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Obhquity Variations of
Stars and Planets




Obhquity Varations of
Stars ad Planets

The star/planet’s obliquity (), /%p) is the angle between the
spin axis of the star/planet and the orbit of star/planet.



Outhine

e Stellar obliquity variations in extra solar planetary
systems

* Due to hierarchical three-body dynamics

* Tidal re-alignment of the stellar obliquity

e Planetary obliquity variation
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ROSSITER-MCLAUGHILIN METHOD
(SPIN-ORBIT MISALIGNMENT)

Stellar-spin planetary orbit aligned case:

Stellar Spin

Approaching ? Receding

Planetary Orbit

—
3
82

velocity anomaly
o

1
!\, - -
o

10 0 10 20
| time [hour]

e.g., Ohta et al. 2005, Winn 2006
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ROSSITER-MCLAUGHILIN METHOD
(SPIN-ORBIT MISALIGNMENT)

Stellar Spin

Approaching ? Receding q

Planetary Orbit

Asymmetric
=> misalignment

3
8
3
8=

velocity anomaly
o

velocity anomaly
o

8
8

N

o

I

.N T
o

10 o0 10 1.0 0 1.0 2.0

time [hour] time [hour]

g
(=)

e.g., Ohta et al. 2004, Winn 2006 ||




ROSSITER-MCLAUGHILIN METHOD
(SPIN-ORBIT MISALIGNMENT)

@HD 209458 (Ohta et al. 2005)

B analvlic

First stellar spin-planetary
orbit misalignment
measurement using MR
effect.

surface

A~ -24.7 to 21.7 degree
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Distribution

RVI

S

D SPIN-ORBIT MISALIGNMENT
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exoplanets.org | 8/22/2016

Prograde Retrograde

50 I 100 150
abs(Spin-Orbit Misalignment [Degrees])




CHALLENGES CLASSICAL PLANETARY
FORMATION THEORIES

Classical planetary
formation theory:
Star and planets form
in a molecular cloud,
and share the same
direction of rotation.




CHALLENGES CLASSICAL PLANETARY
FORMATION THEORIES

Classical planetary

formation theory:

Star and planets form

| Yo in a molecular cloud,

!’) 4077, %nd share the same

dlreéél@% of rotation.
el)r/

--‘.‘




ORIGIN OF SPIN-ORBI'T MISALIGNMENT

* Smooth Migration: planets move close due to interaction with
proto-planetary disk.

Star tilts through magnetic interaction
(Lai etal.2011)

or stellar oscillation effects
(Rogers etal. 2012,2013)

Disk tilts through inhomogeneous collapse of the

molecular cloud
(Bate etal. 2010; Thies et al. 2011; Fielding et al. 2015)

or the torque from nearby stars.
(Tremaine 1989; Batygin 2012; Xiang-Gruess & Papaloizou 2013)
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ORIGIN OF SPIN-ORBI'T MISALIGNMENT

@® Violent Migration (Dynamical Origin): planets move
close due to interactions with companion stars/planets.

Planetary orbit tilts under planet-
planet scattering

(e.g., Chatterjee et al. 2008, Petrovich 2014)

or long-term secular dynamical effects
between planets or stellar companion.

(e.g., Fabrycky and Tremaine 2007; Nagasawa et al. 2008; Naoz et al.
2011,2012; Wu and Lithwick 2011; Li et al. 2014; Valsecchi and Rasio
2014)




ORIGIN OF SPIN-ORBI'T MISALIGNMENT

e Smooth Migration: planets move close due to interaction with
proto-planetary disk.

V.S.

e Violent Migration (Dynamical Origin): planets move
close due to interactions with companion stars/planets.

Next:

Range of stellar obliquity achieved in violent migration
(dynamics of hierarchical three-body interactions)




CONFIGURATION OF HIERARCHICAL 3-BODY SYSTEM

— a1 €2

Hierarchical: ai<<a, (¢ = o, 1z hierarchical parameter)

= 6 2




CONFIGURATION OF HIERARCHICAL 3-BODY SYSTEM

System is stationary and can be thought of as interaction
between two orbital wires (secular approximation):

® Inner wires (1): formed by m,
and m;. 7]
® Outer wires (2): m, orbits the 9
center mass of m, and my.

® 7..: Specific orbital angular i
momentum of inner/outer wire. #TI1j@"
® z: inclination between the two " N3,
orbits. my




Kozai-Lidov Mechanism
(€, = 0, my —0)
(Kozai 1962; Lidov 1962:
Solar system objects)

« Octupole level O((a,/a )3) is zero.
 Quadrupole level O((a /a )>):

=> Jz = /1 — €2 cos i; conserved

(axi-symmetric potential).

=> when i>40°, e and i oscillate with

large amplitude.

KOZAI-LIDOY MECHAINI

OM

v 0357 /\

Cannot produce

Jupitefs
oV
py— 50 L

40;

|

|

\

N
de hot

retrograd

—

!

ﬁ

30
0

Example of Kozai-Lidov Mechanism. ||

01 015 02

time (Myr)




OCTUPOLE KOZAI-LIDOYV MECHANISM

e, # 0 (Eccentric Kozai-Lidov
Mechanism) or my# o:

(e.g., Naoz et al. 2011, 2013, test particle case:

Katz et al. 2011, Lithwick & Naoz 2011 )

* Jz NOT constant,
octupole # 0.

e when 7>400° ¢, 1.

. : 1.06
e when 7>40°: 7 crosses 9o° Jz, 1

0.9
Produce retrograde hot Jupiters : quadrupole only.
Red: quadrupole + octupole. Naoz et al 2013

0 2x107 4x1Q7 ax107 8x107
t [yr]

NG J




COPLANAR FLIP

e Starting with 7= o,
€,20.0, ¢, # O:

e;—1, 7 flips by ~180°
(Li et al. 2014a).

=> Produces counter
orbiting hot Jupiters.

=> Enhance tidal disruption
rates (L7 et al. 2015).

T T Y
. -z
\
\

0 5 10 15 20

time(Myr)
180 x
—Secular
---N-body
— 90 - -

0 5 10 15 20

time(Myr)

(Li et al. 2014a)
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MIIFFERENCES

* Low inclination flip

BETWI

S,

i—-4.71, € - 0.501, L - 601yr

|

_ el

\/
\

\\

/

i

\
P
/

L

|

0 T

T
y -2

-2

s
T
-—-""""?
\
\

T~

/\
"

X

EN HIGH/LOW I FLIP

* For simplicity:
take m; — 0 => outer orbit
stationary.

¢ z direction: angular
momentum of the outer
orbit.

e T direction of J;
e T:Jz =>indicates flip.

* Colored ring: inner orbit.
Color: mean anomaly.

Li et al. 20142




MIIFFERENCES B.

L TWI

 High inclination flip

i= 635, e, = 0.016, t = 1.93e+03yr

S,

EN HIGH/LOW I FLIP

* For simplicity:

T take mj — o => outer orbit
J
// \\\ stationary.
2‘<’ Ty
/) c .
1- — ¢ z direction: angular
. \ = momentum of the outer
orbit.
1. T
_2,<// \\ e T direction of J;
2 ]
\\\A\ //> 2 o T:Jz, =>indicates flip.
L \3 T : ; ;
el * Colored ring: inner orbit.
y - X

Color: mean anomaly.

Li et al. 20142




CO-PLANAR FLIP CRITERION

e Hamiltonian (at O@)):

e Evolution of ¢; only due to octupole terms:

=> ¢; does not oscillate before flip

e Depend on only J, and w = +Q,

=> System is integrable.
_> ¢,(t) can be solved.

=>The flip timescale can be derived.

=> The flip criterion can be derived.

8

2
e

=

E D 7—el(4 + 3812)COS(O)1 +Q,)

Liet al. 2014a

D
3,



ANALYTICAL R

R

SULTS V.S, NUM

OULLTS

CRICAL

0.1p

0.08;

0.061

0.04

XXX XXX XXX

tHHHHHHHHE XX XXX X

P20 2.0 2. 2. 2. 0. 2. 2. 2.2
AXXXXXAXKXXXXXX
XXAXXAXXXXXXXX
XXXAXXXXXXXX
XXXAXXXXXXXX
AAXXXXXXXX

AXXXXXXX
XXXXXXX
XXXXXXX

XXXXX

0.02

= 5 o i o e

___Analytical Fllp

X Flip
4 Nonflip at 10%

quad

Criteria

0.7 08 09 1

>, :
= x ¢=0.7695 \\‘.‘
5
10F| % e=08675 \
x e=10.99 :
___Analytical
Estimation

£

0.02 0.04 0.06 008 0.1

IHES =52,

 The flip criterion and the flip timescale from secular
integration are consistent with the analytical results.

Liet al. 2014a




FORMATION OF MISALIGIN.

D HOT JUPIT]

RS (KL

+ TIDE)




FORMATION OF

COUNTER ORBITING HOT

JUPTT

CRS (KL + TIDE

)

v
g(: 2 v
)
.

i 1077+ \/"

=
< 10°}
=

0 5

e, 2 1 during the flip

=> 1,|, tide dominates.

10 15
time (Myr)

=> e.Diosg | s el

Liet al. 2014a




DIFFICULTY IN THE FORMATION OF COUNTER-
ORBITING HOT JUPITERS

Numerical simulations including short range forces.
Most systems are tidally disrupted and a small fraction turn out to be prograde.

The formation of counter-orbiting HJs in a very restricted parameter region.

0.16 1 ] | | 1 ] 1 .
1 80 fiducial model
014} _
. | 76 m, = 0.03M,
1{ 60 ’
01} 50 eZ.i =0.6
- < 12i=6°
w 0.08 S B . 40 $ |
L = b, =0.03yr
= H S E E ©
0.06 :—: : : :':' = = g - 30 f= 2-7
0041 & HHHEHE 1 20 L?,,
= B B ® PHJ
0.02 E B E E 1 10 e RHJ
. HEEHBAAEEAAREEE 0 — Lietal. (2014)
06 065 0.7 0.75 0.8 0.85 0.9 0.95 1 Petrovich (2015b)

€4, Xue & Suto 2016 |
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FORMATION OF MISALIGNED HOT JUPITERS
(KL + TIDE) BY POPULATION SYNTHIESIS

05
— 1) from simulation
n 04T m—— )\ from simulation
g
b === )\ from observations
w
7 0.3f
i
o
o
O
= 02
(&)
<
B
0.1
- -.

0 20 40 60 80 100 120 140 160 180
Petrovich 2015 stellar obliquity ¢, A [deg]

Population synthesis
study of interaction
of two giant planets.

=> a different
mechanism is needed
(Petrovich 2015)




FORMATION OF MISALIGNED HOT JUPITERS
(KL + STELLAR OBLATENESS + TIDE)

Mp<3M

P e Jd : M,=0.3M,; M,=1M, M,=3M, M,=5M,

= lmO a L 1 ] L ] ) L 1 | J ] L 1

fé 1.0 fm—o O/C 1 fuy=24% | fus=3.8% fuy=4T% |

Mp Dongt SMJ

=> low

misalignment Juy=1.4% 1 Sy =3.0% 1 fuy=3.6% |

(solar-type stars)

=> higher

misalignment

( . 0O 50 100150 0 50 100150 0 50 100150 0 50 100 150

more massive
O .¢ (deg)
stars) ’

Anderson et al. 2016




Stellar Obliquity v.s. Stellar

lemperature

Sky-projected stellar obliquity as a function of stellar effective temperature
for hot Jupiters. Obliquity small when T<6100K. (Winn et al. 2010)

N T ] = L -

=) -

$ 1sof O 03-3 My, + + o )

= O 3-30M,,, ®

2 120F + .

=

g 90 O o) 7

S 60 | ; _

? 0 | | ‘tn +

£ 0L 0 % 1T % me% Wb % ‘
O_ L L l. 1 L L 1 !? l“? ‘l A J‘: l A L A l* ' N

5,000 5,500 6,000 6,500

Stellar effective temperature [K] ~y/inn & Fabrycky 2016



Spin-Orbit Alignment

Tides from close-in planet

 preference for cool stars with thick convective envelope
(e.g., Winn etal. 2010, Lai 2012,Dawson 2014, Xue et al. 2014)

Internal gravity waves in radiative zone tilt the star spin
axis only for hot stars  (Rogersetal.2012)

Ingestion from close-in planet  (yatsakos & Konigl 2015)

Star/disk magnetic tor
& el (Spalding & Batygin 2015)



T1dal Realignment?
Challenges

* tdecay - talign => Cannot align stellar spin before orbital decay
(Winn et al. 2010)

* Tidal coupling and alignment of a thin shell of the star (Winn
et al. 2010 & Dawson 2014).

* Inertial wave of the (1, 0) component allows tdecay > talign (Lai
2012)

=> PROBLEM: Retrograde configurations are driven to 9o or
180 degrees instead of o degrees (Rogers & Lin 2013).



T1dal Realignment

0.2
= Full set
s ° ° °
< 0016 Lai modl , * Including both inertial
L oo | wave dissipation and
180 1 j— ] equilibrium tides,
;% 136 _ ‘ obliquity can be aligned
o | from a retrograde
@ 45 - TN | - .
N\ | configuration before
0L | I : =
. engulfment (Xue et al.
g';,. 1 2014).
do 0.5
0 |

1
01 110 100
Xue et al. 2014 VT10,ni



T1dal Realignment
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* Spin axis can be aligned before engulfment for high spin rate and
low Q value for the (1, 0) component of inertial wave dissipation.

Li & Winn 2016



Probe of Spin-Orbit Misalignment
— Photometric Variability

* Photometric Variability due to rotating starspots depends on line of
sight inclination (iy) of the stellar spin axis. (Method introduced by Mazeh et al. 2015)

sin(iy) = I sin(ix) = 0.§
‘ ) \
m e ) = = = = - -> O‘.":»"'.‘v
» A flux | N %ai 1 flux
'-‘.0"
E<-Prot->i | = * Do

" > - = >
time time




Probe of Spin-Orbit Misalignment
— Photometric Vanability

* Photometric Variability depends on line of sight inclination (ix) of

the stellar spin axis.

Rvar X Sln(l*)

* For stellar host of KOIs, the planetary orbit direction perpendicular
to the line of Slgh (Method introduced by Mazeh etal. 2015)

- = AR cos(iy) = sin(y)cos(P)

¥ Rvarll\ — - w \I/




Cool KOI v.s. Hot KOI

* Photometric
variability indicates
that cool stars tend
to be aligned.

(Mazeh etal. 2015)

o
()

o

w
(2}

* Consistent with
results by Rossiter-

w

photometric variability

McLaughlin ; | RN -
effects. ; e R
(Schlaufman 2010; Winn et al. 2010; 3500 4000 4500 5000 2900 6000 6500

Albrecht et al. 2012.) stellar effective temperature [K]



Re-examine Period Dependence

O3xr OB

. )
v L fcc’@%%( "« Kxxéx K

< Cool KOI P Ko KX . . .
3 |- - linear fit X ix <, ¥ “ -

¢ median « X x -

——running median "X X
107" 10" 10’ 10° 10°
Porb (days) Li & Winn, 20154

* There is a

statistically
significant linear
relationship
between Ry, &
P

Kendall’s ©

p-value =
0.002

Spearman’s
p-value =
0.002



Period Dependence

— Step function vs. Linear relation

Step function motivated by tidal model:
Tidal effects depends sensitively on orbital separation (teigecP53)

log Ryar = B(,) T 61[<Porb,c (Porb) - ﬁé log Por, + €.

10 %&gﬁw%g‘wﬁ
i x%mﬁgw
S ) * X N *
neas * pan S S Ho HELr ’
t % X X X XX X
etic =¥ X XX 2%
‘0 &“ﬂct‘()ﬂ 10'4 - f)((xx X X * Pﬁ.l
5 « Py p<0.05
" p=0.05 significant
10° 0 N 5 3 dependence
10 10 10 10 P
POrb . (days)

Li & Winn, 2015



Are 11dal Eftects Responsible For
Spin-Orbit Alignment?

* The statistically significant correlation between the
photometric variability (Rva:) and the orbital period of
cool KOIs (Po,) qualitatively agrees with tidal re-
alignment.

* Linear fit posts challenges on the tidal model.

* Other mechanisms need to be involved to produce the
overall period dependence.






Planet’s Obhquity

The Earth’s obliquity ()) is the angle between the spin axis of
the Earth and the orbit of Earth.



Connection to Climate

* Obliquity variation is very important for the climate of a
planet (e.g., Armstrong et al. 2014).

* obliquity changes affect the latitudinal distribution of stellar

radiation.
equinox HIGH OBLIQUITY
LOW OBLIQUITY (>54 degrees)
(23.5 W \ 235 /— \ }

9 @sun @ @sun
solstice\ 6 _/Solstice SOIstice\ _/solstice

. equinox
equinox



Obliquity Variation of Earth

Obliquity varies from

22.1-24.5°

Period - 41000yr$

Milankovitch Cycles:

changes in Earth’s orbital

and orientation

parameters al
climate (e.g., Imbrie 1982)

fect the

Dated evidence:

OXygen 1Sotopic ratio
in calcite shells or ice
cores.

Milankovitch Cycles

IIIIIIIIIIIIIII
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111111111111111
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Obliquity Variation of Mars

e (Chaotic from 0-60°

 Mars obliquity variation High Sun
may cause the collapse of T
atmosphere (Toon et al. , .
1980, Nakamura & Tajika 2003, High Obliquity
Soto et al. 2012)
Low Sun
— ] Cool Summer
e Atmosphere precipitation Low Humidity

origin of glacierlike Low Obliquity
landforms at obliquity of
45° ~-Myr ago (Forget et al.

2000).




bliquity Variation of a Moonless Earth




Puzzle of the Obliquity of a
Moonless Earth

Without the Moon, the Earth’s obliquity is Chaotic between
0° to ~85° (Laskar et al. 1993) .

A+iB
o Y - Results from frequency
analysis

log amplitude

€ > 54°, climatic zonation would
be reversed, low to equatorial
latitudes would be glaciated
(Williams 1993)

Frequency (arcsec yr ')



Puzzle of the Obliquity of a
Moonless Earth

e Without the Moon, the Earth’s obliquity is Chaotic between o°

to ~85° (Laskar et al. 1993) .

100

e (min, mean,max)
o
o

-
R
- !'._,.: . '.;-',~‘ . o
_r«m»-ﬁss.' P |
0 ) - 1 1 ] l L L A L

Laskar et al., 1993

50
€ (degree)

Obliquity variation
large at ~20 degree

without the Moon

Chaotic from o to 85
degree



Puzzle of the Obliquity of a
Moonless Earth

e Without the Moon, the Earth’s obliquity is Chaotic between o°
to ~85° (Laskar et al. 1993) .

100 100
% R
£ £
c .
S &
O i P
£ =
g . c 7
E T E
W 1 o
- '4 B ~ ,_.“- 1
R
0 L 1} o rertrad i TN S

0 50 100
€o (degree) Laskar et al., 1993 €o (degree)



Puzzle of the Obliquity of a
Moonless Earth

e Without the Moon, the Earth’s obliquity is Chaotic between o°
to ~85° (Laskar et al. 1993) .

'-I 1 T T T i 1 1 T | i ﬂ t] 1 T
= No ___Moon important!h
3 R A
£ | RO e M iy
c [ Moon g% e e -
g - ‘ ‘:' . ._j~.'»”:~ D
- 50 - n & 50
£ -
E E
w 1
= '{ ~ sy 7
T TN T P ol
C e T . 0 [edaidiod. o
0 50 100 0 50 100

€o (degree) Laskar et al., 1993 €o (degree)



Puzzle of the Obliquity of a
Moonless Earth

Recently, N-body simulations show that over -4Billion years,
obliquity constrained between o--45° (Lissauer et al. 2012).

Obliquity (degrees)

Obliquity (degrees)
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Puzzle of the Obliquity of a

Moonless Earth

Recently, N-body simulations show that over -4Billion years,
obliquity constrained between o--45° (Lissauer et al. 2012).

Obliquity (degrees)

Obliquity (degre:

0 -2x10°% -1x10° 0: ' T 1x10® ) ) 2x10° 0
50 § 50
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30 130
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Time (years times indicated multiplier)
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Physical Picture

* The Sun torques the Earth’s quadrupole moment:




Physical Picture

* The Sun torques the Earth’s quadrupole moment:

O

e Spin precession rate: o cos(e). (e: obliquity)

w: Earth spin,

2w k(g [1— e Ez Dynamical ellipticity (Ez%m?).
mpg S = i .
g iw)|Ea  Precession 1:

Earth spin (w)1, moe 1, ao |



Physical Picture

* The other planets perturb the Earth’s orbit:

: T s TTEE e eSS g 0 ol )
- g e e casa e Rt B e R e R PP %
. o
w75 ol LN
oz - ) - R e
. e v i »” -
; e -
- A - Y
3 S -
o o | .
o W SRt - ) o it B IGEF =
a . e o - cepae s a NSl SO o
PSS N ST - ke = z e ‘

e Earth orbital variation:

icos ) = Z i, cos (st + Va), sk: frequencies of the
modes due to the

i sin ) = Z i, Sin (sgt + Yx). perturbation.



Physical Picture

e Hamiltonian:

1
H(Xowat)ZQCVXQ \/1 _X2
X (A(t)siny 4+ B(t) cos))
v: cos(e); (Laskar et al. 1993)

1): longitude of the spin axis.
a: precession coefhcient;
A(t), B(t): depends on the Earth inclination.

Resonances Arise if Frequencies Match (spin precession
rate & Earth’s inclination variation frequency)
=> Cause Large Obliquity Variation



Physical Picture

e Hamiltonian:

1

H(Xowat)ZQCVXQ \/1 _X2

X (A(t)siny + B(t) cos))

x: cos(e); o
0
: longitude of the spi= (e 2
- g (609}(
O: precession €7 ays >,

At), B(+* ~Jot %,s on the Earth inclination.

Resonances Arise if Frequencies Match (spin precession
rate & Earth’s inclination variation frequency)
=> Cause Large Obliquity Variation



Numerical Results

120
100r Bridge
= <—>
S 80r
,E < —>
o Large Chaotic
g 60~ 2zone 1 (C1)
P <« >
g 40+ Large
w Chaotic
Zone 2
20+ (C2)
0 | | |
0 20 40 60 80 100
80

120

Obliquity
variation in
-10Myr, starting
with different
initial obliquity.

* Two chaotic zones connected with a chaotic bridge

(Laskar et al. 1993, Morbidelli 2000).



Numerical Results

.6 ‘ \ -
120 ‘
.):
100 Bridge §' /' / : 1 ) :

g D g o/ A .
o 80f § , .
(0} o F ; N
.E < > L : y

a Large Chaotic o[ S~g. 1 |
g 60~ 2zone 1 (C1) . ‘ '
~ / \ Y/ / ,// /

" < —> , / I :

g 40f Large 7 - / ;
w Chaotic /e , / 7

Zone 2 4 Yy Yy y
20+ (cz ) 7 /1N | : /" ‘ /
/ ". /' ~,/ / /' / \
0 | | | . / / [ , “
0 20 40 60 80 100 ~ NN . 7
e Fre &'/ : ,
0 QUG/;C)’O /
/al’cse /
CJ’f lj So “
Q

e Two chaotic zones connected with a chaotic briag.
(Laskar et al. 1993, Morbidelli 2000).



Numerical Results

120

100

Large Chaotic
- Zone 1 (Cl)

max/min/mean

Chaotic —S3 4
Zone 2
(C2)

0 20 40 60 80 100 120
0

* ‘Two chaotic zones connected with a chaotic bridge
(Laskar et al. 1993, Morbidelli 2000)

 (Cr: caused by s3, s4; C2: caused by s1, s2



max/min/mean

€

Numerical Results

120
100" E .
- Obliquity
80~ 5 . 5
GO‘W’ variation in
-~ Zone 1 (Cl 7 .
ey — 1 ~-10Myr, starting
40 s . 5
’ — 5,5, , with different
| s, initial obliquity:
o

Need to understand the diffusion in the bridge



Resonant Zone Overlaps

(cos &)

Resonances

Averaging the Hamiltonian over the primary
resonances with canonical transformation to obtain the
secondary resonances.

o
e

T

2 3 4 5 :
Resonant Angle

Overlap of the
secondary resonances
causes the diffusion
cross the bridge.
(Chirikov 1979).

Li & Batygin, 2014a
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Dittusion by Overlap ot

Resonances

* Qverlap of resonances
cause chaos.

3 e Large separation

2 5% |

Diftusion Coefhicient |,
‘2: Diftusion time 7,

a1 :

2 Lyapunov Exponent |
2 Chaos | .

2 4 6
resonant angle (q)

Chirikov 1979



Dittusion

pt
o
©
b
x
%%

x
x

<

e X

|
—
[N

x

10 ;
x Numerical

Diffusion Coefficient
—
o
|

msmAnalytical

;"va x
£

0 50
0

100

€. (degree)

e Diffusion coefhcient:
6?2/ ot
e Diffusion coefficient

lower in the bridge.

e Diffusion timescale -

2Gyr in the bridge

e Numerical Results consistent with analytical

estimations.

Li & Batygin, 2014a



Numerical Runs

80_ I | _
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80r
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Y 40F /\MWW
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¥ 401 i

80F — - - - ———
“ 40t

] ]
4 6 8 10

10 107 . 10 10
time (yr)

It takes = GGyrs to cross the bridge.
Li & Batygin 2014



Numerical Runs
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19 time (yr) 10

It takes = Gyyrs to cross the bridge.
Li & Batygin 2014
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Application to Exoplanetary
Systems

* Scale over which biological material may be transmitted via
collision ejecta

4 567 8 9101112131415161718

1
Log,,d (km) ——+— ——t———

Kepler-36: a super-Earth

and a mini-Neptune with

credit:

a differ by only o0.013 AU. : * David Aguilar




Application to Exoplanetary
Systems

o)
o
Y Y

* Substitute Earth by two
closely separated planets

obliquity variation
8 & 8

o0
o

Inner substitute planet

obliquity variation

5 & &8
T

Outer substitute planet m~—fgs

obliquity variation
-—
o

[
o O

20 40 60 80

Steffen & Li 2016 initial obliquity

O Y
x x
>( -



Planetary obhquity

variations

* Moonless Earth: the secondary resonances are
responsible for the obliquity to cross the chaotic bridge
(45° - 65°). It takes over ~2Gyr to cross the chaotic
bridge.

e Extra-solar planets: closely separated planets do not tend
to cause significant obliquity variations



Summaries

* Extra solar planetary systems exhibit a large variety of spin-

orbit misalignments, including retrograc

e configurations.

Perturbations from a farther object can

broduce various stellar

obliquities and a large fraction of tidal disruption events.

* Tidal re-alignment and other mechanisms together may
explain the stellar obliquity features for cool stars.

* Planetary obliquity variations can be caused by the resonance
between the planetary spin precession and inclination

variations.






Obhquity Of the Sun

orbit 9

Bailey et al. 2016

Solar Obliquity ~ 6 degrees relative to inner orbits



UNDERLYING RESONANCES

Resonances
(Libration Zones)

1—— = .
I 7

08

0.6
-

04

Surfdce of
Section

0 | ’ | '. .
(Li et al. 2014b) \ /

Chaotic Zones

0.2

S30UBUOSaY
18pI0 Jauﬁ!H

» Resonant zones: points fill 1-D lines.
trajectories are quasi-periodic.
» Chaotic zones: points fill a higher dimension.




SURFACE OF SECTION

b Hich i (40-60)

Low 1

Quadrupole
order
dominates

0.001)

Jie

Octupole
order
stronger

1 0 ‘ x 0 ; ®x &
octupole | quadrupole
chaos

resonances resonances  resonances
Quadrupole resonances:

centers at low e;, w=n/2 and 37/2 (e.g, Kozai 1962)
Octupole resonances:

centers at high e;, w=x or 5/2 and 37/2 Li et al. 2014b




‘-___f_hij

ANALYTICAL OVERVIEW

e Hamiltonian has two degrees of freedom in test particle limit:
J=+1-¢% Jz=+/1—¢€2cosi;, w, Q)
2 conjugate pairs: ] & w, Jz & )

e The Hamiltonian up to the Octupole order:

H = Fqu@d(‘L JZ, CU) ‘|‘Foct(<]7 ‘]Z\J Q)

Ctupole order:

nadrupole order: € : hierarchical
E i : Depend on both
Independent of Q parameter:
e uiie Q & w=>] and
=> Jz constant St
ol ey Jz not constant




i
DIFFICULTY IN THE FORMATION OF COUNTER-
ORBITING HOT JUPITERS
The analytical flip condition by Li et al. (2014) 1s also an approximation
for the necessary condition for the migration
0.16 1 ] 1 1 1 ] I
80 fiducial model
0.14 -0 m, = 0.03M,
012} Y a, ; = 500 AU
60 t
01+ : 0 — ez'i =0.6
W 0.08 g. h2i= ¢
FELEES 0 - typ = 0.03yr
0.6 F EIA H i B E ES 30 ° f=27
0.04 3§§§§f:- 5 | 20 | LB‘
SEEAREABAREEAE E — Lietal. (2014)
06 065 0.7 0.75 0.8 085 09 095 1° Pelrovich (20130)
91"
| Xue & Suto 2016 |
— — - - - : l?




FORMATION OF MISALIGNED HOT JUPITERS
(KL + TIDE) BY POPULATION SYNTHIESIS

(d)

0.5f

N/N

100 150
Naoz et al. 2011

) 20y [deg]

* 15% of systems produce hot Jupiters
e EKL may account for about 30% of hot Jupiters
(Naoz et al. 2011)
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FORMATION OF MISALIGNED HOT JUPITERS
(KL + TIDE) BY POPULATION SYNTHIESIS

05
— 1) from simulation
n 04T m—— )\ from simulation
g
b === )\ from observations
w
7 0.3f
i
o
o
O
= 02
(&)
<
B
0.1
- -.

0 20 40 60 80 100 120 140 160 180
Petrovich 2015 stellar obliquity ¢, A [deg]

Population synthesis
study of interaction
of two giant planets.

=> a different
mechanism is needed
(Petrovich 2015)




FORMATION OF MISALIGNED HOT JUPITERS
(KL + STELLAR OBLATENESS + TIDE)

If the host star is spinning and oblate, gravity from the planet makes
stellar spin precess around L, and can cause chaos under Kozai-Lidov

oscillations (Storch et al. 2014).
L s

Storch et al. 2014

Chaos: precession period ~ Kozai-Lidov oscillation period

D
3,



FORMATION OF MISALIGNED HOT JUPITERS
(KL + STELLAR OBLATENESS + TIDE)

Anderson et al. 2016:

P
fHJ_O -)/C 1 fHJ:2'4% 1 fHJ:38% i fHJ:47% i

=> bimodal ,>§ 1.0 }

Mp ~ SM;

=> low
misalignment
(solar-type stars)
=> higher
misalignment
(more massive
stars)

0 50 100150 0 50 100 150 0 50 100150 0 50 100 150

‘931,f (deg)

Anderson et al. 2016 |,



Period Dependence of Rya,?

* Mazeh et al. 2015 find that Ry, shows no significant
difference between P, =1-5 days & Por, =5-50 days

* Ryar doesn’t depend on planetary orbital period.

— Inconsistent with
alignment involving
tidal effects.




Period Dependence
Selection Effect ?

* Selection effect: low Ryar may be required to observe long Po, planets

* Compare long period Ryar with simulated long period Ryacs, which is
only affected by selection effect (method introduced by Mazeh et al. 2015)

* P: long period KOIs; R: short period KOlIs.

R;: Simulated long period sample:

We associate with each planet from P with a randomly-selected
star from R that has S/IN >10, and include the chosen stellar Ryar

in R;. |
S/N

= 3/2
ocppp iy

Li & Winn, 2015



Period Dependence

Selection Effect 7

* Selection effect: low Ry.r may be required to observe long Po, planets

* Simulate long period Ryar
requiring s/n > 10.

* It’s unlikely that the low
value of long period Ry, is
due to purely selection
effects.

2000 . — .
[ 1Simulated median
—median (> 30 days)
1500 | L___median (< 30 days) observed
fﬂ short period
1000 observed
long periodl simulated
500 |
-0.5%
O 1
3.7 3.75 3.8 3.85 3.9 3.95 4 4.05
log1O(Rvar)

Li & Winn, 20154



Reexamine Period Dependence

* No significant difference b.t. long period (z20 days) KOIs & non-KOIs

* Significant difference b.t. long period (z30 days) & short pCI'lOd (s2 days)

KOs

p(bin1 ,l non-KOI') E 0.002'5
p(binz, non-KOI) = 0.016

5 0.8 - p(bin 5» Non-KOI) = 0.0035 §

_§ p(bin,, non-KOI) = 0.1166

G p(bins, non-KOI) = 0.016 <2.46 days (bin )

2061 bibin_, non-KOI) = 0.91 D -

A & —2.46-4.77 days (bin,)

2 oal 4.77-8.11 days (bin,) | _

.c_; . —8.11-14 .41 days (bind)

e —14.41-34.44 days (bin,)

502} >34.44 days (bin) |
>34, .
—non-KOls

0 ' - | ' |
2 25 3 35 45 5 55 6

L1 & Winn, 2015



Resonances and Chaotic Regions

e The Hamiltonian H__, takes form of a pendulum.

 Two dynamical regions: libration region and circulation
region.

. dO/dt -dO/dt

- 0 | - 0
o LA - e —
i N TS

—

Libration Circulati®n

Image credit: wikipedia Image credit: wikipedia



Resonances and Chaotic Regions

e The Hamiltonian H__, takes form of a pendulum.

e 'Two dynamical regions: libration region and circulation
region, separated by separatrix.

Libration

Phase Diagram:

Separatrix :
P Circulation



Resonances and Chaotic Regions

e The Hamiltonian H_ takes form of a pendulum.

* Two dynamical regions: libration region and circulation
region, separated by separatrix.

Libration Overlap of resonances can

cause chaos

|}

&Py
/

N\
LA '\

- v

. |

resoﬂant angie (q) |

Separatrix

Circulation
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P

O

Dittusion by Overlap ot

Resonances

* Qverlap of resonances
cause chaos.

3 e Large separation

2 5% |

Diftusion Coefhicient |,
‘2: Diftusion time 7,

a1 :

2 Lyapunov Exponent |
2 Chaos | .

2 4 6
resonant angle (q)

Chirikov 1979



Diftusion by Overlap of

Resonances

Lyapunov Exponent:

Closely

\ ~ lowr {2” B4 overlapped
ok ¥~ Marginally

overlapped

P

Difusion coefhicient:
Closely
overlapped

A%y L¥~. Marginally

resonant angle (q) overlapped

P
NONBONON

Azl/B‘/

DNAQAN{

Chirikov 1979



Lyapunov Exponent

Chaotic Features

* Lyapunov exponent (A):
AT, more chaotic.
e (C1,C2: A~ 106
107t
| | Bridge: A~9X10-7
| x 500Myr ’&.m >85° Regular
_g|| © 1Gyr . .
*0 e analytical T T e Analytical results
0 50 100 consistent with numerical
€, (degree) results.

Li & Batygin, 2014a



Application to Exoplanetary
Systems

* Relative fraction of successful panspermia transfer

0.35

o

)

S
»

o
b
N

O
b
-

Relative Fraction

0.15

0.10 0.15 020 025 030 035
(ay — a1) (AU)

Steffen & Li 2016



Application to Exoplanetary
Systems

¥ Inclination variation modes in first order resonant v.s.
non-resonant systems
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Steffen & Li 2016



Application to Exoplanetary
Systems

* Obliquity variation in 3:2 resonant systems

100

R
=

=N
=

S 5
=

max/mean/min

€

o
=

=

Steffen & Li 2016






Nice Model:

* Formation of the Kuiper belt
(Levison et al. 2008; Batygin et al. 2011),

» Chaotic capture of Jupiter and Neptune trojan populations
(Morbidelli et al. 2005; Nesvorny et al. 2007)

- Triggering LHB

(Gomes et al. 2005).



Pre-late Heavy Bombardment
Evolution of the Earth's Obhquity

Nice Model:

| T T v T T T
40 ‘ 3:2 43 3:2
—_— = 30
)
2 2
o o
a a
g g 20
’J tor & Satum 5:3 MMR o : 1004, — e —————— s
<« vuprer m s el < Jupiter & Saturn 5:3 MMR encounter
S 1 . 1 . T : L - s I 0 Y
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Pre-late Heavy Bombardment
Evolution of the Earth's Obhquity

® Solar system starts

10°

T I I
Fourier spectrum of the Earth’s inclination vector

more compact :

(Nice model). 4109 ]!\ 1
= é N1 N2 N3 N4 ' Q M

Changes in mode 10 .

frequencies. - = > 5 ;

frequency (“/yr)

Li & Batygin, 2014b



Pre-late Heavy Bombardment
Evolution of the Earth's Obhquity

® TFrequencies can slightly shift

e.g., 3~ 18 arcsec/yr

A+iB

§ — N 10'1 T T T
TR s ' k ) 1 Fourier spectrum of the Earth's inclination vector
r k} S‘ 4
o P Laskar 1993 ,
L i ‘ Sz
' ] 2103f w ]
: = s¢
= B ]
> 1 B NT N2 N3 N4 | !
é } © - . . w' !'/ %
| A -~
§) _ 'ﬁj i' !';, o
: 1050 | st
| — 0 f S%5—»
] -40 -30 -20 -10 0
: frequency (“/yr)
100

Li & Batygin, 2014b



Pre-late Heavy Bombardment
Evolution of the Earth's Obhquity

® Moon was closer

- - 104 .
=> Change in precession ; 00 o (OTL 1
onset of large-scale
fI‘ C que Ilcy dynamical instability
T 103_;“ 12)
§ .........
~§ e - .fideg
® 'Two frequencies do NI N2 NS NG e |
not match prior to J_LL.._EL'"L&_“ _____ B - ;;2
: 107 L
LHB except at high 15 o 45
D
obliquity (-85°)

Li & Batygin, 2014b



Pre-late Heavy Bombardment
Evolution of the Earth's Obhquity

fion
Direct Inte
190 initial condition N&_
135
w o
C%_), N — R

w prv——————-—

45

%0 200 400 600
time (Myr) Li & Batygin, 2014b
* Obliquity varies only in the high obliquity regime prior to

LHB.

* Earth obtained its obliquity during the formation of the
Moon.



Application to Exoplanetary
Systems

¥ Inclination variation modes in first order resonant v.s.
non-resonant systems
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Application to Exoplanetary
Systems

* Obliquity variation in 3:2 resonant systems

100

R
=

=N
=

S 5
=

max/mean/min

€
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=
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Steffen & Li 2016



