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Formation of multi-
planetary systems



Planet formation

Image credit: NASA/JPL-Caltech 



Migration - Type I

• Low mass planets

• No gap opening in disc

• Migration rate is fast

• Depends strongly on 
thermodynamics of the disc



Migration - Type II

• Massive planets (typically 
bigger than Saturn)

• Opens a (clear) gap

• Migration rate is slow

• Follows viscous evolution of 
the disc



Migration - Type III

• Massive disc

• Intermediate planet mass

• Tries to open gap

• Very fast, few orbital 
timescales



Take home message I

planet + disc = migration



Radial velocity planets
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Cumulative period 
ratio in multi-
planetary systems

• Periods of systems with 
massive planets tend to 
pile up near integer 
ratios

• Most prominent 
features at 4:1, 3:1, 2:1, 
3:2

Rein, Payne, Veras & Ford (2012)



Take home message II

2 planets + migration = resonance



HD45364 



HD45364
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Correia et al 2009, Open Exoplanet Catalogue



Formation scenario for HD45364

Rein, Papaloizou & Kley 2010

H. Rein et al.: The dynamical origin of HD 45364
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Fig. 2. The semi-major axes (top), period ratio P2/P1 (middle), and ec-
centricities (bottom) of the two planets plotted as a function of time in
dimensionless units for run F5 with a disc aspect ratio of h = 0.07. In
the bottom panel, the upper curve corresponds to the inner planet.
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Fig. 3. A surface-density contour plot for simulation F5 after 100 orbits
at the end of the type III migration phase. The outer planet establishes
a definite gap, while the inner planet remains embedded at the edge of
the outer planet’s gap.

similar properties to those described above when making com-
parisons with observations.

It is possible that the solid cores of either both planets or just
the outer planet approached the inner planet more closely than
the 2:1 commensurability before entering the rapid gas accre-
tion phase and attaining their final masses prior to entering the
3:2 commensurability. Although it is difficult to rule out such
possibilities entirely, we note that the cores would be expected
to be in the super earth mass range, where in general closer
commensurabilities than 2:1 and even 3:2 are found for typical
type I migration rates (e.g. Papaloizou & Szuszkiewicz 2005;
Cresswell & Nelson 2008). One may also envisage the possibil-
ity that the solid cores grew in situ in a 3:2 commensurability, but
this would have to survive expected strongly varying migration
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Fig. 4. The semi-major axes (top), period ratio P2/P1 (middle), and ec-
centricities (bottom) of the two planets plotted as a function of time in
dimensionless units for run F4 with a disc aspect ratio of h = 0.04. In
the bottom panel, the upper curve corresponds to the inner planet.
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Fig. 5. A surface-density contour plot for simulation F4 after 150 orbits
after the planets went into divergent migration. The inner planet is em-
bedded and interacts strongly with the inner disc. The simulation uses
a 1D grid for 0.04 < r < 0.25.

rates as a result of disc planet interactions as the planets grew
in mass.

An issue is whether the embedded inner planet is in a rapid
accretion phase. The onset of the rapid accretion phase (also
called phase 3) occurs when the core and envelope mass are
about equal (Pollack et al. 1996). The total planet mass depends
at this stage on the boundary conditions, here determined by
the circumplanetary flow. When these allow the planet to have a
significant convective envelope, the transition to rapid accretion
may not occur until the planet mass exceeds 60 M⊕ (Wuchterl
1993), which is the mass of the inner planet (see also model J3
of Pollack et al. 1996; and models of Papaloizou & Terquem
1999). Because of the above results, it is reasonable that the in-
ner planet is not in a rapid accretion phase.
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Formation scenario for HD45364

Massive disc (5 times MMSN)

• Short, rapid Type III migration 

• Passage of 2:1 resonance

• Capture into 3:2 resonance

Rein, Papaloizou & Kley 2010

Large scale-height (0.07)

• Slow Type I migration once in resonance

• Resonance is stable

• Consistent with radiation hydrodynamics



Formation scenario leads to a better ‘fit’
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Take home message III

Resonant systems tell us 
something about the (currently) 
unobservable formation phase.



Migration in a turbulent disc



Turbulent disc

• Angular momentum 
transport

• Magnetorotational 
instability (MRI)

• Density perturbations 
interact gravitationally 
with planets

• Stochastic forces lead to 
random walk

• Large uncertainties in 
strength of forces

Animation from Nelson & Papaloizou 2004
Random forces measured by Laughlin et al. 2004, Nelson 2005, Oischi et al. 2007



Stochastic Migration

REBOUND code, Rein & Papaloizou 2010, Crida et al 2010



REBOUND Demo



Radial velocity planets

 0

 50

 100

 150

 200

 250

 300

 1  1.33 1.5  2  3  4  5  6  7  8  9

nu
m

be
r o

f p
ai

rs

period ratio

KOI planets

 0.01

 0.1

to
ta

l p
la

ne
t m

as
s 

m
1 

+ 
m

2 
[M

ju
p]

 0

 10

 20

 30

 40

 50

 60

 70

 80

 1  1.33 1.5  2  3  4  5  6  7  8  9

nu
m

be
r o

f p
ai

rs

period ratio

RV planets

 1

 10

to
ta

l p
la

ne
t m

as
s 

m
1 

+ 
m

2 
[M

ju
p]

Cumulative period 
ratio in multi-
planetary systems

• Periods of systems with 
massive planets tend to 
pile up near integer 
ratios

• Most prominent 
features at 4:1, 3:1, 2:1, 
3:2

Rein, Payne, Veras & Ford (2012)



Kepler's transiting planet candidates
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• Period ratio 
distribution much 
smoother for small 
mass planets

• Deficiencies near 4:3, 
3:2, 2:1

• Excess slightly outside 
of the exact 
commensurability

Rein, Payne, Veras & Ford (2012)



Random walk

Rein & Papaloizou 2009

pericenter

eccentricity

semi-major axis

time



Analytic growth rates for 1 planet

(�a)2 = 4
Dt

n2

(�e)2 = 2.5
�Dt

n2a2

Rein & Papaloizou 2009,  Adams et al 2009, Rein 2010
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Architecture and masses 
from observed KOIs

Testing stochastic migration: Method

Placing planets in a MMSN, 
further out, further apart,

randomizing all angles

Rein 2012

N-body simulation
with migration forces



Testing stochastic migration: Advantages

Comparison of 
statistical quantities
• Period ratio distribution
• Eccentricity distribution
• TTVs

Comparison of 
individual systems
• Especially interesting for 

multi-planetary systems
• Can create multiple 

realizations of each system

No synthesis of a planet 
population required
• Observed masses
• Observed architectures



Result 1: Smooth migration alone is not enough
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Result I1: Stochastic migration works much better

Rein 2012, Rein & Papaloizou 2009
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Take home message IV

Small mass planets 
might show signs of 
stochastic migration.



Conclusions Part I



Conclusions

Formation of multi-planetary systems 
The number of multi-planetary systems increases almost every week. 

Kepler discovered a large number of planets but most are not suitable for a 
detailed individual analysis.

Multi-planetary system provide insight in otherwise unobservable formation phase. 
We already understand many details of the migration history of exoplanets.

GJ876 	
 	
  formed in the presence of a disc with dissipative forces
HD45364 	
	
  formed in a massive disc
HD128311 	
  formed in a turbulent disc
Kepler planets	
  formed in a disk, pushed out of resonance by stochastic migration

.... not the end of the story ....
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Open Exoplanet Catalogue

Hanno Rein



Other exoplanet catalogues

Web-based
• Website are badly written
• Requires flash or java plugin
• Need a constant internet connection
• Restricted to a very limited, 

predefined set of possible queries

Centralized
• Impossible to correct typos, add 

data without sending an e-mail to 
the person in charge

• Closed ecosystem

Slow and outdated
• It can take days/weeks/months for new 

planets to be added
• Maintainer can be holiday or abandon 

the project

Old-fashioned formats
• Static tables are not adequate to 

represent diverse dataset
• Almost impossible to include binary/

triple/quadruple systems
• Not flexible when adding new data
• Unintuitive to parse



Open Exoplanet Catalogue

Open source philosophy
• Unrestrictive MIT license
• Community project
• Everyone can contribute and modify data
• Everyone can expand it
• Distributed, no need for a server/website
• Private clones with confidential data

Ready to go
• 674 systems, 51 binary system, 870 

exoplanets, 9 solar system objects, 2740 
KOI objects

• ~10 million users

Hierarchical data structure
• Uses plain XML 
• Can represent arbitrary configurations 

in systems with stellar multiplicity >1
• Extremely easy and intuitive to parse in 

almost any language
• Compresses extremely well
• size ~ 100KB

Based on git
• Distributed version control system
• Used by Linux kernel and most other 

open source projects
• Every single value, every change ever 

made is logged, verifiable

OpenExoplanetCatalogue.com, arXiv:1211.7121



Demo



OpenExoplanetCatalogue.com

arXiv:1211.7121


