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Observations 



•  ~20% of RV planets reside in 
binaries (Desidera & Barbieri 2007) 

•  These are S-type systems – 
circum-primary or circum-
secondary (Dvorak 1982) 

 
•  Only 4-5 are known to be 

compact,   a < 30AU  
Chauvin et al 2011 



Possible planet around alpha Cen B 

Dumusque et al 2012 

•  1.1 M_Earth planet in 3.2 d orbit around alpha Cen B 
•  But see Hatzes (2013) 



Kepler 

•  P-type systems (circum-binary): 
planet orbits both components of 
the binary  

•  Known through Kepler, 
microlensing, timing of post-
common envelope binaries 

Circumbinary planets (“Tatooines”) 



•  7 systems are known 
•  One contains two planets – Kepler-47 
•  All planetary orbits are aligned with the binary plane  
•  Binaries are compact, a = 0.084-0.23 AU 
•  Often rather eccentric: e=0.52 for Kepler-34 
•  Planets are within 1AU, close to the stability limit 
•  Not very massive, below M_J 

Welsh et al 2012 



Planetesimal dynamics 
in binaries 
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•  Planetesimals are disturbed by the non-axisymmetric 
and time-dependent potential of the binary  

 
•  Basics of dynamics - secular approximation: time 

averaged potential –> massive static elliptical wire 



precession 

•  Planetesimals are disturbed by the non-axisymmetric 
and time-dependent potential of the binary  

•  Basics of dynamics - secular approximation: time 
averaged potential –> massive static elliptical wire 

•  Non-Keplerian potential -> planetesimal orbits precess 
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•  Planetesimals are disturbed by the non-axisymmetric 
and time-dependent potential of the binary  

•  Basics of dynamics - secular approximation: time 
averaged potential –> massive static elliptical wire 

•  Non-Keplerian potential -> planetesimal orbits precess 

•  Secular potential of an 
eccentric binary is non-
axisymmetric 

•  It exerts torque on 
planetesimal orbit over its 
precessional cycle 

•  This drives eccentricity 
oscillations 



Secular predictions for planetesimal eccentricity 

•  S-type (circumstellar) systems: 

 
•  P-type (circumbinary) systems 

•  In both cases get relatively high planetesimal  
eccentricities in the planet formation region   
(1-5 AU), of order  e ~ 0.01-0.1 



“Fragmentation barrier” –      
a threat to planet formation 

in binaries 



•  Eccentricities of e = 0.01-0.1 lead to 
planetesimal collisions at high speeds, ~ 
km/s at 1 AU 

 
•  This is much higher than the escape 

speed from 1-10 km bodies (tens of m/s) 
 
•  Small bodies (tens of km) are destroyed 

in collisions 

•  Results in “fragmentation barrier” for 
planetesimal coagulation at ~1-100 km 

•  Prevents growth to bigger objects, 
planetary cores 0.1µm
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Resolving “fragmentation 
barrier” in protoplanetary 

disk 



gas disk 

Adding realism:  
Planetesimals move in a gaseous protoplanetary disk 

•  Gas drag acts to lower eccentricity  

•  Drag aligns planetesimal orbital 
ellipses – this reduces relative 
speeds at collision (Marzari & Scholl 2000) 

•  Alignment is size-dependent.    
Objects of different sizes still        
collide at high speeds                  
(Thebault et al 2008) 

 
•  Fragmentation barrier persists 



Adding realism:  
Account for protoplanetary disk 
gravity 

RRR 2013a,b 

•  Disk gravity is very important – poorly 
explored 

•  Non-Keplerian potential of an 
axisymmetric disk accelerates 
precession of planetesimal orbit 

•  This reduces time over which torque 
due to non-axisymmetric binary 
potential acts on the orbit, reduces its 
angular momentum change 

•  Can dramatically suppress eccentricity 
excitation 

RRR 2013a 



Adding realism:  
Gaseous protoplanetary 
disk is itself eccentric 

•  Simulations show gaseous 
disks in binaries to develop 
eccentricity  

•  Potential of an eccentric 
disk is non-axisymmetric 

•  Disk gravity then drives 
secular planetesimal 
eccentricity excitation, 
much like an eccentric 
binary companion          
(Silsbee & Rafikov 2013) 

Regaly et al 2011 



Secular calculation of planetesimal motion accounting for 
 
•  (Eccentric) binary companion gravitational perturbation 
•  Eccentricity of a gaseous protoplanetary disk 
•  Non-axisymmetric gravity of the protoplanetary disk 
•  Gas drag on planetesimals 
 
-  Planetesimal eccentricity vector                                           
converges to a fixed value, which                                                
depends on planetesimal size 
-  Obtain analytical solutions for                                                
planetesimal dynamics 

Planetesimal dynamics generalized & revisited  
(RRR & Silsbee 2014a,b) 



RRR & Silsbee (2014a) 

Relative eccentricity and collision speed of planetesimals 
of different size, as a function of disk parameters 



Knowing collision outcomes 
look for sets of system 
parameters (disk mass and e) 
for which growth is possible 
 
•  No catastrophic disruption 

(gray area) 
 
•  No erosion                    

(red area) 

•  Some erosion                 
only by objects less than 
0.01 in mass                 
(black area)                         

RRR & Silsbee (2014b, in prep) 



Disk orientation is important 
 
•  Disk alignment with the 

binary lowers planetesimal 
velocities, favors growth 

•  Reason - cancellation of 
eccentricity excitation by 
the disk and binary 

•  Absent for other disk 
orientations, objects 
collide at high speeds, bad 
for growth 

RRR & Silsbee (2014b, in prep) 

gamma Cephei 



Short summary 

Planet formation in S-type binaries (within binary) 
is possible if 
 
 
•  Disk in which planetesimals move is massive, 

M_d > 0.01 M_Sun 

•  Disk is not very eccentric, e_d < several x 0.01 

•  Disk is non-precessing 

•  Disk is apsidally aligned with the orbit of the 
binary at all times within ~10-20 deg 



Disk masses – can they be as high? 

•  Sub-mm emission measurements with SMA suggest that disks in 
P-type (circumbinary) systems are massive, above the disks of 
single stars  

•  Disks in S-type systems are low mass, below disks of single stars  

Harris et al 2012 



Chauvin et al 2011 

But! 
 
•  Sub-mm emission probes only fraction of mass in solids 

(in mm grains), can be an underestimate of true mass 

•  More importantly, planetary masses in S-type systems 
are very large, several M_J 

•  Parent disk of S-type planets must be at least several 
times more massive, easily at M_d > 0.01 M_Sun 



Disk eccentricities – can they be low? 

Regaly et al (2011) 
Yes!  
 
•  Simulations suggest that disk eccentricities tend to be low when the 

binary eccentricity is high.  
•  This is counter-intuitive but likely is a result of severe disk 

truncation in very eccentric binaries 
•  Prevents operation of 3:1 eccentricity instability (Lubow 1991) 



Summary 
•   Planets are known in tight binaries (a<20 AU), in both 
circumstellar (S) and circumbinary (P) configurations 

•   Their origin is puzzling because of “fragmentation barrier” 
to planetesimal growth at 1-10 km 

•   Planetesimal dynamics in binaries is very rich 

•   Gravity of the protoplanetary disk plays decisive role for 
planetesimal dynamics 

•   Planet formation appears possible in tight binaries (a<20 
AU) is the disk is (1) massive, (2) has low eccentricity, and 
(3) is aligned with the binary orbit 

•   These properties appear roughly consistent with 
observations and simulations  


