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The most crowded extrasolar planetary system discovered spectrum of the first window. An average libration amplitude

so far is the one around main-sequence star 55 Cangti(=

Cancri). Four planets are known to orbit the star with semi-
major axes ranging from 0.038 to 5.26 AU while the nominal
orbital eccentricities range from approximately 0. to 0.44 [1].
Theinner planet, 55 Cng is the lowest mass extra-solar planet

D of the critical argument is estimated for each system as mean
ofthe maximum libration amplitude over shorter sub-windows.
For each value ofedys, ef., D) we estimate the diffusion
rate as the negative logarithm of the standard deviation of the
frequenciegy, andg. calculated on all the windows. To be

yet found around a Sun-like star being a Neptune-mass planet.conservative, we choose the higher value between the standard
The central star is a solar-type star with an age of about 5 Gyr. deviation ofg, andg. and we computer = —logi0(sg/9g).

This suggests that the planetary orbits have already undergoneThis number will measure the chaotic diffusion of the orbits
evolutionary processes like migration due to interactions of the and will allow to outline the most stable region in the phase

planets with an early disk and/or scattering of planetesimals space.
and planetary embryos, and tidal interaction with the centralo.6o -————&- : : : : : : : 3.0
star. 3

0.55 -

The key for the stability of the system appears to be theoso -

resonance locking between the second and third planet of the . - 25

system named planétand ¢, respectively. Zhou et al. [2] 2
showed that the argumefdz = Ap — 3Ac + 2w, librates 8
around90° together with the apsidal longitudésy = w. —

wp. The libration of©2 protects the two planets from closeg 030-

approaches and grants long term stability to the system.

We are exploring the dynamical stability of the 3:1 reso- g2

nance locking between planktand c by using the Laskar’s
Frequency Map Analysis [3] (hereinafter FMA). The major

advantage of this method is to require short term numerical®

integrations to outline the stability properties of a dynamical

system. The FMA method measures with high precision the
main frequencies of the system and it computes their diffusion
rate in the phase space. Orbits with lower diffusion rate are

the most stable in time. A large number of fictitious systems
(more thar2 x 10 4) have been numerical integrated as a full
N—body problem with SyMBA [4] for10°. This interval of

time is long enough to measure the secular frequencies of both

planetsh andc and their temporal variations. A short timestep
(1 hr) is adopted in the numerical integration to account for

the short orbital period of the planets and their high eccen-

tricities. The initial semimajor axis, eccentricity, and orbital
angles of planets andc are randomly sampled around their
nominal values. Planet andd have fixed initial orbital ele-
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Figure1: Diffusionmapof the 3:1 resonancdetweerplanet
b andc in 55 Cnc. The coordinateof the x-axis is the free
eccentricityof planetb while the coordinateof the y-axis is
the free eccertricity of planetc. The emptycircle represents
thenominalplanetarysystem.

In Fig. 1 we shaw the diffusion mapin the space(eys, ,
e¢c). About 2800differentresonahsystemsareplotted. Dif-
ferentgray levels represenwaluesof o rangingfrom 1 to 3
(seethe scaleto theright of the Figure). Light gray shading
correspadsto large valuesof o (about3), low diffusionrate,

ments equal to the nominal ones. All the orbits of the planets andit implies higher stability. The dark regions have small

are coplanar. At the end of each numerical integration we re-

tain only those simulations where one of the following critical
arguments© = A\, — 3. + 2wp, O2 = A\p — 3\ + 2w, OF

O3 = Ay — 3\ + wp + w., librates over the whole timespan.
To all these simulations we apply the FMA by performing a
detailed spectral analysis of the complex signalik for both
planetb ancc as described in [5]. The the non-singular vari-
ablesh andk are defined by = e cos(w) andk = e sin(w).

The free (that in case of long term stability of the orbit
can be termed proper) frequencigsandg. of the two planets
are computed over running windows covering tfe yr of

the numerical integration and free (or proper) eccentricities

ey andey. are derived from the amplitude 9§ in the power

valuesof o (aroundl), a fastdiffusion rate, and are highly
chaotic. Chaosleadsto instability that causesa fastincrease
of the eccentricityon the planets. Closeapproacksbegin to
occurandwe assistto the onsetof a’JumpingJupiter’ phase
([6] , [7])- Theplanetshare chaoticorbits frequentlyaltered
by mutualgravitational encounteraintil one or more planets
areejectedout of the gravity field of the staron a hyperbdic
orbit. Thesystemis left in a stableconfiguratiorwith alower
numter of planets.Smalldotsmarkthosesystemsvhereap-



Lunar and Planetary Science XXXVI (2005) 1289.pdf

sidal libration occurs simultaneously to the libration of one of REFERENCES: [1] McArthur, B.E., Endl, M., Cochran, W.D.,
the possible 3:1 resonance critical arguments. The triangular Benedict, G.F:, Fisher, D.A., Marcy, G.W., Butler, R.P., Naef
shaped stable region outlined in Fig. 1 is limited at low eccen- D., Mayor, M. Queloz, D:, Udry, S. and Thomas, E.H. Apj
tricities by the values of the mutual forced eccentricity of the 614, L84 (2004) [2] Zhou, L., Lehto H.J., Sun Y., Zheng J.
two planets. Stable apsidal libration occurs only for low values MNRAS 350, 1495 (2004) [3] Laskar J. Physica D 67, 257—
of ef,. An additional region of apsidal libration is located at 281 (1993) [4] Duncan, M. J., Levison, H. F., Lee, M.H. AJ
large values of botl ¢, andey. but it is highly chaotic (dark 116, 2067 (1998) [5] Marzari F., Tricarico, P. and Scholl H.
shading). For larger values ef; the stability region shrinks Ap.J. 579, 905-913 (2002) [6] Weidenschilling, S. J. and F.
and a stable resonance locking is allowed only for a restricted Marzari Nature 384, 619 (1996) [6] Rasio, F. A. and Ford, E.
range ofe¢. around~ 0.4. B. Science, 274, 954 (1996)

Fig. 2 illustrates the diffusion map in thé(, es,) space.
Most of the stable planetary systems have libration amplitudes
lower than~ 130° while apsidal libration can occur for any
value of D. Low D resonance locking requires low values o
esp» While the highest values ef;;, can be reached only fap 0.45 1
larger thar60°. 0.40

In conclusion, the 3:1 resonance in the 55CNC system . |
appears to cover a wide region in the phase space and |t°|s
characterized by long term stability (low diffusion speed in th
phase space). Apsidal libration is not essential to stability, bgt" 25j
it is present in a large fraction of cases. While in resonancg .20 -
the free eccentricity of planét cannot be larger than 0.4 ™ 5]
while that of planet: can reach alse- 0.6 but only for low
values ofes,. The forced eccentricities limit from below the
range of values for bothy, andey.. The libration amplitude
of the critical argument of the resonance has to be smaller thaf-0 5 o ps o o
~ 130°. These dynamical properties of the 3:1 resonance can Libration Amplitude (deg)
set constraints on the trapping mechanism, possibly related to
the migration, of one or both the planets in the early phases of
evolution of the planetary system. We intend to perform a fur- Figure 2: Diffusion map plotted in the plane of the libration
ther analysis of the stability of the system for different values amplitude of the resonant argument vs. free eccentricity of
of the masses of the planets, within the observational ranges,p|anetb-
and for different mutual inclinations between the planets.
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