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OUTLINE 

i) Exoplanetary systems (confirmed, unconfirmed)

ii) Stability citeria (Hill)

iii) Resonances (Mean Motion, Secular, Kozai)

iv) Confirmed systems (some examples)

v) Kepler candidates (multiple transits)

vi) EPILOG: The 1:1 Resonance



What is the dynamical evolution of planets in 
multiplanetary systems (MPS)?

A) Confirmed MPS: 51 (Exoplanet.eu)

B) Possible MPS: 170 (Kepler candidates)

To know the dynamics of these 
systems we need to know

–
 

orbital elements a,e,i ,Omega, omega
--

 
mass 

Mass unknown to m.sin i for RV  but 
known for transit observations

MAIN QUESTION:

IS THE SYSTEM STABLE 
with the derived parameters



A)
 

Confirmed MPS:

2 Planets: 34
3 Planets:   9
4 Planets:   5
5 Planets:   1 (55 Cnc)
6 Planets:   1 (Kepler 11)
7 Planets:   1 (HD 10180)

B) Kepler candidates

2 Planets: 115
3 Planets:   45
4 Planets:    8
5 Planets:    1
6 Planets:    1 

Lissauer et al, Architecture 
and Dynamics of Kepler‘s 
Candidate Multiple Transiting 
Planet Systems, ApJ, 
submitted

J. Schneider 

http://exoplanet.eu



Stability criteria:

Hill stability

2 (3) planets in Mean Motion Resonance (MMR)

Secular stability (Laplace-Lagrange)

Kozai stability

Stable according to Numerical Integrations

Regular (stable) with respect to Chaos indicators



The Hill Radius: 

A numerical estimate for 2 planets (Gladman, 1993) gives 

Two planets should be at least separated with 
respect to their semimajor axes according to the 
Hill radius; it assures that the orbits will not cross.

Smith and Lissauer, 2009 for more planets (3 and 5) 
with comparable masses



A) Confirmed MPS:

2 Planets: 34
3 Planets:   9
4 Planets:   5
5 Planets:   1 (55 Cnc)
6 Planets:   1 (Kepler 11)
7 Planets:   1 (HD 10180)



15 MPS with at 
least 3 planets. 
The numbers 
indicate the 
separation in 
Hill radii. Size 
of the planet 
proportional to 
the determined 
log m sin(i)

After Lovis et 
al. A&A, 2011



J.T.Wright et al, 
2011, April 1, ApJ 
730-93

Well-characterized Multiplanet System



R.V Baluev, CMDA, 2011:

Orbital structure of the GJ876 MPS, based on the latest 
Keck and HARPS RV data

Laplace Resonance between the Jupiter 
moons  Ganymed-Europa-Io: 4:2:1 



The 2:1 Mean Motion Resonance



Dvorak, R. 2008 Chaotic Dynamics in Planetary Systems
In ‘Chaos in Astronomy’

 
p. 255-268, eds: Contopoulos and Voglis



Hadjidemetriou,J.D. & Dionyssia Psychoyos, Dynamics 
of Extrasolar Planetary Systems: 2/1 Resonant Motion, 
LNP 626, 412-432

Although the orbits cross 
the planets are protected 
against close encounters 
because of the 2:1 MMR



Demory et al, A&A, 2011: 
Detection of a transit of a 
super-Earth 55 Cnc e with 
Warm Spitzer
Winn et al. ApJ 2011, A 
Super Earth transiting a 
naked-eye star (detected 
with the MOST Space 
telescope

3:1 MMR





KOZAI RESONANCE

A coupling between the inclinations and eccentricities 
allows large eccentricities for the planets

Delaunay elements
For 2 planets the equations 
can be reduced to a 2-degree 
of freedom systemX

X



5 systems NOT in MMR:

HD 12661, HD 169830, HD74156, HD 155358 
and u Andromedae

Parameter study varying the unknown mutual 
inclinations and nodal longitudes 



i_1 = i_2 = 45 deg

I_mut = 55 deg

Integration over 50000 yrs



Secular Perturbations: 
Theory de Lagrange -Laplace

Without strong MMR the variations of the Keplerian 
elements can be described by the secular equations; 
which are obtained after averaging over the longitudinal 
motion of the planets (a=constant!)



Lovis et al, A&A, 528, 2011

3:1MMR



HD 10180 variation of eccentricity versus semimajor axes

Planet c Planet d Planet e

Planet f Planet g Planet h



HD 10180 for 1.5 10^8 years
Perihelion motion



5:2 
MMR



B) Kepler candidates

2 Planets: 115
3 Planets:   45
4 Planets:    8
5 Planets:    1
6 Planets:    1 





4 planet systems (candidates)





Orbits in 1:1 MMR:

Trojan-like orbits

Horseshoe orbits –Exchange orbits type I

Exchange orbits type II

 0.55

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

 1.05

-0.2 -0.1  0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

’trojan.plt’



-1.5

-1

-0.5

 0

 0.5

 1

 1.5

-1.2 -1 -0.8 -0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8  1

AU

Horseshoe
 

orbits

Exchange-a
 

orbits

MOVIE

Funk et al, 2010, 
Exchange orbits: a 
possible

 
application

 
to 

extrasolar planetary
 systems?

 
MNRAS 410



Exchange-e
 

orbit

e_1=0,e_2=0.5

e_1=0, e_2=0.9



Resume

i) Many of the MPS are in MMR

ii) Separation out of MMR according 
to several Hill radii 

iii ) Kozai
 

Resonances lead to large 
eccentricities and inclinations 

iv) Dense Systems may exist

v) Trapping into high order MMR may 
lead to inclination excitations (2009)

Funk et al. 2010 The stability of  
ultra-compact systems, A&A 516: 
10 planets with 17 m_Earth

 
inside 

0.26 AU have stable orbits

The study of MPS is a new challenge for Celestial Mechanics
AND also a challenge for Astronomy and Astrophysics



• 
Chambers, J. E. et al.1996. The Stability of Multi-Planet Systems
Icarus, Volume 119, Issue 2, pp. 261-268

Demory, B. -O.et al, :2011, Detection of a transit of the super-Earth 55 Cnc e with Warm 
Spitzer, Astro,Astrophys. (in press)

Wright, J. T. et al, 2011, The California Planet Survey. III. A Possible 2:1 Resonance in the 
Exoplanetary Triple System HD 37124, ApJ 730-93 (in press)

Lissauer et al, 2011: A closely packed system of low-mass, low-density planets transiting 
Kepler-11, Nature, Volume 470, Issue 7332, pp. 53-58

Libert A.-S.&Tsiganis, K . 2009 
Trapping in high-order orbital resonances and inclination excitation in extrasolar systems, 
MNRAS, 400, pp. 1373-1382

Lovis, C. et al, 2011, The HARPS search for southern extra-solar planetsXXVIII. Up to seven 
planets orbiting HD 10180:probing the architecture of low-mass planetary systems, A&A 528

^
Libert, A.-S;&Tsiganis, K., 2009, Kozai resonance in extrasolar systems, Astronomy and 
Astrophysics, Volume 493, Issue 2, 2009, pp.677-686

Funk et al, 2011, Exchange orbits: a possible application to extrasolar planetary systems?,     
MNRAS 410, pp. 455-460

• Winn, N.J. et al, 2011 A SUPER-EARTH TRANSITING A NAKED-EYE STAR ApJ Letters

• Dvorak, R., 2008, Chaotic Dynamics in  extrasolar planetary Systems. Contopoulos and 
Patsis (eds)Chaos in Astronomy, pp.255--268
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