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Solar System formation theory circa 1994 



Wetherill (1996)	



ß ~ Earth mass 

ß super-Earths? 



Mayor & Queloz (1995)  

planets  migrate! 



Discovery space circa 2010 – mostly Doppler exoplanets 



Ida & Lin (2008): no disk bumps (left)  gas bump (middle)  gas/dust bumps (right) 
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Ida & Lin (2008): no disk bumps (left)  gas bump (middle)  gas/dust bumps (right) 
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Ida & Lin (2008): no disk bumps (left)  gas bump (middle)  gas/dust bumps (right) 
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no pileup 



Alibert, Mordasini, & Benz (2011) 
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Gould et al. (2010): gravitational microlensing surveys 

planet to star  



Cassan et al. (2012) 
0.5 AU to 10 AU: 

17% - 0.3 to 10 MJup 
52% - 10 to 30 MEarth 
62% - 5 to 10 MEarth 

red dwarf K,M stars 
Clanton & Gaudi (2014) 
microlensing prediction  

for RV on M dwarfs 
1 to 104 day periods: 
2.9% - 1 to 13 MJup 

15% - 30 to 104 MEarth 
190% - 1 to 104 MEarth 



Laughlin et al. (2004) core accretion models	



1.0 Msun	



0.4 Msun	


core	



core	


total	



total	



* gas giants	


rarely form 	


by core accretion	


around M dwarfs:	


process too slow	





Ida & Lin (2005) 

fraction with RV  
detectable Jupiters: 
> 10 m/s, P < 4 yrs 

< standard model 



0.5 solar	


mass star	


with a 20 
AU radius 
disk of 0.04 
solar masses	


after 215 yrs 
(Boss 2006)	





Ida & Lin (2008): no disk bumps (left)  gas bump (middle)  gas/dust bumps (right) 
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Alibert, Mordasini, & Benz (2011) 
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Mordasini et al. (2012): 1 Msun , fI = 0.001 
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Mordasini et al. (2012): 1 Msun , fI = 0.001 
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Dittkrist, Mordasini et al. (2014):  
new migration model & stellar irradiation of disk 

? 

? 



Coleman & Nelson (2014): blue dots =  
detailed oligarchic growth & migration model 





Marois et al. (2008, 2010): four exoplanets  
M > 5-7 Mjup & distances of 14, 24, 38, 68 AU   

A5 star, 1.5 MSun  



Chambers (2006) – core accretion in a 50 AU radius disk, 1 solar mass star	





~ HR 8799 bcde 

Chambers (2006) – core accretion in a 50 AU radius disk, 1 solar mass star	





Boss (2003): 1 Mo star, 0.1 Mo disk with 30 AU radius, DA-RT  



Meru & Bate (2011): 1 Mo star, 0.1 Mo disk with 25 AU radius 
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Michael et al. (2011): 1 Mo star, 0.14 Mo disk with 40 AU radius, FLD  



Quanz et al. (2012): Gemini Deep Planet Survey 
Table 1 

Upper limit of stars having at least one planet 
(with 95% confidence) for different 

combinations of assumed planetary masses and 
semi-major axes. 

                      1 MJupiter  0.5–3 MJupiter 
a = amin  78%     59 % 
a = 2amin  49%    29% 

[amin ~ 16 AU (Sumi et al. 2011)]  



Lopez & Fortney (2014): M, R for 200 exoplanets 





Kepler K2 Mission 



Sumi et al. (2011) microlensing: Jupiters > 10 AU ~1.8 as frequent as MS stars 



TESS: 2017 launch 



TESS and JWST (Deming et al. 2009): 1 to 4 habitable super-Earths? 

JWST: 2018 launch 



2.4-m NRO telescope = WFIRST/AFTA: 2023 launch? 



WFIRST/AFTA gravitational microlensing (> 1AU): 
planet census complementary to Kepler (< 1 AU) 



Reflective shaped pupil mask: one-sided dark hole generated by the shaped 
pupil coronagraph in narrowband (2%) light and broadband (10%) light: 

Hybrid Lyot coronagraph testbed in vacuum tank and circular hybrid Lyot 
coronagraph mask imaged under optical and atomic force microscopes: 





Outer region of discovery space circa 2010 – microlensing and direct-imaging 



Discovery space circa 2025: WFIRST/AFTA detections 
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HL Tauri - K9 - ~0.5 Msun- ~1 Myr - ~100 AU - ALMA 





3602 
HZ: 1/3? 

(first 3 years of data) 



New Worlds Telescope? 
~ TPF Coronagraph? 
~ NWO Star Shade? 


