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Introductlon

Modeling tidal diss_ipatIOn.in super—Earths
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The revolution of exoplanets
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Distance is between brackets. Planet candidates indicated with asterisks
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Orbital dynamics:
—  Semi-major axis
—  Eccentricity

Orbital inclination

Rotational dynamics: Affected by tidal effects
—  Obliquity

Rotation (magnetic dynamo)

Internal heating (evolution)

Tidal interactions must be understood and quantified!




State of the art

A defined observational roadmap
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CoRoT (2006)  Kepler (2009)

CHEOPS (2017) TESS (2017)  PLATO (2024)

Tidal dissipation little understood and poorly quantified!

Recent important theoretical progresses:
—> Fluid layers
e.g: Remus, Mathis & Zahn (2012) ; Ogilvie & Lin (2004) ; Ogilvie (2009 — 2013)
- Rocky/icy layers
e.g. Correia, Levrard, Laskar (2008), Efroimsky (2012) ; Remus, ..., Lainey (2012,
2015) '
—> super-Earths atmospheres
e.g. Forget & Leconte (2014)
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Tidal effects in super-Earths

Solid core
(solid layer)

Insolation
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Spin equation: dlt — _lg)ﬁ _ aa%al
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Equilibrium states: a torques balance
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Pressure oscillations at the ground !

~ ' |
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p 2 Correia, Levrard, Laskar (2008) "

see also Gold & Soter (1969), Correia, Laskar, Néron de’
Surgy (2001), Correia & Laskar (2003)

Need for a realistic physical modeling of atmospheric tides!
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Tidal waves properties

Brunt-Vaisala frequency
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Atmospheric tides dynamics

Inertia frequency
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Reference model:

Chapman & Lindzen (1970)

Navier Stokes

Conservation of mass

Heat trahsport
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Horizontal structure
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Expansion in Fourier series

Expansion in Hough functions

Radial profilesSSHBUgh functions

Laplace’s tidal equation
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Vertical structure
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Expansion in Fourier series
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ATMOSPHERE THICKNESS | 10°
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Frequency regimes: compari'son with Chapman & Lindzen
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o/n

Spatial distribution of perturbed quantities

Earth Venus
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In good agreement with the GCM simulations of Leconte, Wu, Menou, Murray (2015)
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Comparison with measures
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Thermal forcings
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Radiative heating
+ boundary layer turbulent diffusion
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Conclusions and prospects

Earth’s semi-diurnal tide explained by the analytical model
|dentification of tidal regimes

Dependence of the tidal torque on the tidal frequency
Exploration of the domain of parameters

Application to Venus and typical super-Earths

Coupling with solid tides models (cf. Remus & al. 2012)

» Publication A&A in preparation
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ABSTRACT /
Context. Tidal dissipation in planets and in stars is one of the key physical mechanisms that drive the evolution of planetary systems.
Aims. Tidal dissipation properties are intrinsically linked to the internal structure and the rheology of the studied celestial bodies. The
resulting dependence of the dissipation upon the tidal frequency is strongly different in the cases of soids and fuid
fs. We computed the tidal evolution of a two-body coplanar system, using the tidal-qualiy factor frequency-dependencies
appropriate o rocks and to convective fluids,
Results. The ensuing orbital dynamics is smooth or strongly erratic, depending on the way the tidal dissipation depends upon
frequency
Conclusions. We demonstrate the strong impact of the internal structure and of the rheology of the central body on the orbital evolu-
tion of the tidal perturber. A smooth frequency-dependence of the tidal dissipation causes a smooth orbital evolution, while a peaked
dissipation can produce erratic orbial behaviour
Key words. celestial mechanics — hydrodynamics — planet-star ineractions — planets and satelies: dynamical evolution and stability
1. Introduction and context and vice versa. Tn this framework, © can be computed from an 0
ab initio resolution of the dissipative dynamical equations for the -
Tides are one of the ke interactions that drive the evolution of iga11c"2 e velocities and displacements in fuid and in solid ~a
planetary systems. Indeed, because of the friction in the host-Star gy of celestial bodies, respectively (e.g. Henning et al. 2009; = - = =constant Q
ystem evolves cither to a stable  Bifroimgky 2012; Remus et al. 2012b; Zahn 1977; Ogilvie & Lin ~ o
; » where spins are aligned, orbits circu- 2004, 2007; Remus et al. 2012a). This leads to values of Q that S e
lrsed, and th fotation of each body s synchronised with e i sy s  fncton of  in rocksand ce, whie i ~ —_— peaks model
z‘:‘j‘!}'{"“““&;’“‘;’ _:f‘he "T'}:"”’:\JE? ““‘(“’“;P":d"x‘“d"'ﬁ‘:“::‘ merous and strong resonances are obtained in fluids. However, _1 000 - S -
ody (Hu erefore, understanding ai odelling the 3, celestial mechanics studies, Q is often assumed to be constant
dissipative mechanisms that convert the kinetic energy of tidally or 1" il g -1 as 4 convenient frst approach and s evaluated
—
excited velocities and displacements into heat is of great im- qing the scenario for the formation and evolution of planetary
portance. These processes. driven by the complex response of yyior E
a given body (either a star or a planet) to the gravific pertur- [0 e show how the dependence of @ on y im-
bation by a close companion, strongly depends on its internal b, s evolution and that it must be taken into account. In =
structure and its rheology. Indeed, the tidal dissipation in solid  §eci” 5 'we deseribe the set-up we studied and the correspond- _2000 b
(rocky/icy) planetary layers strongly differs from the dissipation 0 \rtamical equations, which correspond to those adopted by %)
in fluid regions in planets and in stars; the one in rocks and ices it i IGe’y SRR ST R ol = . .
is often strong with a smooth dependence on the tidal frequency gy of olids on related tidal dissipation and evolution (Sect. 3). x
e e o eru2  In Scct. 4, we study highly resonant tdal dissipation n fluid I 4] 4t
and srongly resonat, Therefore hee propertes mustbe GKEh g g iscuss the strong diffrencs with solids. Finaly, we
ntoaccount n the study o the dynamical evolution o planetary il 1(C astrophysical consequences for the evolution of plane- =
systems using celestial mechanics. {ary systems. o — o
To reach this objective, the tidal quality factor Q has been in- —— | 2 r
troduced in the literature (Goldreich & Soter 1966). Its definition ) ! (4] on
comes from the evaluation of the tidal torque (Kaula 1964) and 2. Set-up and dynamical equations 4
the analogy with forced damped oscillators: it evaluates the fatio 5 1 ool = \
between the maximum energy stored in the tidal distortion dur- | 0 r 1 \
ing an orbital period and the energy dissipated by the friction. To study the impact of rheology on tidal evolution and of the = _4 [ ]
Indeed, a low value of O corresponds to a strong dissipation,  related variation of  as a function of , we chose to follow g~ =] 1
Aticle published by EDP Sciences L7, page 1 of 4 o) iqo -2 ¢ 1 1
w 1
5000f [ ] :
. . . 1
0 0.5 1 1.5 2 1
Letter A&A (201 o !
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| — Rotation, stratification & thermal diffusivity
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ABSTRACT

Contoxt. Tidal disipaton in plnetsaadstas i ne of thekey physical moctmis diving the evoltion of st plnet snd planet
natures of its action are observed in planctary systems thanks to their orbital architecture and the rotational

moon systen
e of their wmpnmn s

Aims. Tidal dissipation inside the fluid layers of celestial bodies are intrinsically Tinked to the dynamics and the physical properties
of the latter. This complex dependence must be characterized.

Methods. We compute the tidal kineti y dissipated by viscous friction and thermal diffusion in a rotating local fluid Cartesian
section of a star/planet/moon submitted to a periodic tidal forcing. The properties of tidal gravito-inertial waves excited by the pertur-
bation are derived analytically as explicit functions of the tidal frequency and k\cu\ uid prameters G the ovtion, the buoyancy
frequency characterizing the entropy stratification, viscous and thermal diffu; forperidic nomal modes

Results. The sensitivity of the resulting possibly highly resonant dissipation \mum ~spectra to a control parameter of the system
is ether important or nealigible depending on the position in the reme diggram relevant or planctary and stellr ntrions. For
corresponding asymptotic behaviors of tidal gravito-inertial waves dissipated by viscous friction and thermal diffusion, scaling laws
for the frequencies, number, width, height and contrast with the non-resonant background of resonances are derived to quantify these
variations

Gonclusions. We characterize the strong impact of the intemal physics and dynamics of fluid planetary layers and stars on the
divpaton ofidal Kinetic enegy 1 their bk We poin ou he ey control parametes hat mm» play a role and demonstrate how it

is now necessary to develop ab-initio modeling for tidal dissipation in celestial bodies.

Key words. hydrodynamics - waves — turbulence — plane-star

lanets and satellit

1. Introduction and context

Tides have a strong impact on the evolution of star-planet and
planet-moon systems over secular time scales. Indeed, because
of the dissipation of the kinetic energy of flows and displace-
ments they induce in celestial bodies, they drive their rotational
and orbital evolutions (see e.g. Ogilvie (2014) and references
therein for the cases of stars and giant planets and Correia &
Laskar (2003); Correia et al. (2008) for telluric planets). In the
case of the Earth-Moon system, their causes and effects are
now strongly constrained and disentangled thanks to satellite
altimeter high-precision observations of ocean tides (Egbert
& Ray 2000, 2001; Ray et al. 2001). In the Solar System, the
actions of tides are detected and estimated from high-precision
geodesic or/and astromelric observations (see ¢.g. Konopliv &
Yoder (1996) for Venus, Williams et al. (2014) for the Moon,
Lainey et al. (2007); Jacobson (2010); Konopliv et al. (2011)
for Mars, Lainey et al. (2009, 2012) for Jupiter and Saturn and
the attempt by Emelyanov & Nikonchuk (2013) for Uranus).

dynamical stability

nally, a new extremely important astronomical laboratory to
explore and constrain the physics of tides is constituted by the
numerous exoplanetary systems discovered over the last twenty
years (Mayor & Queloz 1995; Perryman 2011). Indeed, they are
composed of a large diversity of planets (from hot Jupiters to
super-Earths) and host stars while their orbital architecture and
the configuration of planctary and stellar spins strongly differ
from the one observed in our m (c.g. Albrecht et al
2012; Fabrycky et al. 2012; Valsecchi & Rasio 2014). In this
context, the understanding of the tidal formation and evolution
of plantary systems is one of the most important problems of
modern dynamical astronomy (e.g. Laskar et al. 2012; Bolmont
etal. 2012; Ferraz-Mello 2013) while the needed understanding
and quantitative prediction of tidal dissipation in celestial bodies
is still a challenge (e.g. Mathis & Remus 2013; Ogilvie 2014,
for complete reviews).

We owe the first theoretical work about a tidally deformed body
to Lord Kelvin (Kelvin 1863). Then, a physical formalism has
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Scaling laws
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ABSTRACT

Context. Contex,
Aims. Aim.
Methods. Method.

esults. Results.
Conclusions. Conclusions

Key words. hydrodynamics — waves ~ turbulence — planel-star interactions — planets and satellites: dynamical evolution and stability

1. Introduction

2. Dynamics of a thick atmosphere forced thermally
and gravitationally

The reference book "Atmospheric tides” (Chapman & Lindzen
1970) has set the bases of analytical approaches for atmospheric
tides. This pioneering work focused on fast rotating telluric plan-
ets covered by a thin atmosphere, such as the Earth. We general-
ize it in this section, by establishing the equations that govern the
dynamics of tides in a thick fluid shell in the whole range of pos-

sible tidal frequencies, from synchronization to fast rotation. We
thus consider a \phelltsﬂ telluric planet of radius R covered by
an atmospheric layer of typical thickness Hyy. The atmosphere
rotates uniformly with the rocky part at the spin frequency €.
Therefore, the dynamics will be written in the natural spheri-
cal co-rotating frame, %o : {0.¢,,€s,¢,), using the spherical
coordinates (7. 6, p). The atmosphere is assumed to be a perfect
gas homogeneous in composition, nf molar mass M, and strat-
ified radially. s pressure, density and temperature are denoted
p. p and T respectively. For the mke of simplicity, all dissipa-

tive mechanisms, such as viscous friction and heat dllhmon are
ignored except the radiative loss of the gas, which plays an im-
portant role near synchronization. Tides can be considered as a
linear first order perturbation near a global equilibrium state. The
corresponding quantities, for which we use the subscript o (po.
o, To), are supposed to vary with the radial coordinate only. The
Brunt-Vaisala frequency can be expressed as a function of these
quantities

Ldpy  1dpy o
Tipo dr ~ po dr

where I, = (@1n po/@1n po)s is the adiabatic exponent (S being
the specific macroscopic entropy). Moreover, we assume that the
fluid follows the perfect gas law,

Ppo = ZApoTo, @

where 2, = Rap/M is the so-called
atmosphere, Zgp = 8.3144621 Toma
being the molar gas constant.

specific gas constant of the
K" (data from NIST)

2.1. Forced dynamics equations

‘The atmosphere is affected by the tidal gravitational potential U
and the heat power per mass unit J. Considering that this m.cmg
is of first order, we linearize the equations of dynamics by intro-
ducing the small variations induced by the tidal pcnurb‘mcn e
velocity field V = Voey + Ve, + V,e,. and op, 5p. T such a

p=potdp. p=py+dp, T=Ty+oT 3)

It represents six unknown quantities to compute, and we will
therefore solve a six-dimension system. First, we need the
Navier-Stokes equation. We assume the Cowling approximation
and ignore the feedback effect caused by the tidal potential

0 the elongation. Thus, in the co-rotating frame, the linearized
equation can be written:

+20AV=-Ly,- —m, vu. o)
n
which is expanded:
v 10 (3
205V, coso K ( L U). 5)
a 730 \po

- S
We 2acosovy +20sin0v, = ——— L (L y) )
a Sin0 g \ po
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