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Abstract. Evolution models of planetary systems find that resonant chains of planets often arise
from the formation within protoplanetary disks. However, the occurrence of observed resonant
chains, such as the notable TRAPPIST-1 system, is relatively low. This suggests that the major-
ity of these chains become destabilized after the dissipation of the protoplanetary disk. Stellar
tides, especially the wavelike dynamical tide, could be proposed as potential contributors to
the destabilization of resonant chains. The dissipation of the dynamical tide, because of the
frequency-dependant tidal excitation of stellar oscillation eigenmodes, potentially leads to a
boost in migration for the close-in planets and disrupts the fragile stability of resonant chains.
Thus, we investigate the influence of the stellar dynamical tide on multi-planet systems with
taking their dissipation into account in the N-body code Posidonius. Notably, this research repre-
sents the first exploration of the impact of frequency-dependent dynamical tides on multi-planet
systems.
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1. Introduction

From the theories of planetary formation, the emergence of resonant chains of exo-
planets is a common outcome, such as in the Trappist-1 system (Gillon et al. 2017).
(Izidoro et al. 2017) showed that the cumulative distribution of the resonant chains result-
ing from formation mechanisms is higher than the statistical observations. While other
mechanisms have been invoked (e.g. planet-planet instability, (Pichierri & Morbidelli
2020)), we focus here on the impact the tidal response of the host star to the presence
of a close companion (Bolmont & Mathis 2016) could have on breaking the chains.

© The Author(s), 2024. Published by Cambridge University Press on behalf of International Astronomical
Union. This is an Open Access article, distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives licence (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided that no alterations are made
and the original article is properly cited. The written permission of Cambridge University Press must be
obtained prior to any commercial use and/or adaptation of the article.

https://doi.org/10.1017/51743921323004210 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921323004210
https://orcid.org/0000-0003-4493-510X
mailto:leon.kawang.kwok@gmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1743921323004210&domain=pdf
https://doi.org/10.1017/S1743921323004210

Can the stellar dynamical tide destabilize resonant chains of planets 147

0.08 ———v—r
E—ti]:
— 006~ Corotation radius -
— 2

< p0a- i
[1+]

B L T

5 8
1
Imaginary love number k;
[P
[=] =1
4 £ -
—
B ————muwy
—
——y
—_—_—

~5 ~r +

HH
e g
T L

anad

n

ECCENTRICITY

Efficient EXCITATION BY TIDES

ECCENTRICITY
EXCITATION BY MMR

STELLAR TIDE

[ T
T

spinforb Q/n
o
‘I:I’

PERTURBATION

1 1
107 10° 10° 10° 10 Inefficient
years

Figure 1. Left: Two hot Jupiters in 2:1 MMR experiencing an outward migration, with the
inner planet initially located at @ = 0.02 AU. Starting from the top panel: the evolution of semi-
major axis a (including periastron and apastron), eccentricity e and spin-orbit ratio /n. Right:
The tidal response spectrum, illustrating the connection between tidal dissipation (quantified
by the love number k) and tidal frequency, and a brief summary on the influence of the stellar
dynamical tide on pairs of planets in first-order resonances.

In the convective envelope of low-mass stars hosting planets, the most efficient dissipa-
tion of tidal flows to allow the transfer of angular momentum from the star to planetary
orbits is that of tidally-excited inertial modes (Ogilvie & Lin 2007; Bolmont & Mathis
2016). Their restoring force is the Coriolis acceleration. They are dissipated because of
the turbulent friction applied by stellar convection. The resulting torque strongly depends
on the tidal frequency depending on the strength of the coupling between the tidal force
and stellar inertial modes.

As the classical equilibrium tide models (e.g. (Hut 1981)) often used in celestial
mechanics are not designed to deal with complex frequency dependencies, we developed
for this work a model which uses the Kaula formalism (Kaula 1964), which allows us
to take into account any frequency-dependent tidal torque. We implemented it in the
N-body code Posidonius (Blanco-Cuaresma & Bolmont 2017) in order to investigate this
question.

2. Results

We performed simulations with different planetary masses (5 Earth masses Mg & 1
Jupiter mass M), and different initial stellar spin rates (2, semi-major axis a and states
of mean motion resonance (MMR). Figure 1 shows the result of a simulation with a
pair of 1 M planets initially in 2:1 MMR, demonstrating the breaking of MMR from
the dynamical tide. For the lower left panel, the grey dashed line indicates whether the
stellar tide can excite the planetary eccentricities (above) or damp them (below).

Due to the resonant characteristics of the dynamical tide, the inner planet experiences
several boosts of migration, as the frequency of the tidal interaction coincides with a
resonant frequency of the star as we are close to a resonance of the tidal torque (different
peaks of the tidal spectrum, see Fig. 1). Due to the migration boosts of the inner planet
and the stellar tide, the outer one experiences boosts both in migration and eccentricity
resulting mainly from the self-stabilization of the MMR (apart from the torque of the
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stellar tide). The MMR, exhibits an intriguing property: by exciting the planet’s eccen-
tricities as the ratio of the orbital period decreases, the MMR configuration is reinforced.
Note that the simulation is still ongoing but escape of MMR is expected due to the
orbits crossing.

The general influence of dynamical tides on pairs of planets in first-order resonances is
given in the lower right panel of Fig. 1. To conclude, if the dissipation of stellar dynam-
ical tide is strong (massive or close-in planets), this interaction would be able to break
the MMRs, potentially resulting in engulfment, ejections, and collisions; otherwise, its
influence on the system is minimal. An upcoming article will present cases featuring more
planets and ultra-short-period planets, with a more intricate analysis of the resonance
states (Deck 2013).
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