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Extremophiles – organisms 
living in extreme conditions: 
thermal, acidic, radiative, etc. 

 

Hot springs 
Hot water (50-100 C), rich in 
minerals   -   Thermophiles 

 

Black smokers 
High pressure (hundreds of atm), 
high T (up to 400 C), acidic, no 
sunlight   -   Hyperthermophiles 

Grand Prismatic Spring, Yellowstone 



Extremophiles – organisms 
living in extreme conditions: 
thermal, acidic, radiative, etc. 

 

Hot springs 
Hot water (50-100 C), rich in 
minerals   -   Thermophiles 

 

Black smokers 
High pressure (hundreds of atm), 
high T (up to 400 C), acidic, no 
sunlight   -   Hyperthermophiles 

Grand Prismatic Spring, Yellowstone 

Planets in binaries are   Hyperdynamophiles 



Outline 

•   Observations of planets in binaries 

 -  Planets within binaries (S-type) 

 -  Circumbinary planets (P-type) 

•   Protoplanetary disks in stellar binaries 

 -  Differences and similarities with single stars 

•   Planet formation in binaries 

 -  Planetesimal dynamics in binaries 

 -  Key role of the protoplanetary disk gravity 

 -  How binaries can constrain the origin of planetesimals 

 -  Consistency checks against reality 

51 Eri b 



Planets in binaries: 
observations 



•  Circum-primary or circum-secondary 
(Dvorak 1982) 

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

 
•  Only 4-5 were known to be compact,   

a < 30AU  

Planets within binaries (S-type) 

Chauvin et al 2011 
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Kepler  - 444 
•  Adaptive Optics is rapidly changing 

the game: HD 2638, 30 Ari B, HD 
8673 (Roberts et al 2015a,b)  

 
•  Kepler – 444 is a nearby (36 pc),     

11 Gyr old (!) star that hosts 5 small 
planets in short-period orbits 

•  Has a directly imaged companion (itself a small binary!) at projected 
separation of 66 AU (Lillo-Box et al 2014) 

•  High eb=0.86 -> periastron at 5 AU, disk truncation at ~ 2 AU (Dupuy et al 2016) 

Dupuy et al (2016) 



•  GPI is an adaptive-optics imaging 
polarimeter/integral-field spectrometer 

 
•  Provides diffraction-limited data between 

0.9 and 2.4 microns  
 
•  Contrast ratios of 10^6 on companions at 

separations of 0.2-1 arcsecond in a 1-2 
hour observation (“firefly near a lighthouse”) 

•  Observes young (<100 Myr) stars – 
planets are still hot and bright 

•  Carries out a survey of several hundred 
nearby stars for planets, debris and 
protoplanetary disks 

Gemini Planet Imager 
(GPI) 

Debris disk of HR 4796 

Gemini South 

GPI  instrument 



~ 2000 AU 

Not to scale !! 

Direct imaging: 51 Eri b 

•  51 Eri has a distant 
(~2000 AU) companion – 
GJ 3305 

•  GJ 3305 itself is a binary, 
P=23 yr, low mass stars ! 

•  GJ 3305 may gravitationally 
affect the orbit of the planet 
via Lidov-Kozai effect 

•  If works, timescale ~40 Myr, 
comparable to age (~20 Myr) 

Interesting dynamics in the 
future ! 

51 Eri b 

51 Eri 

GJ 3305 A&B 

Macintosh et al 2015 



Direct imaging: 
HD 131399 

4 MJ S-type 
planet at 82 
AU projected 
separation.  
 
Outer is a 
binary!  

Wagner et al (2016) 



Occurrence of planets 
within binaries 

•  AO followup of Kepler 
candidates reveals lack of 
small separation binary 
companions to planet hosts 

•  Suppression of planet 
formation in close binaries Wang et al 2015 

Kraus et al 2016 

84 KOIs 

482 KOIs 

Suppression 
within 40 AU 

Model: 34% 
efficiency for 
a<47 AU 



Kepler 

•  P-type systems (circum-binary): planet 
orbits both components of the binary 
(George Lucas 1977) 

 
•  Known through Kepler, microlensing, 

timing of post-common envelope 
binaries 

Circumbinary planets (“Tatooines”) 

George Lucas (1977) 

Welsh et al (2012) 



•  10 systems are known 
•  One contains two planets – Kepler-47 
•  All planetary orbits are well aligned with the binary plane  
•  Binaries are compact, a = 0.084-0.23 AU   (except Kepler-1647) 
•  Binaries are often rather eccentric: e=0.52 for Kepler-34 
•  Planets are within 1AU, most are close to the stability limit 

Welsh et al 2012 



Population properties of circumbinary planets 
•  If coplanar, then ~10% of binaries host CB planets 
•  If isotropic then 100% occurrence rate 

 
 
 
 
 
•  Lack of planets around short-period binaries, Pb > 7 d 
•  Lack of massive planets, almost all found are below MJ    (Kepler-1647 

has 1.5 MJ planet in 2.7 AU orbit) 

Armstrong+ 2014 



Protoplanetary disks in 
binaries 



Statistics: S-type 

Kraus et al 2012 

Taurus-Aurigae 
(2 Myr) 

•  Disks are rare in close binaries 

•  Suppression within 100 AU 
 
•  Sign of disk truncation by the 

binary torque 

•  Disks in binaries are short-lived 

•  Decay on ~2 Myr timescale 

•  Dissipate faster than around 
single stars 



Masses of disks in binaries 

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

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

Harris et al 2012 



•  Binary torque truncates the disk 
•  Drives spiral arms in the disk 
•  Spirals dominate accretion (Rafikov 2016; Ju et al 2016) 

•  Disk becomes eccentric, precesses 

Dong et al 2016 

Disturbed S-type disks Kley & Nelson 2007 

3D hydro + MC radiation 
transfer + PSF convolution 

Obervation 



•  Binary torque drives the disk eccentric 
•  Binary barycenter is not in the cavity center 
•  Accretion via thin streams primarily from the nearest side of the disk 

Disturbed P-type disks 

GG Tau, quintuple system, Aa & Ab 
(a~60 AU, e~0.35) share a 
circumbinary disk  

Yang et al 2016 
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Farris et al 2014 

Munoz & Lai 2016 

 
Consistent with simulations ! 

 



Planet formation in binaries 
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1mm
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103km

104kmCoagulation 

•   Molecular forces are 
effective for sticking 
particles up to ~ mm 

•   Beyond that sticking 
is unlikely, relative 
velocities are high – 
growth might stall 

•  Need extra 
ingredients (ice or 
organic coating, etc.) 
to make things grow 

Collective effects 
•   Allow particles to 
concentrate increasing their 
density (e.g. streaming 
instability) 
•  Involves back-reaction of 
particles on gas 

Goodman & Pindor (2000), 
Youdin & Chiang (2004), Youdin 
& Goodman (2005), Johansen + 
(2007) 

?

Johansen + 2011 



secondary 

planetesimal 

primary 
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•  Planetesimals are disturbed by 
the binary – eccentricities are high 

•  Non-newtonian gravity - orbits 
precess 
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Formation problems 

•  Planetesimals are disturbed by 
the binary – eccentricities are high 

•  Non-newtonian gravity - orbits 
precess 

 
•  Planetesimals collide at high 

relative speeds  (~ km/s !) 
•  Small bodies (tens of km) are 

destroyed instead of growing  
 

No growth into bigger objects!  
 
Marzari & Scholl (2000); Kley & Nelson (2007,2008); 
Thebault et al (2004,2006,2008,2009,2011), Marzari et al 
(2009,2012,2013), Paardekooper et al (2012)  
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•  Results in “fragmentation barrier” for 
planetesimal mergers at ~1-100 km 

•  Prevents growth to planetary cores 
 
•  If not resolved, would provide support for 

theories of planet formation, in which ~100 
km objects form promptly:  

 
-  gravitational instability (Goldreich & Ward 1972, 

Youdin & Shu 2002) 

-  streaming instability (Goodman & Pindor 2000, 

Youding & Goodman 2005, Johansen & Youdin 2007)  
 

Binaries put planetesimal formation     
theories to a critical test! 

0.1µm

1mm

1m

1km

103km

104km

10km 



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 



•  Gaseous disk is massive 

•  Disk gravity is very important 
– poorly recognized 

 
•  Resonances 

•  Accelerates precession – 
suppresses eccentricity 

•  Lowers collision speeds of 
planetesimals (Rafikov 2013a,b) 

Meschiari 2014 
circumbinary 

with disk gravity 

no disk gravity 

Kepler 16 

Rafikov 2013a,b; Rafikov & Silsbee 
(2015a,b); Silsbee & Rafikov (2015a,b) 

Adding realism: disk gravity 



Rafikov 2013a 
circumbinary 

with disk gravity 

no disk gravity 

prediction! 

Meschiari 2014 
circumbinary 

with disk gravity 

no disk gravity 

Kepler 16 

Rafikov 2013a,b; Rafikov & Silsbee 
(2015a,b); Silsbee & Rafikov (2015a,b) 
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Adding realism:  
Gaseous protoplanetary 
disk is itself eccentric 

•  Gaseous disks in binaries 
develop eccentricity  

 
•  Potential of an eccentric disk 

is non-axisymmetric 
 
•  Disk gravity then drives 

planetesimal eccentricity 
excitation, much like an 
eccentric binary companion          
(Silsbee & Rafikov 2015) 

Regaly et al 2011 



Silsbee & Rafikov (2015a) 
 
•  Computed secular planetesimal disturbing function due to gravity of 

a massive eccentric, coplanar disk 

•  Tested against orbit                                                                          
integrations with MERCURY 

•  Can be applied to                                                                                
a variety of other                                                                    
problems: planetary rings,                                                                          
eccentric nuclear stellar                                                                    
disks, superhumps in CVs,                                                               
etc. 

•  Can be generalized                                                                    
(Davydenkova & RRR, in prep) 

Test for different power law disk models 



RRR & Silsbee (2015a) 

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

Lower mass 
disk can be 
more 
destructive 
for 
planetesimals 

Misaligned 
disk is more 
destructive 

Less eccentric disk is good! 

At 1 AU 



Knowing collision outcomes 
look for sets of two key system 
parameters  
•  disk mass Md   
•  disk eccentricity e0 
for which growth is possible 
 
•  No catastrophic disruption 

(gray area) 
 
•  Some erosion                 

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

RRR & Silsbee (2015b)                           
disk apsidally aligned w/binary orbit 



Summary of results 
(Rafikov & Silsbee 2015b) 

Planet formation by planetesimal growth within binary is 
possible if 
 
•  Disk in which planetesimals move is massive, Md > 0.01 MSun. 

Its gravity is the key! 

•  Disk is not very eccentric,   ed < 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 

No need to invoke streaming instability                                          
if these conditions are fulfulled! 



Disk eccentricities – 
can they be so low? 

Regaly et al (2011) 

Yes!  
 
•  Simulations suggest 

that disk eccentricities 
tend to be low (several 
%) when the binary 
eccentricity is high 
(eb>0.15).  

•  This is counter-intuitive but is a 
likely result of severe disk 
truncation in very eccentric 
binaries 

•  Prevents operation of 3:1 
eccentricity instability (Lubow 1991) 

Ongoing work 
with Zhaohuan 
Zhu & Charles 
Guo 



S-type disks in binaries have low masses 
 
But! 
 
•  Sub-mm dust continuum emission may 

underestimate true disk mass 
•  More importantly, planetary masses in 

S-type systems are large, several MJ 

Chauvin et al 2011 

Harris et al 2012 

Parent disks of S-type planets must be at least several times more 
massive than planets they spawn, easily at Md > 0.01 MSun 

Disk masses – can they be so high? 



Collective processes, 
streaming, gravitational 

instabilities 

Coagulation 0.1µm

1mm

1m

1km

103km

104km

10km 

•  Right now cannot 
definitively exclude 
coagulation of 
planetesimals through 
1-100 km range 

 
•  May be a bit too early to 

throw an old idea in 
planet formation – 
planetesimal growth by 
coagulation - based on 
the fragmentation barrier 
issue 

•  Motivates further studies 
of planets in binaries 



Summary 

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

•   Protoplanetary disks in binaries are different from their single planet 
analogues in interesting ways 

•   Origin of planets in binaries 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) if 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  


