera et al. (2016) to further prioritise these 20 systems,

identifying 4 that have greater than a 50% probability of possessing resilient habitability

In Chapter 4 we generalised our work further by expanding to multiple planet systems,

but maintained our focus on Jovian planets by only considering those multiple planet

systems with at least one gas giant. We first established whether the multiple planet

systems are stable with the currently accepted orbital parameters. We also compared our

stability results with theoretical criterions, specifically the Angular Momentum Deficit

(AMD) stability criterion. We then followed the framework we established in Chapter 2,

beginning with low resolution test particle simulations before conducting a suite of 1 M�

body simulations, which sweep the orbital parameter space.

We found agreement with our previous work that massless test particles remain a strong

indicator of stable regions in a planetary system where a 1 M� may exist. However, it

remains essential to use 1 M� body simulations when the mutual gravitational interac-

tions can stabilise orbits, as these will be absent when using massless test particles. In

Chapter 2, this manifested as mean-motion resonances. Here, we found similar stabilising

mean-motion resonances, but due to the added complexity resulting from moving from a

restricted three-body problem to a n-body problem, we also saw more complex stabilising

behaviour. We found a body can be pushed between a librating orbit, a circulating orbit,

and a non-librating orbit over secular time scales. This can lead to a stable orbit for the

body, but one which is not solely in a mean-motion resonance with another body. In a

similar fashion we saw so-called “resonance-hopping”, whereby a body can jump between

two higher order mean-motion resonances with two planets, as neither is strong enough

to dominate over the other.
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We again provided a candidate list of those systems we found with demonstrably

stable regions in their habitable zone, and for which the induced radial velocity signal

would be detectable with ESPRESSO or CODEX. Combining all these systems together

yields Table 6.1 and Figure 6.4, which summarise the systems that our simulations suggest

may host an exo-Earth in the habitable zone and be detectable.

In Chapter 5 we continue to use numerical simulations to search for habitable worlds,

but with the aim of developing a generic tool that can be utilised for future discoveries,

specifically those systems that will be found with TESS. We again focused on single Jovian

planet systems, and ran a large suite of massless test particle simulations for a range of

planetary masses spanning three orders of magnitude. The use of 105 test particles allowed

for exceptional detail of the structure of the stable regions in the vicinity of the planet to

be observed, which we term the “stability signature”. We demonstrated how this stability

signature can be used as a scale-free template that can be mapped to any single Jovian

system to predict where exo-Earth companions could exist on stable orbits. While this

was a first order demonstration of our tool where we only considered co-planar, circular

orbits for the Jovian planet, we found strong agreement with systems that we simulated

previously in Chapters 2 and 3.

We also demonstrated a secondary use case where we can compare the stability sig-

nature of planetary pairs in multiple planet systems to see if planets would perturb one

another. In such a scenario, we can: use our scale-free templates to obtain the stability

signature for each planet in a system; assess whether it destabilises any other planet in the

system; repeat for all planets and ultimately infer whether the system as a whole could

be considered stable or unstable. In this way, we present a conservative assessment of

planetary stability in multiple planet systems that can be performed “on-the-fly”, without

running further numerical simulations. This would allow for a pipeline to be implemented

into the Exoplanet Follow-up Observing Program for TESS (ExoFOP-TESS) to provide

stability insights as multiple planet systems are discovered, informing if further observa-

tions are required to better constrain orbital parameters.
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Ultimately, the work in Chapter 5 demonstrates a numerically derived tool that can be

used to rapidly, and conservatively, predict planetary stability, as well as the ability of a

system to host an exo-Earth on a stable orbit within the habitable zone. The robustness of

this approach was demonstrated by comparing the predictions with our earlier numerical

work in Chapters 2, 3 and 4, which in turn had comparisons with theoretical and analytical

predictions. We expect that this will be a useful tool for future missions where planets

can be assessed as they are discovered.

6.2 Future outlook

One of the key goals of our work was to identify promising locations to look for dynamically

stable habitable, rocky Earth-like planets. We have identifed 99 systems that could po-

tentially support an exo-Earth on a stable orbit within their habitable zones, and would

be detectable with ESPRESSO or CODEX. As the exoplanet populations continues to

grow, and will continue to do so with TESS, having a short-list of such locations where a

thorough dynamical analysis has already been conducted aids in e�ciently allocating high

demand observational time.

In terms of my numerical research, there are several areas where our work can be

expanded, and they can be roughly broken down into three aspects: exoplanetary atmo-

spheres, system evolution and orbital parameters.

The habitable zone still stands as an important guide in regards to finding a habitable

planet like Earth, and so we have used it here exclusively to focus our dynamical searches.

However, there are several other considerations that may be critically important to life,

the most notable being atmospheric conditions. With the assistance of the next generation

of observational technology such as JWST (James Webb Space Telescope; Gardner et al.,

2006; Morley et al., 2017) and ARIEL (Atmospheric Remote-Sensing Infrared Exoplanet

Large-survey; Puig et al., 2016; Tinetti et al., 2018), and the continued growth of the

exoplanetary atmospheres field of research, this is an area that seeks to better understand

planetary habitability beyond system architecture. We do not consider atmospheres in
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our assessment, but the density, composition and response rate of the atmosphere–ocean

system may allow for other worlds to exist on very di↵erent orbits (e.g. much more

eccentric) to Earth and still be considered habitable (Williams & Pollard, 2002; Jones

et al., 2005). Developing our understanding of habitability may also demonstrate that the

boundaries of the habitable zone shift substantially (tighter or wider) to what is currently

used, for example due to the impact of a hydrogen or methane atmosphere (Ramirez &

Kaltenegger, 2017; Ramirez, 2018). Both of these developments would change the orbital

parameters over which we dynamically search for a habitable planet. Further to this, as

we have yet to probe the atmospheres of such small exoplanets, we may learn something

that profoundly shifts our outlook on how we should be searching for habitable worlds.

In terms of system evolution, we have focussed exclusively on the planetary systems as

they are observed today. While we focus extensively on single planet systems, the preva-

lence of multiple planet systems in the exoplanet population motivates further understand-

ing of single planet systems: how did they end up alone? While it may be attributable to

observational bias, several bodies of research have demonstrated how significant the e↵ect

of giant planets are on the stability of a system (Matsumura et al., 2013, 2016; Carrera

et al., 2016), as well as the fragility of system habitable zones during migration (Mustill

et al., 2015). The formation and evolution of a system to what we see today is tightly

coupled to habitability in a system, and so incorporating some of these aspects into our

dynamical search will improve robustness and further focus the candidate list. This may

include further eccentricity constraints, planetary multiplicity constraints, or by taking

into account properties such as resilient habitability (Carrera et al., 2016) to incorporate

the impacts of system evolution.

The other obvious area for expansion, especially in regards to Chapter 5, is the orbital

parameters of planets. The natural starting point is the simplest case, i.e. co-planar,

circular planetary orbits. Such a configuration is highly unlikely, and so a thorough inves-

tigation into the additional parameter space including inclined and eccentric orbits would

be the next step in expanding my work. The scale-free templates presented in Chapter 5
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are limited to the simplest co-planer, circular case. As such, the multiple planet stabil-

ity assessments are conservative as the signatures are for equivalent mass planets on less

gravitionally perturbing orbits. By conducting a similar suite of numerical simulations for

eccentric and inclined orbits, the resulting signatures will far more accurately represent the

stable (and unstable) regions in the vicinity of a planet. This will improve the accuracy of

the predictions, and add to the robustness and usefulness of the tool in assessing systems

as they are discovered by TESS.

More generally, our work sits in the area between theory and observation. Theoretical

and observational exoplanetary science both play a critical role in furthering our under-

standing of habitability, planet formation, and the rarity or ubiquity of planets like Earth,

systems like the Solar system, and to a degree, life. Future projects, such as the Extremely

Large Telescope (ELT; Kasper et al., 2010), the Wide Field InfraRed Survey Telescope

(WFIRST; Barry et al., 2011), and the Large UV Optical InfraRed Surveyor (LUVOIR;

Stahl & Hopkins, 2015), will continue to push observational technology forward, seeking

to achieve lower detection limits, and to implement advanced techniques to reduce the

occurrance of false positives, improve signal-to-noise ratios to better contain orbital pa-

rameters, remove or isolate the e↵ects of stellar activity, and observe planets near stars

with high contrast ratios to continue to search for habitable worlds. Similarly, theoretical

and numerical methods should continue to develop testable models and predictions to in-

form observations, and visa versa. This interfacing, back and forth, will hopefully lead us

to ultimately finding habitable worlds and Solar system analogues.

6.3 Candidate list

Finally, I present here the collated list of systems that are capable of hosting a stable

1 M� or 2 M� planet in the habitable zone, that would also produce a stellar wobble that

is detectable with ESPRESSO or CODEX.



6.3. Candidate list 137

0.1 1 10

Semi-major axis, a [au]

HD 10442
HD 30669
HD 95872

HD 164922
HD 290327
HD 30177
HD 70642
HD 32963

HD 114613
HD 27631
HD 6718
HD 24040
HD 86226

HD 216435
HD 220689
psi Dra B
HD 13931
HD 25171
HD 72659

HD 222155
HD 164604
HD 87883

HD 156279
HD 99109

HD 100777
HD 28185

HD 164509
HD 145377
HD 188015
HD 142415
HD 197037
HD 10647
HD 92788
30 Ari B
HD 4203

HD 170469
HD 8535
HD 44219

HD 154672
HD 50499
HD 75898

HD 231701
HD 31253
HD 38283
HD 67087

epsilon Ret
HD 205739
HD 96167
HD 48265
HD 73534
HD 38801
HD 1666

HD 113337
HD 177830
HD 148427

Jovian

1 M� (ESPRESSO)

2 M� (ESPRESSO)

1 M� (CODEX)

Habitable Zone

Figure 6.1: All single planetary system candidates simulated with massless test particles.
Within each habitable zone, we show the semi-major axis locations where a 1 M� or 2 M�
planet would induce a radial velocity signal detectable by either ESPRESSO or CODEX.



138 Chapter 6. Conclusions

0.1 1 10

Semi-major axis, a [au]

BD-08 2823
HD 37605
HD 11964
HIP 65407

XO-2 S
HD 217107
HD 38529
HD 9446

HD 190360
HD 134987

HD 142
HD 177830
HD 60532

TYC 1422-614-1
nu Oph

Neptunian

Jovian

1 M� (ESPRESSO)

2 M� (ESPRESSO)

1 M� (CODEX)

Habitable Zone

Figure 6.2: All multiple planetary system candidates simulated with massless test particles.

0.1 1 10

Semi-major axis, a [au]

HD 137388
HD 16760
HD 43197

HD 111232
HD 171238
HD 147513
HD 66428

HD 148156
HD 187085
HD 216437
HD 34445

HD 132563 B
HD 23596
HD 10697
HD 75784

Jovian

1 M� (ESPRESSO)

1 M� (CODEX)

Habitable Zone

Figure 6.3: All single planetary system candidates simulated with a 1 M� body.

0.1 1 10

Semi-major axis, a [au]

HD 113538
HD 215497
HD 147018
HIP 14810
HD 141399
HD 10180
47 UMa

HD 168443
HD 11506

HD 163607
HD 154857

HD 1605
HD 4732

HIP 67851
Neptunian

Jovian

1 M� (ESPRESSO)

1 M� (CODEX)

Habitable Zone

Figure 6.4: All multiple planetary system candidates simulated with a 1 M� body.



6.3. Candidate list 139

Table 6.1: The orbital parameters for the exoplanetary systems simulated as they are
presented in the NASA Exoplanet Archive (exoplanetarchive.ipac.caltech.edu) as of 28
November 2018.

Star Planet m sin i a e i ⌦ ! M

(MJup) (au) (�) (�) (�) (�)

HD 148427 b 1.1436 1.0389 0.1600 0.0 0.0 277.00 0.00

HD 177830 b 1.3197 1.1387 0.0960 0.0 0.0 189.00 0.00

HD 113337 b 2.8300 1.0335 0.4600 0.0 0.0 219.20 0.00

HD 1666 b 6.4707 0.9371 0.6300 0.0 0.0 293.90 0.00

HD 38801 b 10.0105 1.6471 0.0000 0.0 0.0 0.00 0.00

HD 73534 b 1.0683 3.0184 0.0740 0.0 0.0 12.00 0.00

HD 48265 b 1.2065 1.5944 0.2400 0.0 0.0 289.00 0.00

HD 96167 b 0.6846 1.3472 0.7100 0.0 0.0 285.00 0.00

HD 205739 b 1.4871 0.8949 0.2700 0.0 0.0 301.00 0.00

epsilon Ret b 1.3767 1.1947 0.0600 0.0 0.0 216.00 0.00

HD 67087 b 3.0981 1.0822 0.1700 0.0 0.0 284.80 0.00

HD 38283 b 0.3382 1.0238 0.4100 0.0 0.0 219.00 0.00

HD 31253 b 0.5014 1.2605 0.3000 0.0 0.0 244.00 0.00

HD 231701 b 1.0867 0.5556 0.1000 0.0 0.0 46.00 0.00

HD 75898 b 2.5150 1.1891 0.1000 0.0 0.0 263.70 0.00

HD 50499 b 1.7447 3.8717 0.2537 0.0 0.0 258.80 0.00

HD 154672 b 5.0064 0.5986 0.6100 0.0 0.0 265.00 0.00

HD 44219 b 0.5893 1.1871 0.6100 0.0 0.0 147.40 0.00

HD 8535 b 0.6822 2.4447 0.1500 0.0 0.0 61.00 0.00

HD 170469 b 0.6687 2.2354 0.1100 0.0 0.0 34.00 0.00

Continued on next page
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Table 6.1 – continued from previous page

Star Planet m sin i a e i ⌦ ! M

(MJup) (au) (�) (�) (�) (�)

HD 4203 b 2.0822 1.1654 0.5190 0.0 0.0 329.10 0.00

30 Ari B b 9.8779 0.9948 0.2890 0.0 0.0 307.00 0.00

HD 92788 b 3.5639 0.9511 0.3340 0.0 0.0 276.40 0.00

HD 10647 b 0.9250 2.0218 0.1600 0.0 0.0 336.00 0.00

HD 197037 b 0.8073 2.0748 0.2200 0.0 0.0 298.00 0.00

HD 142415 b 1.6619 1.0606 0.5000 0.0 0.0 255.00 0.00

HD 188015 b 1.4696 1.1902 0.1370 0.0 0.0 222.00 0.00

HD 145377 b 5.7820 0.4501 0.3070 0.0 0.0 138.10 0.00

HD 164509 b 0.4803 0.8775 0.2600 0.0 0.0 324.00 0.00

HD 28185 b 5.7972 1.0234 0.0500 0.0 0.0 44.00 0.00

HD 100777 b 1.1650 1.0338 0.3600 0.0 0.0 202.70 0.00

HD 99109 b 0.5042 1.1081 0.0900 0.0 0.0 256.00 0.00

HD 156279 b 9.7848 0.4945 0.7080 0.0 0.0 264.20 0.00

HD 87883 b 1.7557 3.5765 0.5300 0.0 0.0 291.00 0.00

HD 164604 b 2.6885 1.3030 0.2400 0.0 0.0 51.00 0.00

HD 222155 b 1.9000 5.1000 0.1600 0.0 0.0 137.00 0.00

HD 72659 b 3.1500 4.7400 0.2200 0.0 0.0 260.70 0.00

HD 25171 b 0.9500 3.0200 0.0800 0.0 0.0 96.00 0.00

HD 13931 b 1.8800 5.1500 0.0200 0.0 0.0 290.00 0.00

psi Dra B b 1.5300 4.4300 0.4000 0.0 0.0 64.00 0.00

HD 220689 b 1.0600 3.3600 0.1600 0.0 0.0 137.00 0.00

HD 216435 b 1.2600 2.5600 0.0700 0.0 0.0 100.00 0.00

HD 86226 b 0.9200 2.8400 0.1500 0.0 0.0 193.00 0.00

HD 24040 b 4.0100 4.9200 0.0400 0.0 0.0 154.00 0.00

HD 6718 b 1.5600 3.5600 0.1000 0.0 0.0 286.00 0.00

HD 27631 b 1.4500 3.2500 0.1200 0.0 0.0 134.00 0.00

HD 114613 b 0.4800 5.1600 0.2500 0.0 0.0 244.00 0.00

HD 32963 b 0.7000 3.4100 0.0700 0.0 0.0 107.00 0.00

HD 70642 b 1.9700 3.2300 0.0340 0.0 0.0 205.00 0.00

HD 30177 b 10.4500 3.9500 0.1930 0.0 0.0 34.00 0.00

HD 290327 b 2.5400 3.4300 0.0800 0.0 0.0 268.00 0.00

Continued on next page
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Table 6.1 – continued from previous page

Star Planet m sin i a e i ⌦ ! M

(MJup) (au) (�) (�) (�) (�)

HD 164922 b 0.3600 2.1100 0.0500 0.0 0.0 195.00 0.00

HD 95872 b 4.6000 5.2000 0.0600 0.0 0.0 17.00 0.00

HD 30669 b 0.4700 2.6900 0.1800 0.0 0.0 82.00 0.00

HD 10442 b 2.1000 2.3350 0.1100 0.0 0.0 198.00 0.00

nu Oph c 27.0000 6.1000 0.1650 0.0 0.0 4.60 0.00

b 24.0000 1.9000 0.1256 0.0 0.0 9.60 321.41

TYC 1422-614-1 c 10.0000 1.3700 0.0480 0.0 0.0 130.00 29.61

b 2.5000 0.6900 0.0600 0.0 0.0 50.00 0.00

HD 60532 c 2.5100 1.6000 0.0300 0.0 0.0 179.80 0.00

b 1.0600 0.7700 0.2600 0.0 0.0 -3.70 314.53

HD 177830 c 0.1500 0.5137 0.3000 0.0 0.0 110.00 0.00

HD 142 c 5.3000 6.8000 0.2100 0.0 0.0 250.00 0.00

b 1.2500 1.0200 0.1700 0.0 0.0 327.00 127.34

HD 134987 c 0.8200 5.8000 0.1200 0.0 0.0 195.00 0.00

b 1.5900 0.8100 0.2330 0.0 0.0 352.70 257.98

HD 190360 c 0.0600 0.1304 0.2370 0.0 0.0 5.00 0.00

b 1.5600 4.0100 0.3130 0.0 0.0 12.90 104.73

HD 9446 c 1.8200 0.6540 0.0600 0.0 0.0 100.00 282.74

b 0.7000 0.1890 0.2000 0.0 0.0 215.00 0.00

HD 38529 c 13.3800 3.7120 0.3410 0.0 0.0 17.80 295.41

b 0.8390 0.1310 0.2570 0.0 0.0 92.50 0.00

HD 217107 c 2.6000 5.3200 0.5170 0.0 0.0 198.60 277.38

b 1.3900 0.0748 0.1267 0.0 0.0 24.40 0.00

XO-2 S c 1.3700 0.4756 0.1528 0.0 0.0 264.50 14.93

b 0.2590 0.1344 0.1800 0.0 0.0 311.90 0.00

HIP 65407 c 0.7840 0.3160 0.1200 0.0 0.0 -19.00 0.00

b 0.4280 0.1770 0.1400 0.0 0.0 50.00 359.36

HD 11964 c 0.0788 0.2290 0.3000 0.0 0.0 102.00 0.00

b 0.6220 3.1600 0.0410 0.0 0.0 0.00 37.02

HD 37605 c 3.3660 3.8140 0.0130 0.0 0.0 221.00 0.00

b 2.8020 0.2831 0.6767 0.0 0.0 220.86 192.52

Continued on next page
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Table 6.1 – continued from previous page

Star Planet m sin i a e i ⌦ ! M

(MJup) (au) (�) (�) (�) (�)

BD-08 2823 c 0.3300 0.6800 0.1900 0.0 0.0 -233.00 313.79

b 0.0450 0.0560 0.1500 0.0 0.0 30.00 0.00

HD 75784 b 5.6000 6.4593 0.3600 0.0 0.0 301.00 0.00

HD 10697 b 6.2351 2.1318 0.0990 0.0 0.0 111.20 0.00

HD 23596 b 7.7427 2.7722 0.2660 0.0 0.0 272.60 0.00

HD 132563 B b 1.4925 2.6243 0.2200 0.0 0.0 158.00 0.00

HD 34445 b 0.7905 2.0664 0.2700 0.0 0.0 104.00 0.00

HD 216437 b 2.1682 2.4856 0.3190 0.0 0.0 67.70 0.00

HD 187085 b 0.8037 2.0275 0.4700 0.0 0.0 94.00 0.00

HD 148156 b 0.8476 2.1291 0.5200 0.0 0.0 35.00 0.00

HD 66428 b 2.7496 3.1426 0.4650 0.0 0.0 152.90 0.00

HD 147513 b 1.1797 1.3096 0.2600 0.0 0.0 282.00 0.00

HD 171238 b 2.6090 2.5427 0.4000 0.0 0.0 47.00 0.00

HD 111232 b 6.8418 1.9749 0.2000 0.0 0.0 98.00 0.00

HD 43197 b 0.5969 0.9180 0.8300 0.0 0.0 251.00 0.00

HD 16760 b 13.2921 1.0873 0.0670 0.0 0.0 232.00 0.00

HD 137388 b 0.2278 0.8888 0.3600 0.0 0.0 86.00 0.00

HIP 67851 c 5.9800 3.8200 0.1700 0.0 0.0 166.50 52.97

b 1.3800 0.4600 0.0500 0.0 0.0 138.10 0.00

HD 4732 c 2.3700 4.6000 0.2300 0.0 0.0 118.00 0.00

b 2.3700 1.1900 0.1300 0.0 0.0 85.00 45.37

HD 1605 c 3.4800 3.5200 0.0980 0.0 0.0 241.00 0.00

b 0.9600 1.4800 0.0780 0.0 0.0 26.00 99.17

HD 154857 c 2.5800 5.3600 0.0600 0.0 0.0 352.00 0.00

b 2.2400 1.2910 0.4600 0.0 0.0 57.00 10.66

HD 163607 c 2.2900 2.4200 0.1200 0.0 0.0 265.00 0.00

b 0.7700 0.3600 0.7300 0.0 0.0 78.70 343.36

HD 11506 c 0.3600 0.7210 0.2400 0.0 0.0 272.00 81.47

b 4.2100 2.7080 0.3700 0.0 0.0 218.90 0.00

HD 168443 c 17.1930 2.8373 0.2113 0.0 0.0 64.87 21.58

b 7.6590 0.2931 0.5288 0.0 0.0 172.92 0.00

Continued on next page
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Table 6.1 – continued from previous page

Star Planet m sin i a e i ⌦ ! M

(MJup) (au) (�) (�) (�) (�)

47 UMa d 1.6400 11.6000 0.1600 0.0 0.0 110.00 18.13

c 0.5400 3.6000 0.0980 0.0 0.0 295.00 0.00

b 2.5300 2.1000 0.0320 0.0 0.0 334.00 174.99

HD 10180 g 0.2066 3.3810 0.0950 0.0 0.0 142.00 96.53

e 0.0722 0.4929 0.1190 0.0 0.0 327.00 0.00

d 0.0805 0.2699 0.0510 0.0 0.0 147.00 133.22

c 0.0378 0.1286 0.1310 0.0 0.0 325.00 56.14

b 0.0416 0.0641 0.0730 0.0 0.0 328.00 11.64

HD 141399 e 0.6600 5.0000 0.2600 0.0 0.0 -10.00 0.00

d 1.1800 2.0900 0.0740 0.0 0.0 -140.00 305.28

c 1.3300 0.6890 0.0480 0.0 0.0 -140.00 75.03

b 0.4510 0.4150 0.0400 0.0 0.0 -90.00 50.32

HIP 14810 d 0.5700 1.8900 0.1730 0.0 0.0 286.00 134.26

c 1.2800 0.5450 0.1640 0.0 0.0 329.00 0.00

b 3.8800 0.0692 0.1427 0.0 0.0 159.32 175.81

HD 147018 c 6.5600 1.9220 0.1330 0.0 0.0 -133.10 0.00

b 2.1200 0.2388 0.4686 0.0 0.0 -24.03 8.35

HD 215497 c 0.3300 1.2820 0.4900 0.0 0.0 45.00 0.00

b 0.0200 0.0470 0.1600 0.0 0.0 96.00 265.79

HD 113538 c 0.9300 2.4400 0.2000 0.0 0.0 280.00 0.00

b 0.3600 1.2400 0.1400 0.0 0.0 74.00 313.64
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