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Outline	
  

 Mo&va&on/background:	
  the	
  Kozai	
  -­‐	
  Lidov	
  mechanism	
  and	
  
produc&on	
  of	
  hot	
  Jupiters	
  

  Stellar	
  spin-­‐orbit	
  dynamics	
  

  Observa&onal	
  implica&ons	
  



Spin-­‐Orbit	
  	
  
Misalignment	
  in	
  Hot	
  
Jupiter	
  Systems	
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Possible	
  causes	
  for	
  misalignment:	
  
 Primordial	
  disk	
  misalignment	
  	
  	
  
	
  	
  (e.g.	
  Bate	
  et	
  al.	
  2011,	
  Lai	
  et	
  al.	
  2011,	
  Batygin	
  &	
  Adams	
  2013,	
  Lai	
  2014)	
  

 Planet-­‐planet	
  interac&ons:	
  
	
  	
  	
  -­‐	
  scaNering	
  (e.g.	
  Ford	
  &	
  Rasio	
  2008,	
  Wu	
  &	
  Lithwick	
  2011)	
  	
  	
  
	
  	
  -­‐	
  Secular	
  chaos	
  (e.g.	
  Wu	
  &	
  Lithwick	
  2011)	
  

 Kozai	
  oscilla*ons	
  due	
  to	
  a	
  distant	
  stellar	
  companion	
  (e.g.	
  Wu	
  &	
  Murray	
  2003,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Fabrycky	
  &	
  Tremaine	
  2007,	
  Naoz	
  et	
  al.	
  2012)	
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Kozai - Lidov Mechanism 

If binary inclination greater than ~40 degrees, get long term variations in eccentricity &   
inclination 

Hierarchical system (ab >> ap) 

Planetary	
  orbit	
  is	
  perturbed	
  by	
  quadrupole	
  poten&al	
  of	
  companion	
  
	
  (secular	
  perturba&on)	
  

I 

Lb	
  

L	
  

(Lidov	
  1962,	
  Kozai	
  1962,	
  Mazeh	
  &	
  Shaham	
  1979,	
  etc…)	
  



Kozai	
  Mechanism	
  
Conserved quantity ⇥ = (1� e2) cos2(I)

If inclination is high (~85 deg), max eccentricity > 0.99 

!̇k ⇠ 1

tk
=

Mb

M?

✓
a

ab

◆3

⌦p where ⌦p =

✓
GM?

a3

◆1/2



Correc&ons	
  to	
  Kozai	
  

  Addi&onal	
  periastron	
  
precession	
  due	
  to	
  GR,	
  
sta&c	
  &des,	
  oblateness	
  

  Tidal	
  dissipa*on	
  in	
  
planet	
  



Hot	
  Jupiter	
  forma&on	
  via	
  high	
  
eccentricity	
  migra&on	
  

  Kozai	
  oscilla&ons	
  pump	
  planet	
  into	
  high-­‐e	
  orbit	
  
and	
  changes	
  orbital	
  inclina&on	
  

  Tidal	
  dissipa&on	
  in	
  planet	
  during	
  high-­‐e	
  phases	
  
causes	
  orbital	
  decay	
  

  Combined	
  effects	
  can	
  result	
  in	
  planets	
  in	
  ~	
  few	
  
days	
  orbit	
  from	
  host	
  star	
  (a	
  hot	
  Jupiter	
  is	
  born!)	
  



The	
  spin	
  in	
  spin-­‐orbit	
  misalignment	
  

During	
  a	
  Kozai	
  cycle,	
  planet	
  orbit	
  undergoes	
  
large	
  varia&on	
  in	
  both	
  eccentricity	
  and	
  
inclina*on	
  rela&ve	
  to	
  the	
  outer	
  binary	
  axis.	
  	
  

What	
  happens	
  to	
  the	
  stellar	
  spin	
  during	
  this	
  
&me?	
  	
  



Stellar	
  Spin	
  Evolu&on	
  
Star	
  is	
  oblate,	
  experiences	
  a	
  torque	
  from	
  the	
  planet,	
  spin	
  vector	
  
precesses	
  at	
  frequency	
  Ωps	
  	
  

L	
  

S	
  



Stellar	
  Spin	
  Evolu&on	
  
Star	
  is	
  oblate,	
  experiences	
  a	
  torque	
  from	
  the	
  planet,	
  spin	
  vector	
  S	
  
precesses	
  at	
  frequency	
  Ωps	
  	
  

L	
  

S	
  
θsl	
  



Orbital	
  angular	
  momentum	
  axis	
  L	
  is	
  precessing	
  and	
  nuta&ng	
  
around	
  the	
  (fixed)	
  binary	
  axis	
  Lb,	
  with	
  nodal	
  precession	
  
frequency	
  Ωpl	
  	
  	
  

Planet	
  Orbit	
  Evolu&on	
  

Lb	
  

L	
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Spin-­‐Orbit	
  Evolu&on	
  

•  Kozai:	
  eccentricity	
  
and	
  inclina&on	
  
oscilla&ons	
  at	
  
frequency	
  Ωpl	
  

•  Mutual	
  spin	
  and	
  
orbital	
  precession	
  at	
  
frequency	
  Ωps	
  

Throw	
  them	
  together	
  	
  
what	
  happens?	
  

LB	
  

S	
  

L	
  

θsl	
   θlb	
  

θsb	
  

Ωpl	
  

Ωps	
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  3	
  
qualita&vely	
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  regimes	
  



Expect	
  3	
  
qualita&vely	
  

different	
  regimes	
  

 Depends	
  on	
  the	
  rela&ve	
  values	
  of	
  the	
  precession	
  rates	
  
Ωpl	
  and	
  Ωps	
  	
  	
  

 Both	
  Ωpl	
  ~	
  (1	
  –	
  e2)-­‐1	
  and	
  Ωps	
  ~	
  (1	
  –	
  e2)-­‐3/2	
  are	
  strong	
  
func&ons	
  of	
  eccentricity	
  (	
  and	
  e	
  changes	
  during	
  a	
  Kozai	
  
cycle)	
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  I “Non-­‐adiaba&c”	
  	
  
θsb	
  ≈	
  constant	
  	
  

3	
  Regimes	
  

Eccentricity	
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  I 

II 

III 

“Non-­‐adiaba&c”	
  	
  
θsb	
  ≈	
  constant	
  	
  

“Adiaba&c”	
  	
  
θsl	
  ≈	
  constant	
  	
  

“Trans-­‐adiaba&c”	
  	
  
Complex	
  behavior	
  due	
  to	
  secular	
  resonance!	
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Trans-­‐adiaba&c	
  regime	
  
����
⌦ps

⌦pl

���� = 1 during the Kozai cycle

N.	
  Storch,	
  from	
  Storch,	
  Anderson,	
  &	
  Lai	
  2014,	
  submiNed	
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Predic&ng	
  the	
  Regimes	
  

•  Massive	
  planets	
  and/or	
  rapidly	
  rota&ng	
  stars	
  
can	
  be	
  in	
  the	
  adiaba&c	
  regime	
  (θsl	
  ≈	
  constant)	
  

⌦ps

⌦pl
/ Mp⌦?
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Tidal	
  dissipa&on	
  in	
  
planet	
  +	
  stellar	
  spin-­‐

down	
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  in	
  
planet	
  +	
  stellar	
  spin-­‐

down	
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Once	
  the	
  semi-­‐major	
  axis	
  
decays,	
  all	
  systems	
  end	
  up	
  in	
  
in	
  the	
  adiaba&c	
  regime	
  



Tidal	
  dissipa&on	
  in	
  
planet	
  +	
  stellar	
  spin-­‐

down	
  

⌦ps

⌦pl
/ Mp⌦?

a9/2

Once	
  the	
  semi-­‐major	
  axis	
  
decays,	
  all	
  systems	
  end	
  up	
  in	
  
in	
  the	
  adiaba&c	
  regime	
  

 spin-­‐orbit	
  angle	
  seNles	
  
to	
  a	
  final	
  value	
  



Memory	
  of	
  Chaos	
  

N.	
  Storch,	
  from	
  Storch,	
  Anderson,	
  &	
  Lai	
  2014,	
  submiNed	
  

A	
  &ny	
  spread	
  in	
  
ini&al	
  condi&ons	
  
can	
  lead	
  to	
  a	
  large	
  
spread	
  in	
  the	
  final	
  
spin-­‐orbit	
  
misalignment	
  



Observa&onal	
  Consequences	
  



Distribu&ons	
  of	
  the	
  final	
  spin-­‐orbit	
  angle	
  

Parameters:	
  
ab	
  	
  	
  	
  =	
  200	
  AU	
  	
  

M*	
  	
  =	
  Mb	
  =	
  1	
  Msun	
  

Stellar	
  spin-­‐down	
  
calibrated	
  such	
  that	
  
spin	
  period	
  =	
  27	
  
days	
  at	
  5	
  Gyr	
  
(Skumanich	
  law)	
  	
  

a	
  =	
  1.5	
  AU	
  



⌦ps

⌦pl
/ Mp⌦?
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Uniform	
  distribu&on	
  of	
  ini&al	
  semi-­‐
major	
  axes	
  (a	
  =	
  1.5	
  –	
  3.5	
  AU)	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Solar-­‐type	
  star 	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  Massive	
  Star	
  (1.4	
  Msun)	
  



Conclusions	
  

  Stellar	
  spin	
  plays	
  a	
  starring	
  role	
  in	
  the	
  spin-­‐
orbit	
  evolu&on	
  

  3	
  qualita&vely	
  dis&nct	
  regimes,	
  with	
  the	
  
possibility	
  of	
  chaos	
  

  Final	
  distribu&on	
  depends	
  on	
  the	
  planet	
  mass,	
  
stellar	
  proper&es,	
  and	
  spin	
  history	
  



Chao&c	
  

Periodic	
  

Measuring	
  Chaos	
  
� ⌘ |Ŝ

real

� Ŝ
shadow

|Define	
  a	
  “real”	
  system	
  with	
  set	
  of	
  ini&al	
  
condi&ons,	
  and	
  “shadow”	
  system	
  with	
  
ini&al	
  condi&ons	
  differing	
  by	
  a	
  small	
  
amount	
   �(t) = �0e

�t


