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Overview

Detections of exoplanetary systems, but no spatial resolution of the orbitsno spatial resolution of the orbits
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Overview

Detections of exoplanetary systems, but no spatial resolution of the orbitsno spatial resolution of the orbits

Analytical studies: Stable highly non-coplanar planetary systems can existStable highly non-coplanar planetary systems can exist 
(e.g. Michtchenko et al. 2006, Libert & Henrard 2007, Libert & Tsiganis 2009a)

either following normal secular dynamics 
or due to the action of a phase-protection mechanism (MMR, Kozai resonance)

OHP



  

Overview

Ups Andro: mutual inclination of ~30° mutual inclination of ~30° between the orbital planes of 
planets c and d (McArthur et al. 2010)



  

Overview

Formation of such systems ?

Planets formed close to their 
current location

After their formation, planets may 
have migrated to their current 

location

discovery of exoplanets

[Nice model – Tsiganis, Gomes, Morbidelli & Levison]
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Dynamical mechanisms for the formation 
of two-planet systems with high mutual inclination,

 starting from a coplanar system that undergoes Type II migration ?

Work in collaboration with K. Tsiganis (Aristotle University of Thessaloniki)



  

First case: 

TwoTwo-planet coplanar systems in a gas disc

Exoplanetary systems in mean-motion resonances (MMR) are Exoplanetary systems in mean-motion resonances (MMR) are 
thought to have been captured as a result of gas-induced (Type II) thought to have been captured as a result of gas-induced (Type II) 

orbital migration of the planets initially much further appartorbital migration of the planets initially much further appart

2/1, 3/1, 4/1, 5/1 or 5/2 MMR capture (e.g. Nelson & Papaloizou 2002)

Resonant eccentricity excitation (e.g. Lissauer, Peale & Cuzzi 1984; Lee & Peale 2002)

Thommes & Lissauer (2003): starting with slightly non-coplanar orbits, 
resonant inclination excitation occurs during the migration in 2/1 MMR

Libert & Tsiganis (MNRAS 400, 2009): resonant inclination excitation 
occurs also for high-order resonance capture 

[Libert & Tsiganis, MNRAS 400, 2009]



  

hyp:      a1=5 UA

      a2=16.5 UA

Resonant inclination 
excitation is a usual 
outcome, even for a 
5/1 capture !

2λ1−10λ2+kΩ1+lΩ2

1−52k1l2



  

Maximal mutual inclinations between 20° 
and 70° during the migration

Inclination excitation requires at least 
one of the eccentricities to be e > 0.4



  

      If we abruptly stop the migration: stable resonant systems with high mutual inclination 



  

Second case: 
ThreeThree-planet coplanar systems in a gas disc,

as a test for a mechanism that can lead naturally 
to planet-planet scattering in order to form 

non-resonantnon-resonant non-coplanar systems

The three planets can be trapped in a multiple MMR, The three planets can be trapped in a multiple MMR, 
as in Morbidelli et al. (2007) for the young solar system as in Morbidelli et al. (2007) for the young solar system 

[Libert & Tsiganis, MNRAS 412, 2011]

Trapping in three-planet resonant configuration during gas-driven migration is 
common (Libert & Tsiganis, CeMDA 111, 2011):
 Main multiple-planet resonance captures are   

 n3:n2:n1=1:2:4  (e.g. HR8799, Gl876)
 n3:n2:n1=1:3:6. 

 Some other observed resonances are 1:4:8, 1:2:5, 2:3:6, 2:5:10, 3:8:12, 4:10:15  



  

Once in a three-planet configurationOnce in a three-planet configuration

Resonant eccentricity excitation 

Unstable configuration

Multi-planet scattering

Inclination excitation Scattering



  

 

Scattering

Some examples of inclination excitation

Thommes & Lissauer 
mechanism with 3 planets



  

Nearly all surviving two-planet 
systems are outside 8/1 MMR 
and even hierarchical

Two-planet systems: 40 of 90 simulations 

Three-planet resonant systems: 9 of 90 simulations 
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diversified and in agreement with 
those of the exosystems detected so far
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Nearly all surviving two-planet 
systems are outside 8/1 MMR 
and even hierarchical

Values of the eccentricities are 
diversified and in agreement with 
those of the exosystems detected so far

Two-planet systems: 40 of 90 simulations 

Three-planet resonant systems: 9 of 90 simulations 

Some systems are 
trapped in Kozai 
resonance 
(Kozai 1962, 
Libert & Henrard 2007)



  

Conclusion

Formation of highly non-coplanar systems: Formation of highly non-coplanar systems: 

Resonant inclination excitation is a usual outcome for high order resonances
observed for all configurations as long as 

(i) the inner planet is not very massive 
(ii) at least one of the planets develops an eccentricity e > 0.4.

Three planets can be trapped in multiple resonance
   Increase of the eccentricities
   Unstable configuration
   Planet-planet scattering, possible formation of non-coplanar systems  

Work in progress

In order to confirm these results, hydrodynamical simulations are 
currently performed in collaboration with the Nice Observatory
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