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Big	
  picture	
  ques+ons	
  

•  How	
  did	
  super	
  Earth	
  form	
  so	
  prolifically	
  
•  Why	
  is	
  the	
  emergence	
  of	
  gas	
  giant	
  marginal?	
  
•  How	
  did	
  planets	
  establish	
  their	
  structural	
  
diversity?	
  

•  How	
  did	
  planetary	
  systems	
  acquired	
  the	
  
observed	
  kinema+c	
  distribu+on?	
  

•  How	
  did	
  mul+ple	
  systems	
  a`ain	
  meta-­‐
stability?	
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Conven+onal	
  core	
  accre+on	
  scenario	
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Minimum-­‐mass	
  nebula	
  hypothesis	
  
in	
  situ	
  forma+on	
  scenario	
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Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Meter-­‐barrier:	
  	
  	
  	
  	
  Hydrodynamic	
  drag	
  on	
  dusts	
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Stalling	
  of	
  planets	
  inside	
  &	
  at	
  the	
  
magnetospheric	
  trunca+on	
  radius	
  

Hartmann	
  et	
  al.	
  1998	
  	
  Mass	
  Accre+on	
  Rate	
   Stellar	
  Dipole	
  Moment	
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Magnetosphere	
  radius	
  
Herczeg	
  



Center Star
Protoplanetary DiskDensity 

maximum

Radial Drift

Positive 
Sub-Keplerian

Negative 
Super-Keplerian

Particle Settling

Particle Settling

Ga
s D

en
si

ty
 P

ro
fil

e
The inner edge 
of disk is 
truncated by 
magnetosphere

Center Star
Protoplanetary DiskDensity 

maximum

Low 
Coagulation

h
Fragmentation

Refractory materials 
pile up near inner 
boundary. Boulders 
interact with each 
other. 11/66	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
  	
  

12/66	
  



Collisional	
  energy	
  &	
  spectrum	
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Center Star
Protoplanetary DiskDensity 

maximum

After the occurrence of  
gravitational instability, 
thousands of planetesimals 
are produced.

Coagulation&Fragmentation 
also happens between 
planetesimals.

Center Star
Protoplanetary DiskDensity 

maximum

Finally, runaway growth and 
oligarchic growth result in a 
few planetesimal isolation-
mass embryos. They will 
have sufficient mass to 
undergo outward migration.
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fragmenta+on	
  vs	
  	
  
gravita+onal	
  instabili+es	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Step	
  III,	
  oligarchic	
  barrier:	
  Isola+on	
  mass	
  	
  

Feeding	
  zones:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Δ ∼ 10	
  rHill	


Isola'on	
  mass:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Misola'on	
  ~Σ1.5 a3M*

-­‐1/2	
  

Kokubo	
  &	
  Ida	
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Equi-­‐poten+al	
  surface	
  and	
  Roche	
  lope	
  
	
  	
  	
  	
  Energy	
  &	
  angular	
  momentum	
  are	
  not	
  conserved.	
  
	
  	
  	
  	
  Conserved	
  quan+ty:	
  	
  Jacobi	
  ``energy’’	
  Integral	
  	
  
	
  	
  	
  	
  	
  	
  CJ	
  =	
  n2(x2	
  +	
  y2)	
  +	
  2(µ1/r1+µ2/r2)-­‐(x2+y2+z2)	
  
	
  	
  	
  	
  Roche	
  radius:	
  distance	
  between	
  the	
  planet	
  and	
  L1	
  
	
  	
  	
  	
  rR	
  =	
  (µ2/3µ1)1/3 a12	
  (to	
  first	
  order	
  in	
  µ2/µ1)	
  
	
  	
  	
  	
  Hill’s	
  equa+on	
  is	
  an	
  	
  
	
  	
  	
  	
  approxima+on	
  µ1 =1	
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Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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The	
  planet	
  exchanges	
  angular	
  
momentum	
  with:	
  
- circula'ng	
  fluid	
  elements:	
  

 

-	
  libra'ng	
  fluid	
  elements:	
  




Maximum value scales with -
gradient of disk vortensity 
(Ω/2Σ) across horseshoe region



Embryos barrier: planetary migration


Type I migration of super-Earth	
  in	
  isothermal	
  disks	
  

→ corota'on	
  torque	
  

e.g. Goldreich & Tremaine (1980), Ward (1992) 
Masset (2001), Paadekooper, Baruteau, Kley 

α	
  =	
  0	
  

α	
  =	
  5x10-­‐5	
  
α	
  =	
  10-­‐2	
  

Long-term evolution of the corotation 
torque is related to the disk viscosity


Paardekooper, Baruteau,



→ differen'al	
  Lindblad	
  torque	
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Planet-­‐disk	
  +dal	
  interac+on	
  
Total	
  +dal	
  torque:	
  

=	
  f(p,q,pν,qν,pκ ,qκ)Γ0	
  

p	
  and	
  q	
  depend	
  on	
  disk	
  structure	
  &	
  
pν,qν,pκ,	
  and	
  qκ	
  also	
  depend	
  on	
  mp	
  

(1/e)de/dt	
  =	
  (a/H)4	
  (MpΣa2/M*
2)	
  Ω	
   11/49	
   Garaud,	
  Kretke	
   20/66	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Resonant	
  sweeping	
  of	
  planetesimals	
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Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Dependence	
  on	
  the	
  disks’	
  accre+on	
  rate	
  

Mdot	
  =	
  10-­‐8	
   5	
  x10-­‐8	
   10-­‐7	
  

2Msun	
  

1Msun	
  

0.5Msun	
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Overlapping	
  resonances	
  &	
  dynamical	
  instability	
  
Dynamical	
  filling	
  factor	
  &	
  gas	
  damping	
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Bypass	
  the	
  resonance	
  barrier 

Orbit	
  crossing,	
  close	
  encounters,	
  home	
  coming	
  	
  &	
  collisions 
27/66	
  



Yas	
  Hori,	
  Shangfei	
  Liu	
  

Eric	
  Lopez,	
  Angie	
  Wolfgang	
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Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  
(Safronov,	
  Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  
Tremaine,	
  Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  
Papaloizou)	
  

•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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31/66	
  Radia+on	
  transfer	
  &	
  gas	
  accre+on	
  

•  Is	
  there	
  a	
  threshold	
  mass	
  for	
  gas	
  accre+on?	
  
Gas	
  accre+on	
  barrier:	
  	
  

Klahr	
  

Pollack	
  et	
  al	
  

Ikoma	
  



Dependence	
  on	
  stellar	
  mass	
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Dependence	
  on	
  the	
  disks’	
  accre+on	
  rate	
  

1)	
  Cores’	
  migra+on	
  speed	
  is	
  determined	
  
	
  	
  	
  	
  	
  by	
  the	
  surface	
  density	
  of	
  the	
  disk	
  gas.	
  
2)	
  Surface	
  density	
  of	
  the	
  disk	
  gas	
  	
  
	
  	
  	
  	
  	
  is	
  propor+onal	
  to	
  the	
  gas	
  accre+on	
  rate	
  
3)	
  Gas	
  accre+on	
  is	
  observed	
  to	
  increase	
  
	
  	
  	
  	
  	
  with	
  the	
  host	
  stars’	
  mass.	
  	
  
4)	
  Gas	
  giants’	
  frequency	
  correla+on	
  with	
  
	
  	
  	
  	
  	
  the	
  host	
  stars’	
  mass	
  is	
  through	
  mdot.	
  	
  

Cores	
  enter	
  orbit	
  
crossing	
  zone	
  

0.5Mo	
  

2Mo	
  

Resonant	
  barrier	
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Abundance	
  of	
  super	
  Earths	
  
There	
  is	
  no	
  shortage	
  of	
  	
  
super	
  Earths	
  around	
  	
  
metal-­‐poor	
  stars	
  	
  	
  
	
  
Forma+on	
  of	
  super	
  Earths	
  
Does	
  not	
  depend	
  on	
  Z*	
  or	
  M*	
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Dependence	
  on	
  metallicity	
  

Fe/H=1	
   Fe/H=3	
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Migra+on	
  in	
  metal-­‐rich	
  disks	
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Fe/H=3	
  

Fe/H=1/3	
  

Fe/H=1/3	
  

Fe/H=3	
  

With	
  snowline	
  

With	
  snowline	
  



Planetary	
  mass	
  &	
  size	
  vs	
  stellar	
  metallicity	
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BUT,	
  	
  Zd	
  is	
  not	
  Z*	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  (Safronov,	
  
Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  Tremaine,	
  
Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Mul+ple	
  gas	
  giants	
  and	
  eccentricity	
  excita+on	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  Papaloizou)	
  
•  Mul+ple	
  planets:	
  rapid	
  &	
  slow	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
  	
  

39/66	
  



Rapid	
  growth	
  of	
  proto	
  gas	
  giant	
  
planets:	
  

Dynamical	
  instability,	
  impacts	
  &	
  mergers	
  

Liu	
  Shangfei	
  
Zhou	
  Jilin	
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Bryden	
  	
  



Enhanced	
  forma+on	
  of	
  mul+ple	
  planets	
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XiaoJia	
  Zhang	
  

Shangfei	
  Liu	
  



Enhanced	
  forma+on	
  of	
  mul+ple	
  planets	
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XiaoJia	
  Zhang	
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Grand	
  design	
  barrier:	
  dynamical	
  instability	
  
•  How	
  did	
  gas	
  giants	
  acquire	
  their	
  eccentricity?	
  

Jilin	
  Zhou	
   43/66	
  

Bryden	
  	
  



RM	
  effect	
  and	
  challenge	
  to	
  migra+on	
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Liu,	
  Guillichon	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  (Safronov,	
  
Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  Tremaine,	
  
Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Mul+ple	
  gas	
  giants	
  and	
  eccentricity	
  excita+on	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  Papaloizou)	
  
•  Mul+ple	
  gas	
  giants:	
  rapid	
  deple+on	
  of	
  disk	
  gas	
  	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Gas	
  giants’	
  type	
  II	
  migra+on	
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Stalling	
  type	
  II	
  migra+on	
  

J J 
J J 
J J 

J J J J 
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Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  (Safronov,	
  
Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  Tremaine,	
  
Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Mul+ple	
  gas	
  giants	
  and	
  eccentricity	
  excita+on	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  Papaloizou)	
  
•  Mul+ple	
  planets:	
  rapid	
  &	
  slow	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Type I migration with evolving disk 
Ø Transi+ng	
  loca+on	
  move	
  inward	
  
Ø Mass	
  region	
  corresponds	
  to	
  
outward	
  decrease	
  slightly	
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A	
  

2	
  Earth	
  

Jupiter	
  

½	
  Earth	
  

5	
  Earth	
  

rcrit	
  

rmag	
  

rstar	
  
Hot	
  Jupiters	
  park	
  
Closer	
  than	
  	
  
Super	
  Earths	
  
Kretke	
  	
  

Gas	
  giants	
  

SuperEarths	
  
Neptunes	
  

Sub/warm	
  Earths	
  

Super	
  Earths:	
  some	
  key	
  issues	
  
•  How	
  to	
  differen+ate	
  type	
  I	
  and	
  II	
  migra+on?	
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Period	
  distribu+on	
  of	
  hot	
  Jupiters:	
  
Dependence	
  on	
  stellar	
  metallicity	
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Migra'on	
  of	
  a	
  Super	
  Earth	
  in	
  protostellar	
  disk	
  around	
  a	
  
magne'zed	
  T	
  Tauri	
  star.	
  The	
  Super	
  Earth:	
  (a)	
  grows	
  &	
  
migrate	
  inward	
  to	
  inner-­‐edge;	
  (b)	
  migrates	
  slightly	
  outwards	
  
with	
  the	
  expanding	
  disk	
  inner	
  edge;	
  (c)	
  halts	
  migra+ng	
  axer	
  
gas	
  is	
  mostly	
  depleted.	
  (Ju	
  et	
  al	
  2014	
  in	
  prepara+on)	
  

To	
  model	
  P	
  distribu+on	
  
of	
  Kepler’s	
  new-­‐found	
  
planetary	
  	
  candidates.	
  	
  

KIAA	
  undergraduate	
  student	
  	
  
Ju	
  Wenhua	
  (Princeton)	
  and	
  	
  
Xu	
  Rui	
  (CfA,	
  Harvard)	
   54/66	
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   Zhuoxiao	
  Wang	
  

Beibei	
  Liu	
  



New	
  Candidate	
  Catalog	
  (Batalha	
  et	
  al.	
  2012)	
  
What	
  can	
  we	
  learn	
  from	
  Mul+ple	
  systems	
  !!!	
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How	
  compact	
  can	
  	
  
mul+ple	
  systems	
  be?	
  

Kevin	
  Schlaufman	
  
Xiaojia	
  Zheng	
  

Stability	
  and	
  coplanarity	
  



Some	
  major	
  Challenges:	
  
•  Reten+on	
  of	
  grains:	
  m-­‐size	
  barrier	
  (Whipple)	
  
•  Fragmenta+on:	
  km-­‐size	
  barrier	
  (Benz)	
  
•  Planetesimal-­‐growth	
  barrier:	
  Isola+on	
  mass	
  barrier	
  (Safronov,	
  
Wetherill),	
  Oligarchics	
  (Kokubo,	
  Ida)	
  

•  Reten+on	
  of	
  embryos:	
  type	
  I	
  migra+on	
  (Goldreich,	
  Tremaine,	
  
Ward)	
  

•  Prolifera+on	
  of	
  mul+ple,	
  widely	
  spread	
  embryos	
  
•  Diversity	
  of	
  planetary	
  architecture	
  
•  Onset	
  of	
  efficient	
  gas	
  accre+on	
  (Pollack,	
  Bodenheimer)	
  
•  Mul+ple	
  gas	
  giants	
  and	
  eccentricity	
  excita+on	
  
•  Reten+on	
  of	
  gas	
  giants:	
  type	
  II	
  migra+on	
  (Lin	
  &	
  Papaloizou)	
  
•  Mul+ple	
  planets:	
  rapid	
  &	
  slow	
  deple+on	
  of	
  disk	
  gas	
  
•  Compe+ng	
  physics	
  on	
  mul+ple	
  length	
  &	
  +me	
  scales	
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Close-­‐in	
  super	
  Earths	
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  Laine,	
  De	
  Colle	
  

Inside	
  the	
  stellar	
  magnetosphere	
  



Geology	
  and	
  conduc+vity	
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Torque	
  and	
  power	
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Foot	
  prints	
  and	
  stellar	
  spots	
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See	
  et	
  al	
  2015	
  



Other	
  issues	
  

Late-­‐stage	
  evolu+on	
  in	
  debris	
  disks	
  
Post	
  forma+on	
  dynamical	
  evolu+on	
  
Non	
  planar	
  planetary	
  systems	
  
Planets	
  around	
  different	
  mass	
  stars	
  
The	
  role	
  of	
  elemental	
  differen+a+on	
  in	
  natal	
  disks	
  
Planets	
  in	
  binary	
  stars	
  
Planets	
  around	
  stars	
  in	
  clusters	
  
Planets’	
  magne+c	
  and	
  +dal	
  interac+on	
  with	
  their	
  host	
  stars	
  
Planets’	
  consump+on	
  by	
  their	
  host	
  stars	
  
Planets’	
  survival	
  around	
  evolved	
  stars	
  
Planets’	
  internal	
  structural	
  evolu+on	
  
Planets’	
  atmospheric	
  dynamics	
  
How	
  is	
  habitability	
  affected	
  by	
  dynamical	
  interac+on	
  between	
  planets	
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Precision	
  COSMOGONY	
  	
  
•  Ubiquity	
  of	
  planets:	
  	
  	
  
case	
  study	
  vs	
  Science	
  
	
  
•  Diversity	
  of	
  systems:	
  
realm	
  of	
  possibili+es	
  
	
  	
  	
  
•  Popula+on	
  census	
  	
  
missing	
  info	
  &	
  big	
  picture	
  
	
  
•  Solar	
  system	
  connec+on	
  
Anthropic	
  principle	
  

Integral	
  of	
  details	
  

Survival	
  of	
  fi`est	
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Updated	
  version	
  of	
  popula+on	
  
synthesis	
  models	
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Summary	
  

	
  
•  	
  Planet	
  forma+on	
  is	
  a	
  robust	
  process	
  and	
  their	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
dynamical	
  architecture	
  is	
  diverse.	
  

•  	
  Planetary	
  origin	
  and	
  des+ny	
  are	
  determined	
  largely	
  
by	
  the	
  structure	
  &	
  evolu+on	
  of	
  the	
  disks.	
  

•  Migra+on	
  due	
  to	
  planet-­‐disk	
  interac+on	
  played	
  a	
  big	
  
role	
  in	
  the	
  asympto+c	
  proper+es	
  of	
  the	
  planets.	
  

•  Theory	
  of	
  planetary	
  astrophysics	
  is	
  relevant	
  to	
  many	
  
other	
  astrophysical	
  contexts.	
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