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The Dynamics of Tide and Resonances in
Exoplanetary Systems

CHEN Yuan-yuan
(School of Astronomy and Space Science, Nanjing University, Nanjing 210093)

In recent years, the planet formation theory and planetary system dynamics have be-
come an important area of astronomy. With more details of exoplanets being found, many
characteristics quite different from the solar system have been found in the exoplanetary
systems. A large number of planets are found to be very close to their host star, and their
periods are only a few days, which brings strong tidal dissipation with the star. Many period
ratios of adjacent planets in multi-planetary systems are close to the simple integer ratios,
which indicates that the planets are likely in the mean motion resonances (MMRs). The
range of the angles between the orbital plane of the planets and the equatorial plane of their
hosts expands from < 7° for the planets in the solar system to 0° ~ 180°, and some ret-
rograde hot Jupiters exist. These new phenomena are testing out the traditional planetary
formation theory and planetary system dynamics, but also provide an unprecedented oppor-
tunity for their further improvement and development. Based on these latest observational
data and statistical features, the thesis investigates some special configurations combining
the resonances and tidal dissipation by the way of planetary system dynamics.

The thesis first reviews the primary applications and the latest progress in the tide
as well as various resonances of exoplanets. Then it gives some tidal model derivations,
including the classic one and most popular one, in order to understand the assumptions
of the equilibrium tide. Meanwhile, the average rates of change of orbital elements under
tidal dissipation are exhibited. By both numerical simulation and theoretical analysis, the
following three questions are investigated: the evolution of the eccentricity of planets in the
non-synchronous spin-orbit resonances, the characteristics of nearly 2 : 1 MMR and Laplace
resonance under tidal dissipation, and the promoting role of the gravity of outer gas disk for
exciting the planets in its inner cavity. Chapter 3 takes into account the tidal dissipation and
the gravity from planet deformation, and concludes that, the tidal dissipation rates in all the
non-synchronous spin-orbit resonances are greater than that in the quasi-stationary state of
the spin of the planet, so the eccentricity is also damped within a shorter duration. In order
to explain the formation of two period ratios nearly 2 : 1 in the three planet HD40307 system,
Chapter 4 simulates the evolution paths of planets in two different situations. If the planets
are always stable during and after the dissipation of gas disk, their eccentricities directly
from the interaction among planets are very small (~ 1074). So the changing timescale
of period ratios is much larger than the age of the system. On the contrary, if the planets
have experienced unstable phases, their eccentricities would be excited, which can accelerate
the evolution of the period ratios effectively. In this situation, three paths exist to achieve
the current configuration, whose initial semi-major axes respectively correspond to three
different regions on the plane of two period ratios. It can be inferred that the instability
stage after the dissipation of the gas disk is a necessary condition for the system to achieve
the evolution from 2 : 1 MMRs to the current configuration under tidal dissipation with the
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star.

Chapter 5 proposes a mechanism to reduce the critical inclination of orbital pumping, in
order to explain the retrograde hot Jupiters in latest observations. Considering the gravity
of the outer gas disk, a secular resonance would occur between the planets in the inner cavity
if they are in appropriate positions, which pumps the mutual inclination of the planets and
induces the Kozai resonance between them in some situations. Then the eccentricity and
inclination of the inner planet will be excited eventually. We develop the equation of the
rates of change of orbital elements under the secular perturbation in hierarchical three-
body system (with respect to an arbitrary plane rather than the invariant plane of the two
orbits), as well as give the rates of change of orbital elements under a 2-D disk gravity
equations. Combining the two parts, the results by integrating the evolution equations are
good approximation of the N-body simulations. By scanning the parameter spaces using the
evolution equations, we get the preliminary critical condition for the retrograde hot Jupiters
formed, and give a complete discussion of the impact of relevant parameters.



