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Abstract. A large number of observed exoplanets are part of multiple planet systems. Most
of these systems are sufficiently close-in to be tidally evolving. In such systems, there is a
competition between the excitation caused by planet-planet interactions and tidal damping.
Using as an example two multiple planet systems, which host planets in the surface liquid water
habitable zone (HZ): Kepler-62 and Kepler-186, we show the importance and effect of both
planetary and stellar tides on the dynamical evolution of planets and on the climate of the HZ
planets.

Keywords. Planets and satellites: dynamical evolution and stability, Planet-star interactions,
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1. Introduction
More than 1400 exoplanets have now been detected and about 20% of them are part of

multiple planet systems (http://exoplanets.org/). Most of these planetary systems have
close-in planets for which tides have an influence. In particular, tides can have an effect
on the eccentricities of planets, and also on their rotation periods and their obliquities,
which are important parameters for any climate studies (so-called Milankovitch cycles;
Berger, 1988). Besides tides can influence the stability of multiple planet systems, by
their effect on the eccentricities but also by their effect on precession rates.

We present here a few examples of tidal evolution of multiple planet systems including
the study of the Kepler-62 (Borucki et al. 2013) and Kepler-186 (Quintana et al. 2014)
systems. These recently discovered systems host 5 planets. Kepler-62 e and f are in the
HZ of a 0.69 M� star. Kepler-186 f is an Earth-sized planet in the HZ of a 0.42 R� star.
We study the possible evolution of these planets’ orbits as well as their spin states.
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2. Method
In order to study the dynamical evolution of these systems, we used a new code, which

takes into account the evolution of the radius and spin of the central object (be it a star
or brown dwarf evolving according to the evolution tracks of Chabrier et al. 2000). It also
includes a rigorous treatment of tidal forces (Hut, 1981; Leconte et al. 2010), the effect of
the rotation-induced flattening of planets and star (Correia et al. 2013), the correction due
to general relativity (Kidder, 1995), and planet-planet gravitational interactions using a
symplectic N-body algorithm (Chambers, 1999). This code will be introduced in Bolmont
et al. 2015 (to be submitted) and has already been used in Bolmont et al. (2013, 2014)
and Heller et al. (2014).

We used as initial orbital elements, stellar and planetary parameters the values given
by Borucki et al. (2013) for Kepler-62 and Bolmont et al. (2014) for Kepler-186. In
Bolmont et al. (2014), we derived two sets of planetary parameters: set A and set B both
consistent with the data and self-consistent. These two sets were used here.

We derived the masses of the planets for different planetary compositions using Fortney
et al. (2007). We chose for the Kepler-62 system an Earth-like composition for all planets.
For Kepler-186, we tested compositions from 100% ice to 100% iron.

3. Results
3.1. Stability

We find that tides influence the stability of multiple planetary systems. This is especially
clear in the case of Kepler-62 for which simulations without general relativity and tides
lead to a destabilization in a few 107 yr. However simulations with general relativity
and tides are stable during the 30 million years of the simulation. We also find that the
system is very sensitive to the chosen planets’ masses: a change of a few percent can
stabilize significantly the system.

When planetary tides are taken into account, the stability of the system depends on
the chosen planets’ tidal dissipation. Instabilities tend to occur when the planets’ dissi-
pation are high. This is slightly counter-intuitive because increasing dissipation should
contribute to decrease the eccentricity and stabilize the system. Changing dissipation
changes the frequencies of the system, and some configurations happen to lead to a
destabilization. This can be used as a way of reducing the size of the parameter space:
dissipations leading to unstable configurations are unlikely. However, this could change
with the tidal model used. Here we use the constant time lag model (Hut, 1981) and we
plan to investigate how these features change using other tidal models.

A more thorough study of the stability of this system is needed, based on more longer
simulations or different methods (such as Laskar, 1990, Correia et al. 2005, Couetdic
et al. 2010), and should take into account all the effects considered here.

3.2. Obliquity and rotation period evolution
For Kepler-62, the rotation period of the three inner planets of the system evolves towards
pseudo-synchronization in less than ten million years and their obliquities evolve towards
small equilibrium values (< 1◦). Given as the age of the system is estimated at 7 Gyr
(Borucki et al. 2013), we expect that the three inner planets of the Kepler-62 system
are now slowly rotating (their period is higher than 100 hr) and they have quasi null
obliquities.

During the 30 million years of the simulation, the obliquities and rotation periods
of the HZ planets Kepler-62e and f do not evolve significantly. So we performed longer
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Figure 1. Evolution of the obliquity and the rotation period evolution for Kepler-62e and f for
different initial obliquities (23◦, 60◦ and 80◦) and different initial rotation periods (5 hr, 500 hr
and 5000 hr). The thick vertical black line corresponds to the estimated age of the system: 7
Gyr (Borucki et al. 2013).

simulations for these two outer planets. Assuming an Earth-like dissipation for the two
planets, we found that Kepler-62e is likely to have reached pseudo-synchronization and
have low obliquity (see Figure 1). The dissipation of the planets is not constrained and
changing the dissipation would only shift the curves right (if the dissipation is lower) or
left (if the dissipation is higher). As an Earth-like dissipation is actually probably a high
dissipation value (Lambeck, 1977), it is likely that the curves should be shifted to the
right. For Kepler-62f the timescales of evolution are higher and Figure 1 shows that the
rotation period is still evolving towards pseudo-synchronization after 7 Gyr of evolution
and that the obliquity can still be high.

Likewise, for Kepler-186, the four inner planets are located close-in to the star (orbital
periods less than 25 days) and their rotation rates evolve in less than a million year. Given
that the system is thought to be older than 4 Gyr (Quintana et al. 2014), we expect these
four inner planets to be pseudo-synchronized and have low obliquities (Bolmont et al.
2014).

However, the tidal evolution timescales of the HZ planet Kepler-186f (orbital period of
130 days) are longer. Long term simulations showed us that giving the high uncertainty
on the dissipation of this planet, it might still be tidally evolving or it might have reached
the tidal equilibrium. If the dissipation of Kepler-186f is low or if the planetary system
is young (∼1 Gyr), the planet might have a high obliquity (up to 80◦) and a relatively
fast rotation (∼30 hr). However, if the dissipation of Kepler-186f is high or the system
is old (more than a few Gyr), the planet might have a low obliquity and a slow rotation
(∼3000 hr).

3.3. An extra planet in the system Kepler-186
In Bolmont et al. 2014, we show that formation simulations tend to form more than the 5
detected planets in a system like Kepler-186. We thus proposed the idea that there could
be a sixth undetected planet in the system in the gap between planet e and f. However,
this extra planet is not in a transit configuration because it would have been detected
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otherwise. We performed simulations to see if the dynamics of a system with an extra
planet could be stable and consistent with the observations. We tested this hypothesis for
different masses for the extra planet: from 0.1 M⊕ to MJupiter , with an initial inclination
of 2◦.

Without an extra planet, Kepler-186f is dynamically isolated. Adding an extra planet
in the system causes the inclination of the orbit of Kepler-186f to be excited. The more
massive the planet, the higher the excitation of the inclination. If the mass of the extra
planet is more than 1 M⊕, the inclination of Kepler-186f oscillates with values higher
than the detectability limit (ilim=arctan(R�/a), where R� is the radius of the star and a
the semi-major axis of the planet). Thus, if an extra planet does exist, it should have a
relatively low mass: � 1 M⊕.

4. Conclusions
We showed here the importance of tides for the evolution of the planetary systems

Kepler-62 and Kepler-186.
Taking into account tides increases the stability of the Kepler-62 system unless we

assume the planets to be very dissipative.
We investigated the evolution of the spin states of Kepler-62e, Kepler-62f and Kepler-

186f. The climate of an exoplanet depends strongly on its orbital elements and also its
rotation. If it has a low obliquity and near synchronous rotation, the planet might have a
cold trap (Kepler-62e). If it has a high obliquity and rapid rotation, it would have strong
seasonal effects and Coriolis induced wind patterns (Kepler-62f). Kepler-186f could be
in either configurations, the age of the system and the tidal dissipation are very poorly
constrained.

Finally, we showed that there could be an extra planet in the Kepler-186 system
between planets e and f. If such a planet existed, it would be a low mass planet � 1 M⊕.
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