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Table 1 The orbital elements of three planets in the Kepler-9 system. The values of

Kepler-9b and c are from Ref.[10], and those of Kepler-9d are from
http://exoplanet.eu.

Planets
Elements®
b c d
m/meg 43.97 +£0.49 30.24 +£0.33 5.25 + 1.75

P/d  19.2259 + 0.000048 39.0153 4 0.00013 1.592851 + 0.000045

e 0.0637 £ 0.0009  0.0680 = 0.0003 -
i/° 89.88 = 1.02 90.01 =+ 0.63 -
w/° 357.05 & 0.45 168.65 + 0.31 -

Mo,/° 224.88 + 0.56 253.39 4 0.30 -
AQ/° 0.43 & 1.55 -

& Here, m, P, e, i,w, Mo, and AS) represent the planetary mass in u-
nit of the earth mass mg, orbital period, eccentricity, the angle
between the orbital plane of planets and the observer’s sightline di-
rection, the argument of periastron, the initial mean anomaly, and
the difference of the ascending nodes between two planets, respec-

tively.
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Table 2 List of parameters of Kepler-9b and ¢ near 2:1 resonance

Coefficient  Numerical value  Coefficient  Numerical value

a 1.41830 x 107! E 4.16267 x 1073
as 2.25138 x 107" F 1.41633 x 10~*
Ji 3.12442 x 10~* T —1.35277 x 10~*
Ja 2.70735 x 1074 R —1.14135 x 1072
B —4.670869 x 10° S —2.79146 x 1072
C 2.00964 x 102 T 3.59130 x 1072
D 1.92926 x 102
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Fig.1 When only considering secular interactions, the Hamiltonian energy Hg.. versus the eccentricity of
inner planet (left panel) and outer planet (right panel). Black line corresponds to the Mode I with
Aw = 0, and red line corresponds to the Mode II with Aw = £, respectively. The vertexes of two

parabolic-like curves are two equilibrium points of the system when considering secular interactions only,

and the equilibrium point P; in Mode I is slightly higher than P;; in Mode II.
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Fig.2 The Hamiltonian energy contour of Kepler-9b and c in their current configuration when
considering secular interactions only. § = 3.0946 is the value as the semi-major axes of the two planets
are set to be the observed ones. In the first quadrant o; = 0, 02 = 0, in the second quadrant
o1 = m, 09 = 0, in the third quadrant oy = 7,02 = 7, and in the fourth quadrant oy = 0,02 = 7. The two
blue lines in the panel indicate two linear regions corresponding to the current energy ranges calculated
from the observed elements of the system. P; and Pj; are the locations where the energies are maximal, in

the two libration modes respectively, which correspond to P; and Py in Fig.1.
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Fig.3 The Hamiltonian energy contour of Kepler-9b and c in their current configuration when all terms
with the second-order eccentricities (Eq.(7) or (9)) are added in. The two blue lines are two linear
regions, corresponding to the current energy ranges calculated from the observed elements of the system.
The banana-shaped region is the resonant region. It shows that, the current energy is close to but outside

of the resonant region.
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Fig.4 The cross-sectional view of the orbits of two planets Kepler-9b and c as they evolve with different
initial eccentricities and arguments, where H = 9.52 x 1077, § = 3.0946, corresponding to the current
observed states. The gray lines indicate the cross section obtained from integrating the Hamiltonian

functions, while the colored lines from the N-body integrations, and the red one corresponds to that with

the current orbital initiations. The lower-right panel displays the spectral maps for x; evolutions of orbits,
and these orbits have been shown by the gray lines in the upper-right panel. The two equilibrium points
in the two upper panels correspond to the two libration modes M (right hand) and M;j; (left hand) when
considering secular interactions only, whose abscissas are consistent with those of the two blue dashed
lines in the bottom panel. From the spectral map we can see that all the orbits are stable under current
energy of the system, no separatrix or chaotic zone. There are some deviations between the cross section

of Hamiltonian and those of N-body simulations, which may be caused by analytical approximations.
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Analysis of Near 2:1 Mean-motion Resonance for
Kepler-9b and c

CHEN Yuan-yuan’?  WANG Xue-feng®  MA Yue-hua'»?

(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210033)
(2 Key Laboratory of Planetary Sciences, Chinese Academy of Sciences, Nanjing 210033)
(8 School of Astronomy & Space Science, Nanjing University, Nanjing 210023)

AsstracT According to the statistics of planetary period ratios in a multiple plane-
tary system, the excesses appear just over the exact integral ratios, and the deficits on
the near left side. There are various dynamical explanations for the phenomenon. For
the three observed planets in Kepler-9 system, the period ratio between the planet b
and ¢ approximately equals 2.03, which is a typical sample close to the 2:1 resonance.
For the two conditions of considering secular interactions only and adding resonance
perturbations in, we applied the Hamiltonian functions with the second-order eccen-
tricity terms to provide relative locations of current orbital configurations in the level
curves of energy and cross section, then discussed the probable near resonance states
of the two planets.

Key words planetary systems, planets and satellites: dynamical evolution and stabil-
ity, planets and satellites: individual: Kepler-9b and c
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