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Abstract: <p>The unexpected diversity of planetary systems has posed challenges to our classical understanding of planetary formati
instance, Jupiter sized planets have been detected with short orbital periods of a few days in misaligned orbits with respect to the spin-axis
host stars. | will first describe the statistical implication of detecting misaligned hot Jupiters and will suggest how dynamical interactions betwe
outer perturber and the inner planet, can naturally lead to the formation of such misaligned hot Jupiters. Next, | will discuss a similar dyn.
process in the outer Solar System, far away from our Sun, which could cause the observed clustering of extreme trans-Neptunian objects.
constrain properties of a possible outer planet, Planet Nine, in our own Solar System.&nbsp;</p>
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Architecture of the Solar System

- s ; Not to scale
©O© JACOPIN/ BSIP/BSIP/Corbis
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Classical Formation T heories
of Planetary Systems

Star and planets form in
a molecular cloud
—
e circular planetary
orbit
* no inclination
excitation
* orbital orientation
aligned with stellar
Spin axis.
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Exoplanet Architectural
Properties

. exoplanets.org | 9/28/2018
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Exoplanet Architectural
Properties
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Exoplanet Architectural
Pr()p( rties

i | I T Y * exoplancb org | 9/28/2018 I
* : Solar System L & DY .
- . | - 1)30006D
o8t  Planets } p s
= Venus
L
g 0.6 ‘ .
c !
Q ' ar
8 Mercury, Earth
E 0.4 ' '
£
®)
0.2} l # E
0.0k e e Ad *k. . |
10’3 0.01

Semi-Major Axus [Astronomtcal Units (AU)]

Pirsa: 18100083 Page 12/89



Stellar Spin-Planetary Orbait
Misalignment

illustration of spin-orbit
misalignment
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Spinvorbit Misalignmcnt

(Rossiter-McLaughlin Method)
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What leads to the hlghly mlsahgned hot
| | _]up1ters7 |
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Stellar Multiphcity
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~ 30% are binary systems for bright stellar systems
(Eggleton etal. 2007)
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Effects of Stellar Binaries

vy r2 -~
ri < ro

Hierarchical 3-body System

Secular effects (long term effects):
Ecccntricity excitation of inner binary

Inclination variation of inner binary
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Lidov-Kozal Mechanism

Lidov-Kozal Mechanism

(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)
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Lidov-Kozal Mechanism

Lidov-Kozal Mechanism
(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)
e Jz = \/l e3 cost conserved
e 7>400°, ¢,and 7 oscillate with large

amplitude.

Holman et al. 1997
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Lidov-Kozal Mechanism

Lidov-Kozal Mechanism
(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)
e Jz = \/l e3 cost conserved
e 7>400°, ¢,and 7 oscillate with large

amplitude.

Eccentric Lidov-Kozai Mechanism

"
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Lidov-Kozal Mechanism

Lidov-Kozal Mechanism
(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)
e Jz = \/l e3 cost conserved
e 7>400°, ¢,and 7 oscillate with large

amplitude.

Eccentric Lidov-Kozai Mechanism
(el + O) (e.g., Naozetal. 2011,2013, Katzetal. 2011) Holman et al. 1997
e« J-.NO'T constant.
o 1>40% ¢, ).

* 7>40°:7 Crosses 9o°
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Lidov-Kozal Mechaim

Lidov-Kozal Mechanism

(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)

* Jz = /1 —e?cosi conserved il _ _
_ v o . Misaligned
e 7>400°, ¢,and 7 oscillate with large '
amplitude. companion

Eccentric Lidov-Kozai Mechanism
(el £0) (e.qg., Naozetal.2011,2013, Katzetal. 2011)
 J. NO'T constant.
o 1>40% ¢, ).

* 7>40°:7 Crosses 9o°
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Lidov-Kozal Mechanism

(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)

¢ Jz = \/1 (’.f CoS 7 C(')TlSL‘FVC('l

Misaligned
companion

e 7>400°, ¢, and 7 oscillate with large
/ fod

amplitude.

Eccentric Lidov-Kozai Mechanism
(Cj £0) (e.g., Naozetal.2011,2013, Katzetal. 2011)

J- NOT constant.
i>400: ¢, = 1. Produce mis-

aligned planets

* 7>40°:7 Crosses 9o°
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Lidov-Kozal Mechanism

Lidov-Kozai Mechanism
(e, = 0, test particle limit)
(Kozai 1962, Lidov 1962)

¢ Jz = \/1 e3 cost conserved Misaligncd
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Lidov-Kozal Mechanism

« Starting withi= 0, €,20.6, e, # O:

e, 1, 7 flips by =180° X
e VY T

(Li et al. 2014a) C/
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Lidov-Kozal Mechanism

o Starting withi= 0, €,20.6, e, # O:

w =

(3!—* I : 7 Hlp5 by 1800 5 ~_ '““\\_I__,—-""' |

(Lietal. 2014a)
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Lidov-Kozal Mechanism

o Starting withi= 0, €,20.6, e, # O:

e, 1, 7 flips by =180°

(Lietal. 2014a)

= rp=a(l-e;) <a

help with migration (with
tidal dissipation)

=> Produces counter

orbiting planets
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Lidov-Kozal Mechanism

o Starting withi= 0, €,20.6, e, # O:

e, 1, 7 flips by =180°
(Lietal 2014a) oV e _

=

= rp=a(l-e;) <a

help with migration (with
tidal dissipation)

= Produces counter
orbiting planets

(Lietal.2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

i=4.71, e, = 0.801,t = 601yr
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(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

i=4.71,e. = 0.801, ¢ = 601yr ¢ Inner orbit:
o colored ring
_——— ~
= -
w'::F T .
e s e Quter orbit:
114 ™ e ..
~ l—— lie in x-y plane,
o b Td_ |~ stationary (test-
1 T T particle limit)
e B ‘“\,.\\
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(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

i=5.1, e, = 0.82,t = 4.61e+03yr

* Inner orbit:
colored ring

e Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component
(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

i=6.26, e, = 0.887, t = 1.09e+04yr
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(Gongjie Li et al. 2014a)
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* LLow inclination ﬂip

i=13.9, e = 0.991, t = 2.4e+04yr
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Differences between High/Low i Flip

* Inner orbit:
colored ring

e Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component

(Gongjie Li et al. 2014a)
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* LLow inclination ﬂip

i=178, e = 0.996, t = 3.2e+04yr
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Differences between High/Low i Flip

* Inner orbit:
colored ring

¢ Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component

(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

i=177, e = 0.846, t = 5.03e+04yr

* Inner orbit:
colored ring

e Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component
(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

* LLow inclination ﬂip

=177, e, = 0.803, t = 5.9¢+04yr
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Differences between High/Low i Flip

* LLow inclination ﬂip

=177, e, = 0.803, t = 5.9¢+04yr
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« High inclination flip

i= 65, e, = 0.016, t = 1.93e+03yr
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Differences between High/Low i Flip

* Inner orbit:
colored ring

e Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component
(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

« High inclination flip

i=624, e = 0.858, t = 5.6e+04yr

¢ Inner orbit:

e colored ring
= \\\\
. ,
- ¢ Quter orbit:
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" e ¥ direction of J.
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(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

« High inclination flip

i=803, 0, = 0.411, £ = T.de+0dyr ¢ [nner orbit:
colored ring

e Quter orbit:
lie in x-y plane,
stationary (test
particle limit)

e ¥ direction of J,.

b 1‘: Z component

(Gongjie Li et al. 2014a)
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« High inclination flip

i= 105, e, = 0.732, t = 1.23e+05yr

Pirsa: 18100083
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Differences between High/Low i Flip

* Inner orbit:
colored ring

¢ Quter orbit:
lie in x-y plane,
stationary (test-
particle limit)

e ¥ direction of J,.

b 1‘: Z component
(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

« High inclination flip

i=110, e, = 0.386, t = 1.48e+05yr
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(Gongjie Li et al. 2014a)
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Differences between High/Low i Flip

« High inclination flip
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Analytical Overview

» Hamiltonian (e.g., Harrington 1968, 1969):
« In the octupole order: H = -F,,4-€F 501, €=(a;/az)e,/(1-
e,2)
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Surface of Sections

Coplanar Flip: High inclination Flip: Quadrupole
1 \ resonances
— (e.g., Kozai 1962)
0.8 i o
_ 0.8 \\~): |
S s 20 \7| |
® 0. Il ¥
- . \‘5 ‘;*{ 0.4f |'&+ 05
_’ - "-: : -.._:-‘ :
0.2 \ o2l |8 § i,
0 A : I8
0 n 0 - .
e 0
(Gongjie Li et al. 2014b) -
Caused by the octupole Caused by the overlap of
resonance, Regular quadrupole and octupole
(w librates around ) resonances, Chaotic: tr-6tg

Pirsa: 18100083 Page 45/89



Analytical Flip criterion

Low inclination approximation (test particle limit):

(Lietal. 2014a)
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Analytical Flip criterion

Low inclination approximation (test particle limit):

e Hamiltonian can be simplified to 1 d.o.f.
= System is integrable

= e(1) decnds on octup()lc terms Only

= "The flip timescale, and criterion can be
derived.

Flip Criterion: )
8 l1—e

£>— -
> 7 - ‘*‘1(4 + 3@1')005;((1)1 + Ql)

(Lietal. 2014a)

_ .
a1 — €5
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Analytical vs. Numerical
Results

w
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(Lietal. 2014a)
» The flip criterion and the flip timescale from
secular integration are consistent with the
analytical results.
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Formation of Misaligned Close-in Planets

(KL # tide)
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