Orbital outcomes of STIPs and
consequences for hot-Jupiter
formation and planet diversity

by

Agueda Paula Granados Contreras

B.Sc. in Physics, Universidad de Guanajuato, Mexico, 2010

M.Sc. (Astronomy), Universidad Nacional Auténoma de México, Mexico, 2013

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR IN PHILOSOPHY
in
The Faculty of Graduate and Postdoctoral Studies

(Astronomy)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
November 2018
© Agueda Paula Granados Contreras 2018



The following individuals certify that they have read, and recommend to the Faculty of Grad-

uate and Postdoctoral studies for acceptance, the dissertation entitled:

Orbital outcomes of STIPs and consequences for hot-Jupiter formation and planet diversity

submitted by Agueda Paula Granados Contreras in partial fulfillment of the requirements for

the degree of Doctor in Philosophy

in Astronomy

Examining Committee:

Dr. Aaron C. Boley, Astronomy

Supervisor

Dr. Brett Gladman, Astronomy

Supervisory Committee Member

Dr. Ingrid Stairs, Astronomy

Supervisory Committee Member

Dr. Douglas Scott, Astronomy

University Examiner

Dr. Neil Balmforth, Mathematics

University Examiner

Additional Supervisory Committee Members:

Dr. Jaymie Matthews, Astronomy

Supervisory Committee Member

Supervisory Committee Member

i



Abstract

The discovery of exoplanets on short orbital periods (P < 100 days), including hot-Jupiters
and Systems with Tightly-packed Inner Planets (STIPk), defies predictions from classic planet
formation theory. Their existence requires either large-scale migration of planets through disks
or rethinking fundamental steps in the planet formation process or some combination of both.
It is further unclear whether the known harbor additional, undetected planets at even
larger stellarcentric distances, which would have fundamental implications for how the systems
formed. Through numerical simulations, we explore: (1) the in-situ formation of hot-Jupiters as
an extreme outcome of early metastability of in the presence of gas; and (2) the dynamical
effects of distant gas giants on using two case studies. In addition, we use synthetic
systems to explore whether hot-Jupiters could form in-situ within dynamically unstable
through the consolidation of a critical core M > 10Mg. We compare the dynamical outcomes of
gas-free and gas-embedded planetary systems, in which consolidation of a critical core was only
possible in the gas-free simulations. In contrast, are resistant to instability when gas is
present, resulting in coplanar and nearly circular systems. The instability of the configurations
after 10 Myr increases if the eccentricity is perturbed to e ~ 0.01. In some cases, the planet-
disk interaction produces co-orbiting planets that are stable even when the gas is removed.
We explore the transit detectability of these configurations and find that the coorbital transit
signature is difficult to identify in current transit detection pipelines due to the system dynamics.
To explore evolution in the presence of an outer giant planet, we vary the semi-major
axis of the perturber between 1 and 5.2 au. We find that the presence of the outer perturber, in
most locations, only alters the precession frequencies but not its evolution or stability. In
those locations where the perturber causes secular eccentricity resonances, the becomes
unstable. Secular inclination resonances can affect the observed multiplicity of transiting planets

by driving the orbits of one or more planets to inclinations about 16°.
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Lay summary

The variety of exoplanets so far discovered demonstrates that astronomers do not understand
planet formation as well as previously thought. In particular, the formation mechanism of
planetary systems that are compact and very close to their host star remains hotly debated.
My main focus is on understanding these tightly-packed planetary systems, in which there are
a large multiplicity of planets, like in the Solar System, with orbits compressed within the
equivalent of Earth’s orbital distance to the Sun. It is also uncertain whether these systems
have additional, undetected planets at much larger distances from their host star, making
them like a more densely populated Solar System. With the aid of numerical simulations, 1
explore in this work an alternative planet-formation mechanism for short-period planets, as
well as investigating how these systems would interact with a distant companion and what the

observational signature might be.
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Preface

The research presented here is based on numerical simulations of planetary systems using
the N-body integrators Mercury6 and the 15th-order Integrator with Adaptive Time-Stepping
(IAS15)), as described in Chapter [2. I modified the original Mercury6 code (Chambers, 1999,
publicly available) to include additional physical interactions with the star, which are described
in Sections and is my own implementation of the Rein and Spiegel (2015)
algorithm (Section [2.1.4] and [3.1.2)), and it is utilized in Section Due to the number of

numerical simulations (more than 500) needed for these studies, we used the Orcinus comput-

ing cluster, provided by WestGrid (www.westgrid.ca) and Compute Canada Calcul Canada

(www.computecanada. ca).

Throughout Chapter 4| the secular theory code resmap is employed to find the secular eigen-
frequencies and eigenvectors for a given planetary system, as well as the eccentricity and
inclination forcing that the system exerts on a test particle. The resmap code, briefly de-
scribed in Section was written by my supervisor Dr. Boley and is publicly available in
https://github.com/norabolig/resmap.

Some of the material discussed in Sections and has been published in an article co-
authored by me and led by my supervisor (Boley, A. C.; Granados Contreras, A. P.; and Glad-
man, B. The In Situ Formation of Giant Planets at Short Orbital Periods. Astrophys. J., Lett.
817:L17, 2016). Dr. Boley coordinated the overall project, including writing the manuscript and
analyzing the bulk of the simulation output. Dr. Gladman was also involved in the conceptual
development of in-situ formation of hot-Jupiters and in providing feedback for the manuscript.
I set up and ran the 1000 N-body simulations for the study, helped to analyze the simulation
output, and contributed to the writing of the manuscript, specifically the parts included in this

thesis.

A large fraction of the material described in Chapter [4 has been previously published in a
refereed journal article on which I was the lead author (Granados Contreras, A. P. and Boley,
A. C. The Dynamics of Tightly-packed Planetary Systems in the Presence of an Outer Planet:
Case Studies Using Kepler-11 and Kepler-90. Astron. J. 155:139, 2018). I was responsible for
running the numerical simulations, analyzing the data, and writing the manuscript. Dr. Boley
was involved in the interpretation of the results, as well as the writing and editing of the

manuscript.
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Chapter 1

Introduction

Throughout history, astronomers and planetary scientists have been intrigued by the formation
and evolution of planets. Before the discovery of 51 Peg b by Mayor and Queloz (1995),
which is the first confirmed extra-solar planet (exoplanet) orbiting a main-sequence star, planet
formation theory focused on explaining the origin of the Solar System (Lissauer, 1993). However,
the characteristics of 51 Peg b required a general re-examination of planet formation theory.
The planet is similar to Jupiter (M}, = 0.47 Mj), but has an orbital period 1000 times shorter
(P = 4.27 days). The surface temperature of 51 Peg b is expected to be as high as 1300 K, due
to its short orbital distance of 0.05 au, or 8 times closer to its star than Mercury is to the Sun.
The planet became the first of a new class of planets: hot-Jupiters (HJs). At the time, Mayor
and Queloz (1995) suggested that 51 Peg b formed at ~ 5 au and then migrated inward by two
orders of magnitude in semi-major axis to reconcile its location with standard ideas for giant

planet formation.

All modern planet formation theories posit that planet building takes place in young circum-
stellar disks of gas and dust (a protoplanetary disk) (Lissauer, 1993; Armitage, 2007; Raymond,
2010; Perryman, 2011, and references therein). These disks arise as a natural consequence of
the gravitational collapse of interstellar material, in which high-angular momentum gas and
dust cannot fall directly onto the newly-forming star. Although the details are not understood,
planetesimals form from small solid condensates in the disk, as well as any dust that survived
the disk formation process. Depending on a number of different factors, including the efficiency
of planetesimal formation, the growth of planetary embryos, and the availability of gas, a range
of planetary types is possible. In this scenario, the planet’s birth location with respect to the
host star is of importance (Pollack et al., 1996), because the protoplanetary disk temperature
generally decreases with increasing distance from the star. This causes chemical differentiation
among both gaseous and solid disk materials to be a function of stellar distance. Depending on
the details of the disk, condensation thresholds can lead to rapid changes in the availability of
solids, particularly ices, in some portions of the disk. Thus, some disk regions could favor the
rapid growth of planetary cores. This framework works well for explaining the Solar System’s
architecture, which is divided into an inner and outer system, delineated by planetary size and
composition. Rocky small planets make up the inner Solar System, while only gas and ice giants

are found in the outer system. For context, all Solar System giant planets are between 5 and



30 times more distant from the Sun than is Earth. The discovery of massive planets at short
orbital periods, such as 51 Peg b, was therefore a surprise, when considering the ideas built on

Solar System formation theory.

While short-period giants are fairly rare, short-period planets are not. Several different ex-
oplanet surveys have been carried out, using multiple detection techniques, with the most
successful being the transit and radial velocity (RV)) methods. As of May 31, 2018, 3735 plan-
ets have been discovered and confirmed (NASA Exoplanet Archive, 2018). The orbital period
distribution of the known exoplanets shows that 80% have a P < 100 days. According to obser-
vations, most of the stellar hosts with planets detected have a single confirmed planet (78%),
while 614/2825 of stellar host have two or more planets. From these multiplanet systems,
around 20% are tightly packed, which means that three or more planets in the system have
orbital periods shorter than 100 days (Schneider et al., 2011). These Systems with Tightly-
packed Inner Planets (STIPs) can have a range of planetary masses, and are inherently different
from the Solar System’s inner configuration. The fraction of extrasolar systems with planets
on short orbital periods is non—negligibleﬂ and it is now clear that the formation theory based

on the Solar System is either incomplete or inadequate to address the diversity of exoplanets.

Several questions have arisen from the discovery of exoplanets, such as: why is the Solar
System so different from the observed extrasolar planetary systems? What is missing in the
formation mechanisms developed to date? How do short-period giant planets get to their current
locations? Are there more distant (undetected) planets in the systems already discovered? Are

there other formation mechanisms that we should explore?

As a consequence of these open questions, the formation scenario of is hotly debated,
with two basic mechanisms in the literature: in-situ assembly/formation and planet migration
(see Raymond et al., 2014, for a review). In the planet migration scenario, giant planets form
at disk distances at which water can condense (i.e., beyond the water ice line) and then migrate
inwards due to interactions with the gaseous disk or due to dynamical interactions followed
by tidal circularization. Initially, planet migration seemed to be the only viable formation
mechanism, particularly for gas giants, due to the inferred lack of materials for planet building
at short orbital periods (Lin et al., 1996). However, as will be discussed in the following section,
the frequency of planets in or near period commensurabilities, a fundamental prediction of
convergent migration, is lower than expected in[STIPs (e.g., Hands et al., 2014; Fabrycky et al.,
2014). Recent work has also shown that disks could be massive enough to form planets at short
orbital periods, especially if small solids migrate inward first due to aerodynamic drag (Hansen
and Murray, 2012; Boley et al., 2014; Tan et al., 2015).

In the following sections, we will provide a summary of the cumulative characteristics of the

In the solar neighborhood the occurrence rate of [lJs is a tenth that of [STTPk. This point will be discussed
further throughout Sects. [I.1.1]to[1.1.3]



detected exoplanets (Sect. , as well as a description of the classical formation mechanism
of terrestrial and giant planets (Sect. . Emphasis will especially be placed on planet con-
figurations with short orbital periods and their formation and evolution. We will test the
in-situ formation of short-period giant planets through numerical simulations (Chap. 3) based
on stability considerations discussed in Sect.

1.1 Exoplanets

The number of known and confirmed exoplanets has increased markedly since the discovery of
the first set of exoplanets orbiting the millisecond pulsar PSR B1257+12 (Wolszczan and Frail,
1992). To date, we know about 4000 exoplanets, with different orbital periods, sizes and masses.
Of these planets, 2919 were detected using the transit method, 673 using radial velocities (RV5),
60 using microlensing, 15 using transit timing variations (T'TV5s) and 68 with other techniques
(NASA Exoplanet Archive, 2018). The most efficient detection method for exoplanets so far

has been the transit method, with the Kepler mission making the largest contribution.

In the transit method, photometric monitoring of a star looks for periodic decreases in the
stellar flux, which could be due to a planet passing in front of the star. The orbital period
and the planet-to-star size ratio can be measured directly from the observed lightcurves. If the
stellar size and mass are known, then the candidate’s orbital semi-major axis and planetary
radius can be derived. The transit detection probability averaged over the orbit orientation is

given by

_ R*+RP
Ptr— a(1—62)7

L 02 (PP Ry
T 1—¢2 \day Ry )’

where R and R, are the solar and planetary radii, a is the planetary semi-major axis, and e
and P are the orbital eccentricity and period. For a given stellar size, larger planets at short
orbital periods are more likely to be detected with this technique. In addition, the transit
method is biased towards configurations with low mutual inclinations due to the near edge-on

geometry necessary to observe a transit.

The [RV] approach, which is the second most successful detection method, relies on measuring
variations in the star’s motion along the observer’s line-of-sight (i.e., the radial motion with
respect to the observer). As the planet and the star orbit each other, the stellar motion leads to
periodic Doppler shifts in the measured locations of stellar atmospheric absorption features. In

the case of a single planet, those variations can be characterized by a period and an amplitude,



where the [RV] amplitude is given by

K <27rG>1/3 M, sin 1
P (M, + My)2/3 /1 —¢2’
o M, sinI P71/3,

in which M, and M, are the planetary and stellar masses, G' the gravitational constant and I
is the angle between the orbital plane’s normal and the line-of-sight. For a given stellar mass,
the method is most sensitive to massive planets and to planets at short-orbital periods.
With the observed amplitude and period, the product M sin/ can be determined, assuming
the stellar mass is known and that M, > M. The planetary mass itself can only be derived if
the orbital inclination is measured separately. It would seem that for both detection methods, a
large eccentricity increases the likelihood of detecting a planet, especially for the transit method.
Nonetheless, a large eccentricity reduces the transit duration, depending on the observed phase
of the orbit, due to its dependence on 1 — e for a given planetary mass and orbital period. In
either technique, there are additional variables that affect the planet detection, e.g., the age of

the star and the presence of more than one planet in the system.

There are different online databases that keep track of the orbital parameters of the newly found
exoplanets, e.g., NASA Exoplanet Archive (2018), Extrasolar Planets Encyclopaedia (IEI)H
(Schneider et al., 2011) and the Exoplanet Orbit Databaseﬂ, which are meant to facilitate the
statistical analysis of exoplanets. The total number of planets that each database provides
depends on their definition of a confirmed planet and whether they also include candidates.
As an example, according to the NASA Exoplanet Archive (2018), there are 3735 confirmed
planets (updated to May 31, 2018), while the[EPE cites 3781. From these nearly 4000 confirmed
planets, to date, there are 973 planets with measured masses, 449 with M, sin I measured and
2953 with measured radii (NASA Exoplanet Archive, 2018). Only a small fraction of planets,
around 10% of the total confirmed planets, have both mass and size independently determined
(Chen and Kipping, 2017; NASA Exoplanet Archive, 2018).

1.1.1 Characteristics of detected planets.

In this section, we describe some of the characteristics of the exoplanet population. The data
presented here come from a variety of sources, including published journal articles and exoplanet
databases (Schneider et al., 2011; Wright et al., 2011; Han et al., 2014; NASA Exoplanet Archive,
2018). Special attention is paid to the distribution of orbital periods, planetary sizes and masses.
The planetary densities are only known for some exoplanets, as independent mass and radius

measurements are needed. For those planets that do have inferred densities, it is possible to

%http://www.exoplanet .eu
3http://www.exoplanets.org
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constrain the planet’s bulk composition.

The Kepler mission’s discoveries have demonstrated that planetary systems with multiple plan-
ets on short orbital periods are common. Among the Kepler candidates, 23% of the host stars
harbor multiple planet candidates; and 46% of all candidates reside in known multiplanet
systems (Burke et al., 2014). For the solar neighborhood, the frequency of planets at short
orbital periods is between 30 and 50% (Howard et al., 2012; Mayor et al., 2011), suggesting
that short-period multiplanet systems may be present around at least 5% of stars in the solar
neighborhood. Likewise, distributions for planetary sizes and masses are emerging for these
planets (Fig. , and demonstrate that planets with periods P < 100 days are diverse in size,

mass, and composition (see Wright et al., 2011).

The masses and sizes shown in figures throughout this introduction will be given in Jupiter
units. The conversion factors between Jovian and terrestrial size and mass are Rg ~ 0.09 Rj
and Mg =~ 0.003 Mj.

Fig. shows the orbital periods, planetary masses and radii of the available confirmed planets
and planet candidates in the [EPEL This plot includes the combination of observables from the
transit and [RV! techniques, the strong biases inherent to these detection techniques have not
been removed from the presented data. The top panel displays the orbital period distribution
of: (1) all the exoplanets in the database with measured periods (black solid line); and (2)
Jupiter analogues (planets with 0.1 < M, < 60 M; and R, > 0.5 Ry). Different features are
identified in the period distributions. The majority of the detected planets have a period shorter
than 100 days, regardless of their size or mass. There is also a distinctive peak at 3 days for
the Jupiter analogue population, commonly known as the “3-day pileup” (e.g. Udry et al.,
2003; Gaudi et al., 2005; Cumming et al., 2008), which is absent in the complete exoplanet
population (Howard et al., 2012; Fressin et al., 2013). This apparent pileup is meaningful for
some migration-driven formation mechanisms of [HJs (Rasio and Ford, 1996; Weidenschilling
and Marzari, 1996; Fabrycky and Tremaine, 2007; Beaugé and Nesvorny, 2012). The counts
of both populations drop for 1 < P < 4 d, which seems to be a physical cutoff rather than

observational bias (Cumming et al., 2008).

The planetary size and mass distributions are shown on the right of Fig. After almost
30 years of exoplanet detection, it is clear that exoplanets come in a variety of sizes and

masses, ranging from a few lunar-radii to radii greater than 1 R JE| and from lunar-mass objects

10bjects with sizes above 2 Ry are problematic to explain using solely the equation of state that describes gas
giant planets (Zapolsky and Salpeter, 1969). The corresponding mass-radius relationship has a critical mass of
around 3 M3 which correlates to a maximum radius of 1 Rj. In general, intrinsic or extrinsic heating mechanisms
could explain the slow cooling and contraction of these enlarged planets (for a description of these heating
mechanisms, see Ginzburg and Sari, 2016), but not sizes much larger than about 2 R;.
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Figure 1.1: Planetary sizes and masses as a function of orbital period of confirmed and candidate
extrasolar planets. The data from exoplanet.eu includes 3781 confirmed and 2723 candidate
planets Schneider et al. (2011). Top panel: orbital period distribution of all objects with
measured periods (black line) and of Jupiter analogues (0.1 < M;, < 60 M and R, > 0.5 Ry).
Middle panels: planetary size as a function of orbital period (left) along with the planet size
distribution (right). The colored circles correspond to planets with both mass and radius
measured while the open circles have only the planet’s size measured. The colorbar indicates
the planet mass range in Jovian masses. Red shows Earth-mass planets, yellow Neptune-mass
planets, green Saturn-mass planets, cyan Jovian mass planets, and blue brown dwarfs. Notice
that the objects with P > 2000 days have masses larger than 1 Mj. On the histogram on
the right, the planet size distribution shows two clear peaks at 0.17 Ry and 1.1 Rj. Bottom
panels: measured planetary masses as a function of the orbital periods. The red circles indicate
measurements of M,sin/. The histogram at the right is the observed mass distribution in
Jupiter masses. There are two peaks again the distribution, this time at 0.025 My and 1.2 Mj.
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(Mp ~ 1075 Mjy) up to few tens of M. JE| in mass. Both distributions present two prominent
peaks. The primary peak in the size distribution is located at ~ 0.17 Ry =~ 1.8 Rg, while a
secondary peak is at 1.1 Ry =~ 12Rg. A recent analysis of the size distribution of the Kepler
planets, as part of the California-Kepler Survey, found that the there is a deficit of planets with
sizes between 1.5 < R,/ Rg < 2.0 (Fulton et al., 2017).

The mass distribution (either M, or My, sinI) peaks at 0.025M; ~ 8 Mg and at 1.2 My,
with a higher cumulative fraction of planets within the larger mass range. The mass and
size distributions both have peaks that are separated by a valley at 0.13 My ~ 40 Mg and
0.4 Ry =~ 4 Rg), respectively, which seems to distinguish the giant planets from all other types.

When the mass, size and orbital period distributions are considered altogether, small planets at
short orbital periods are more common than giants planet at those same periods (Howard et al.,
2010; Mayor et al., 2011). Furthermore, Jupiter-mass planets are divided into short-period and
long-period groups, with a gap between 20 and 100 days. The planets with a measured mass
and/or radius are shown in the size versus orbital period plot in Fig. The planets with solely
a measured size are indicated in open circles, while the colored points indicate different ranges
of mass. Earth-like planets would correspond to red points and sizes < 0.1 Rj. The density of
bigger and more massive planets is easier to determine than smaller planets in the same period
range. Nonetheless, a combination of observations and planet interior models suggests that
rocky planets have sizes R, < 1.6 Rg, or < 0.14 Ry (Rogers, 2015).

Exoplanet surveys have shown that about 40% of the planets reside in systems with multiple
members (N, > 2), which, as previously noted, means that 20% of host stars have two or
more planets. Table presents a summary of the number of stellar hosts with a given planet
multiplicity. The different values, corresponding to two different exoplanet databases, depend
on the planet’s status and also whether all candidates suspected to orbit a single star have been
confirmed. Low eccentricities (Wright et al., 2009) and planets with small sizes (Latham et al.,
2011) characterize a significant number of multiplanet systems, or multis. Giant planets have
also been observed in multis, but at a lower occurrence rate. More recently, Weiss et al. (2018)
found that the planet sizes and spacings in multiplanet systems are correlated, meaning that

neighboring planets are likely to have similar sizes and have regular spacings.

Although there are similarities among multis, there are also clear differences, particularly in
the orbital distributions. Fig. shows the period ratio distribution for systems% in the
All possible planet combinations within systems are included. The period ratio distribution

provides a way to test formation theories because disk migration models predict that planet

5The upper limit in mass used by the for planets is 60 My, based on a revised density-mass relationship
for planets, brown dwarfs and stars. Gas giant planets and brown dwarfs seem to follow the same relation, which
has a clear cutoff at 60 M; (Hatzes and Rauer, 2015). Brown dwarfs are typically thought to have a lower mass
limit of 13M; based on the deuterium fusion limit (Burrows et al., 2001).

5Confirmed planets and planet candidates.



No. of stellar hosts with given planet multiplicity

Multiplicity ~ Confirmed Confirmed + candidate
NASA [EPEl EPE
1 2174 2193 4291
2 399 419 550
3 136 139 152
4 51 46 52
5 20 16 16
6 6 8 9
7 1 1 1
8 1 1 1
Total 2788 2823 5071

Table 1.1: Multiplicity of extrasolar planetary systems. The second column shows the number
of systems with a given multiplicity, according to the NASA Exoplanet Archive (2018), accessed
in May 2018. The third and fourth columns correspond to the (Schneider et al., 2011),
accessed in May 2018.

pairs should tend to be trapped in or near mean motion resonances (MMRE), particularly first-
order resonances (Goldreich and Tremaine, 1980; Lee and Peale, 2002). Dynamically important
commensurabilities are indicated in Fig. with dotted lines. There are indeed weak features
for period ratios in or near first-order (Lissauer 2011), i.e., commensurabilities of the
form k + 1:k, which means that the inner planet completes k + 1 orbits when the outer planet
completes k orbits. Moreover, Fig. shows that a pattern seems to surface near the 2:1
and 3:2 [MMRE, where at slightly shorter period ratios there is a count deficit, followed by an
overabundance at slightly larger commensurabilities. Some recent studies have been able to
reproduce this pattern using either the disk migration theory, but accounting for planetary
eccentricity (Goldreich and Schlichting, 2014), or accounting for interactions with the planetes-
imal disk (Chatterjee and Ford, 2015). Nevertheless, the majority of planet pairs are not in a
resonance. Altogether, this suggests that disk migration may be occurring, but may not be the

only (or even the dominant) mechanism for the existence of planets on short orbital periods.

In the sample of confirmed and candidate planets, there are six pairs with period ratios close
to 1 £ 0.06, which suggest that either these pairs are strongly coupled or that they share the
same orbit. Three of the pairs have been confirmed: Kepler-132 b and c¢; Kepler-271 d and b
(Lissauer et al., 2012; Rowe et al., 2014; Morton et al., 2016); and Kepler-1625 b and Kepler-
1625 b I (Teachey et al., 2018). The Kepler-132 and Kepler-271 stars might have a bound stellar
companion, and therefore the pairs might not orbit the same star. In the case of Kepler-1625
b I, the transit signature is thought to be the first detection of an exomoon (extrasolar moon)
(Teachey et al., 2018; Teachey and Kipping, 2018; Heller, 2018). The status of the other three
pairs (K06242.02 and K06242.03, K00521.01 and K00521.02, K02248.04 and K02248.01) remain
unknown at this time. In Sect. [3.4, we will discuss 1:1 further.
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Figure 1.2: Exoplanet period ratio distribution of all possible combinations among the planets
in their respective system (black line) and with the nearest neighbor (in blue). The label
P,yt/ Py indicates that the period ratio shown is that of an outer planet to that of an inner
planet, and therefore it is always larger than 1. Confirmed and candidate planets are included
in this plot. Planets seem to avoid exact first-order MMRE, but do concentrate at slightly longer
period ratios.

]_ IIIIIIII| IIIIIIII| T T T TTTT IIIIéIIII L L LLLLL IIIIIIIII T T IIIIIIIIIIIIIIIIIIrIIIII
i 100[M;] o [ ]
0.8 Mo Wt A 4L ]
: sod® o * : : :
B) = ]. "I . i | |
5 %o . -_
= L 0.1 P 4 Lk _
o | &t 1k |
m -

g 04 oo 3 1r :
L 107 o“éa-n,;, 1k -
0.2+ " .‘;os ° S o
I LTI :
0_| T, B G i | it "‘ ?ﬂ* 1 |$‘|ﬂ] S il ® il

0.1 1 10 100 1000 10* 10° 10°0 0.1 0.2

Orbital period [day] Fraction

Figure 1.3: Measured eccentricities versus orbital periods of detected exoplanets (data obtained
from Schneider et al., 2011). The different colors indicate the measured mass of each planet in
Jupiter masses, as shown in the colorbar. There is a significant fraction (24%) of planets with
nearly zero eccentricity, as shown on the right histogram.

FEccentricity and inclination are two orbital elements that can also be constrained from observa-
tions, although they require more detailed observations and modeling than for determining the

period. The majority of the measured eccentricities were obtained with the [RV]technique. How-



ever, it is also possible to estimate the eccentricity of transiting planets from transit durations
and [TTVE, if the period, stellar size and impact parameter are known (Winn and Fabrycky,
2015). Fig. shows the exoplanet eccentricity distribution as a function of orbital period.
The different colors indicate the planetary mass in Jovian units. A significant fraction of exo-
planets are consistent with circular orbits (right panel), with smaller planets tending to have
lower eccentricities (Wright et al., 2009; Mayor et al., 2011). Giant planets (green to dark blue)
have a wider range of eccentricities, especially those with long orbital periods. The eccentricity
distribution spans from 0 to 1 and the typical eccentricity decreases with decreasing period.
This trend may result from a combination of physical phenomena, along with detection
bias against e 2 0.6, which is due to poor data sampling at periastron when eccentricities are
large (Cumming, 2004). In Fig. there is a sharp edge at about 1 day. For shorter peri-
ods, all eccentricities are zeroE regardless of their mass, which is usually attributed to tidal
circularization (Ogilvie, 2014). Fabrycky and Tremaine (2007) suggested a Kozai cycleﬂ with
tidal friction during phases of high eccentricity to explain the shape of the upper boundary
in the distribution. In this mechanism, planets with an inclined companion are driven to a
high mutual eccentricity by Kozai cycles, and suffer periodic close approaches with the star.
During the close approach, the tidal forces cause the planet to heat, which is then dissipated
gradually. The energy dissipation decreases the eccentricity and semi-major axis (and therefore

the period) over time.

The determination of the orbital inclination of exoplanets is of importance, mainly for [RV]
detection and mass estimation. Furthermore, the mutual inclination of planets in multis is
of interest to planet formation theory. The low mutual inclinations in the Solar System are
attributed to its formation from a rotating disk. Neither the transit nor the techniques
are particularly sensitive to mutual inclinations. Fabrycky et al. (2014) found that the Kepler
multiplanet systems have mutual inclinations smaller than a few degrees, and are consistent with
a Rayleigh distributiorﬂ with o1 =~ 1.8°. Several observational and dynamical studies comparing
the mutual inclinations of the Kepler multiplanet and single-planet systems observed differences
among both distributions, in which the best fit for the multis was inconsistent with the best fit
for the singles (Lissauer et al., 2011b; Johansen et al., 2012; Hansen and Murray, 2013; Ballard
and Johnson, 2016). As result, the singles are thought to belong to two different populations:

some part of a flat system in which only the innermost planet transits, while others are part

"Except for PSR J1719-1438 b, with a mass similar to Jupiter, an orbital period P = 0.090706293 d and an
eccentricity e < 0.06 (Bailes et al., 2011). PSR J1719-1438 b is thought to be a white dwarf rather than a planet,
due to its density.

8The Kozai cycles occur when the orbit of a binary system is perturbed by a third distant object, which causes
the libration of the argument of pericenter. This libration is observed as a cyclic exchange of the eccentricity
and inclination.

9The Rayleigh distribution has the functional form:

T _32/942
f(z;0) = Pl /2

being o the mode of this distribution.
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of a low multiplicity system or a system with much higher mutual inclinations (Lissauer et al.,
2011a).

The orbital inclination with respect to the stellar spin axis has been determined for a few
multiplanet systems using the Rossiter-McLaughlin effect.m Most of the measured stellar spin
axes are aligned with the normals to the planetary orbital planes (Fabrycky and Winn, 2009;
Southworth, 2011). Yet for several systems (e.g. HAT-P-07, KELT-17, Kepler-63, WASP-08,
WASP-33), there is a significant spin-orbit misalignment, which might be the outcome of a
wide range of processes, such as early misalignment of the protoplanetary disk with respect to
the stellar equator (Batygin, 2012; Crida and Batygin, 2014; Lai, 2014; Bate et al., 2010), pure
dynamical interactions between the planets (Kaib et al., 2011; Batygin et al., 2011; Boué and
Fabrycky, 2014a,b) or intrinsic stellar processes (Rogers et al., 2012, 2013).

1.1.2 Hot and warm Jupiters

The giant planet population, i.e., planets with 0.1 < M, /M3 < 60 and R, > 0.5 Ry, is typically
sub-divided into period ranges, which are then related to a temperature adjective (cold, warm
and hot). This temperature association comes from the expected equilibrium surface temper-
ature of the planet, T', which is a function of stellarcentric distance, r, with a proportionality
T x r~Y2 or T x P~Y/3 in terms of the orbital period. A hot-Jupiter is a giant planet
with an orbital period P < 10 d, with an equilibrium surface temperature of about 1300 K.
Following this reasoning, warm-Jupiters (WJk) are expected to have lower temperatures than
because their orbital periods are longer, 10 < P < 200 days, and hence they are further
away from their host star. The rest of the giant planet population is referred to as cold-Jupiters.
[HJs are uncommon. Their occurrence rate in FGK stars in the solar neighborhood is ~ 1%
Wright et al. (2012), while in the Kepler data it is 0.5% (Howard et al., 2012).

Different studies using RVs and [TTV5 have found that [HLJ5, in contrast to [W.Js, seem to
lack close companions (Wright et al., 2009; Steffen and Agol, 2005; Latham et al., 2011; Steffen
et al., 2012; Huang et al., 2016). A key word here is “close”, which refers to smaller planets with
similar orbital periods to either the W.Js or [LJs. The only known with a close companion
is WASP-47b (Becker et al., 2015), which is flanked by two mini-Neptunes. The most recent
study to determine the frequency for which (WJk and have companions (Huang et al., 2016)
investigated systems with planets that transit interior to the Kepler sample of gas giants with
orbital periods within 0.5 and 200 days. A planet was deemed to be a gas giant if its radius
was 8 < R,/Rg < 20. Huang et al. found that the companion fraction of W.Jl and [HJ are

mutually exclusive and confirmed that typically do not have close inner companions. In

10The Rossiter-McLaughlin effect is the change to a rotationally broadened stellar spectral line due to the
planet blocking different portions of the star at different times during the transit. The shape of the spectral lines
provides information on the direction of the planet with respect to the rotation of the star.
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comparison, half of the W.J have close companions. This led the authors to suggest that [W.J]
and [HJ| are formed by two different mechanisms, in which the latter might represent in-situ
formation. It must nonetheless be noted that planetary frequency does drop off rapidly within
a few days, so other effects might be at play to shape the distributions. When companions at
5 < a < 20 au are analyzed (Bryan et al., 2016), the fraction of outer companions of W.Js with
1 < M,/Mj < 20 is lower than that of HJs. Both observations, low fraction of close companions
and high fraction of distant companions, point to a disruptive formation or evolution mechanism

for [HJs.

Studies of the stellar host metallicity and giant planet occurrence have found that the detected
giant planets often orbit metal-rich hosts (Gonzalez, 1997; Santos et al., 2004; Fischer and
Valenti, 2005). The stellar metallicity is usually used as proxy for the metallicity of the pro-
toplanetary disk, and therefore, the correlation between giant planets and stellar metallicity is
interpreted as an indication that giant planets are formed in protoplanetary disks with a high
solid-to-gas ratio. A correlation between stellar metallicity and orbital eccentricity has also
been found. Dawson and Murray-Clay (2013) determined that giant planets around metal-rich
stars have higher eccentricities than those around metal-poor stars. They suggest that metal-
rich stars had protoplanetary disks that were rich in solid material and consequently formed

more planets, which could have then engaged in planet-planet interactions.

In addition, the metallicity and planet occurrence rate do not correlate for all planet sizes
and orbital periods (Petigura et al., 2018). Warm super-Earths (10 < P < 100 days and
1.0 < Rp/Rg < 1.7) have a near-constant distribution over metallicities, from 0.4 to 2.5 times
solar values. Warm sub-Neptunes, on the other hand, double their occurrence rate over the
same metallicity rangeﬂ Metallicity seems to correlate with the occurrence rate of planets
with P < 10 days and with planets that have sizes R > 1.7 Rg, (Petigura et al., 2018). The

interpretation of these correlations remains unclear.

The orbital period distribution of short-period giant planets is still a matter of debate, partic-
ularly the existence and significance of the 3-day pileup. This feature was first observed in the
data (Wright et al., 2009), but later found to be absent when taking into account the Ke-
pler population (Howard et al., 2012). However, a recent study of the [RVIsignal among Kepler
giant planets, with false-positives removed from the sample, found that the occurrence rate of
these planets in the orbital period range 1 < P < 400 days decays by an other of magnitude,
with the highest occurrence at 400 days (Santerne et al., 2016). This occurrence distribution
has an important deficit between 10 to 40 d. This deficit could be interpreted as a pileup at
about 4 days, which is a prediction of [HJ| formation through eccentricity excitation plus tidal

circularization.

" \Meaning that at a metallicity 2.5 solar the sub-Neptune occurrence rate is twice than that at 0.4 solar (see
Fig. 10 of Petigura et al., 2018).
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1.1.3 Systems with Tightly-packed Inner Planets (STIPs)

The Systems with Tightly-packed Inner Planets (STIPs) are the main focus of this thesis. These
are multiplanet systems with short orbital periods, ranging from 1 to 100 days. The orbital
period and multiplicity of these systems is not well constrained. The inner orbital period
cutoff is real, while the outer one is still debatable and dependent on observational limits and
challenges. Here, “tightly-packed” means that the planet period ratios are within 1 and 3
(Ford, 2014). These small spacings are likely to affect the stability of the systems (discussed in
more detail in the next subsection). The minimum multiplicity for a system to be considered
a is not well-established and hence one needs to pick a working definition. We require
that the multiplicity of a be N, > 3, because their dynamical evolution is richer than a
two-planet system, while their stability state cannot be predicted analytically. The formation

and dynamics of [STIPs are a challenge that increases in complexity with planet multiplicity.

The fraction of confirmed planetary systems that are based on the above definitions is
about 5 to 6%. This fraction does not change significantly if the outer period cutoff is extended
to larger periods, as it is dominated by shorter orbital periods. In literature, the period cutoff
is at 100 days for [STIPs, which will be used throughout this work to avoid confusion with other
studies. We further require that there are at least three planets with orbital period shorter
than 100 days. These two requirements select those systems that are difficult to reconcile with
planet formation theories based on our Solar System (described in Sect. .

While are not limited to planets with a particular range of sizes and masses, the majority
of planets in known are either super-Earths or mini-Neptunes, i.e., planets with masses
within 1.0 to 10 Mg. Hence, the composition of most of these planets is likely dominated
by rock, ice and/or water, but not gas, even for low density planets. Moreover, formation

mechanisms should be able to reproduce the mass-radius relationship and orbital distribution
of [STIPs.

As mentioned earlier, two main formation mechanisms for have been suggested: in-
situ assembly /formation and planet migration. Planet migration is the favored theory but it
has a few apparent inconsistencies. For example, we cannot reliably explain the direction or
magnitude of planet migration (Goldreich and Tremaine, 1980; Lin and Papaloizou, 1986; Ward,
1997; Paardekooper and Mellema, 2006; Paardekooper et al., 2010, 2011), which depends on
a large number of disk parameters. Neither can we explain why migration stops at particular
distances (Ida and Lin, 2004a,b; Alibert et al., 2005; Masset et al., 2006). Furthermore, we
cannot easily discern from observations whether the inner regions of disks have a different
metallicity from their host star, e.g., due to the local enhancement of solids, which would
directly impact the ability of a disk to form planets at short orbital periods. Planet migration
might explain some and short-period giant planets, but not all. Alternative formation

scenarios need to be explored, particularly those that address planetary diversity using a single
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framework.

1.1.4 Stability of extrasolar planets

Determining whether a planetary system is likely to be stable for long timescales is of broad in-
terest, both for exoplanets and the Solar System. Several studies have looked into this problem,

but so far there is not a straightforward answer.

A pair of planets in a two-planet system with initially circular-orbits will always be stable if
they are separated by a dimensionless distance A > 2.4 (uo + ,ul)l/ 3 (Gladman, 1993), where 1
and p; are the mass ratios of the inner and outer planet relative to the star, respectively. The
second planet’s semi-major axis is thus a; = ag(1 + A), where ag is the semi-major axis of the
inner planet. Planet separations can also be described in units of mutual Hill radii (Smith and
Lissauer, 2009; Lissauer et al., 2014a; Marzari, 2014; Pu and Wu, 2015), where the mutual Hill
radius Rn = 0.5 (ag+a1) [(pto + p11)/3]"2. This gives n = (a1 — ag)/ R, for which two-planet
stability requires n 2 3.46. For example, a two Jupiter-mass planet system around a solar-mass

star must have planet separations of 3.5 R,,g or greater.

For higher multiplicities, there is no analytical separation limit. Usually, only the typical
timescale for planets to become orbit crossing in a given system can be determined statistically
(e.g., Obertas et al., 2017). This timescale depends on the initial  and the number of adjacent
planets with that 7 (e.g. Chatterjee et al., 2008). For Earth-mass planets with IV, 2 3, a mutual
Hill radius separation of 10 allows long-term stability (Smith and Lissauer, 2009). Planet
multiplicities (Table and spacings are relevant to [STIPs. Few STIPs have planets with
n < 10, suggesting that the known planets should be stable over the lifetime of most stars
(Lissauer et al., 2014a; Obertas et al., 2017). In a similar study, Pu and Wu (2015) found through
N-body simulations that the dynamical instability spacing threshold for planetary systems with
Np > 4 is 10 mutual Hill spacings for circular orbits and 12 for those with e ~ 0.02. They
compare their findings with the observed Kepler exoplanets’ mutual Hill radii, and find that
the typical separation is 12, consistent with the limit determined from simulations. However,
secular interactions can lead to the disruption of a system, even if the planetary spacing alone
suggests long-term metastability. A classic example is the evolution of Mercury in the Solar
System, which has a small but non-negligible probability of being driven to orbit crossing with
Venus on 5 Gyr timescales (Laskar, 1994).

Statistical stability studies of known analogues with different multiplicity has shown that
these systems are metastable, or prone to decay (Volk and Gladman, 2015), with equal fractions
of systems going unstable in each decade of integration. This metastability implies that, over
time, the multiplicity of an initially more populated system decreases as a result of instability

and collisions. Pu and Wu (2015) reach a similar conclusion, and suggest that were more
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tightly-packed and evolved to their current configurations through instability. This might mean
that Kepler planets formed in a more dissipative environment than the terrestrial planets in

the Solar System.

Because many have high multiplicity, we must ask whether a large fraction of the systems
with only two or three planets are decay products themselvesE There are also observability
considerations; in particular, the presence of outer perturbers can affect the observed planet
multiplicity of transiting systems, which can have a bearing on how we interpret planet-star
misalignment (e.g. Winn et al., 2005; Kaib et al., 2011; Boué and Fabrycky, 2014a.b), at least

in part.

1.1.5 Minimum Mass Solar Nebula vs. Minimum Mass
Extrasolar Nebula (MMEN)])

The determination of protoplanetary disk densities, compositions and profiles is of great im-
portance to planet formation models. The Minimum Mass Solar Nebula is a disk
model that was derived by spreading the masses of the planets into annuli centered on their
current orbits and then augmenting those masses to restore the composition to solar values

(Weidenschilling, 1977b; Hayashi, 1981). A commonly used version of this model is

9 a —1.5 9
Osolids = 3.7 x 10 ]:disk Zrel (m) gcm -,

where Fyigx and Z,q are the total disk mass and metallicity relative to the MMSN] (Chiang and
Youdin, 2010). This construction is usually used to establish order of magnitude calculations
due to its intrinsic uncertainties, which neglect the possibility that planets did not form in their

current locations.

With the discovery of exoplanets, this approach could be compared with other systems. Chiang
and Laughlin (2013) estimated a Minimum Mass Extrasolar Nebula (MMEN]), which is the solar-
metallicity disk of gas and solids out of which the super-Earths uncovered by Kepler could have
formed, if planet formation were 100% efficient and orbital migration were negligible. The
authors employed 1925 planet candidates with radii R < 5 Rg and P < 100 d from Batalha
et al. (2013). In this model, each planet is assigned a surface density

Osolids,i =

M; M,
ora;Aa; 27m12’

which is the surface density required to form the known planets in-situ. The mass-radius
relationship M; = (R;/Rg)*% Mg (Lissauer et al., 2011b) and a; = (P/yr)?/3 were used to

12Tn planet building through planetesimal accumulation and then giant impacts, this is always true to some
extent. Here we are referring specifically to otherwise fully built planetary systems that achieve ins