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Outline

Credit: NASA/JPL-Caltech/R. Hurt, IPAC
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Tidal interaction

Differential gravitational force in an extended body

No relative rotation or perfect elasticity:
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Tidal interaction

Energy dissipation in the planet! lagging of the tidal bulges

Gravitational action on the bulges:

! Tidal torque (spin rate evolution )
! Transversal acceleration/decceleration of the perturber

(orbital evolution )
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Tidal interaction

Energy dissipation in the planet! lagging of the tidal bulges

Tidal potential de�ned asF t = r � t

Additional potential induced by tidal distortions
= Disturbing function R

! Lagrange planetary equations (fora, e, i , ! , 
 , M )
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Tidal interaction

Tidal loading of an extended body

Tidal potential:
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Darwin-Kaula expansion

Darwin (1880), Kaula (1961, 1964)

Expansion of tidal potential tospherical harmonics and Fourier
modes: tidal frequencies ! lmpq � ( l � 2p + q) n � m _�
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Darwin-Kaula expansion

Expansion of the additional potential (disturbing function):
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Tidal Love number kl and phase lag " lmpq  interior structure
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Planet interior

Complex Love numbers

�kl (! lmpq ) = kl expf� i " lmpq g

Layered model:

liquid core

viscoelastic mantle

elastic lithosphere

Normal mode theory :
e.g., Takeuchi and Saito (1972), Sabadini and Vermeersen (2004)

Spheroidal deformations, tractions, and perturbed potential in each
layer j given analytically and parameterised by six constants�C(j )

i

! �kl (! ) = � �C ( N )
3 R l � �C ( N )

6 R � l � 1 � 1
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Planet interior

Constitutive relation 2�� D (! ) = �J (! ) �� D (! )

Andrade rheology: Andrade (1910), Castillo-Rogez et al. (2011)

elastic deformation + viscous creep + anelasticity
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1
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�
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Interior properties! �kl (! lmpq )! Tidal evolution
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Tidal effects

Secular tidal heating Efroimsky and Makarov (2014)
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+ secular orbital evolution (Lagrange planetary equations)
with disturbing functionR = R (a; e; i; !; 
 ; M ; �kl )
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Parametric study for a generic planet

Which quantities determine the magnitude of the tidal
e�ects?

orbital elements (semi{major axis, eccentricity)

spin rate and obliquity

perturber mass, planet radius

interior structure and rheological parameters
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Parametric study for a generic planet

Earth{sized model planet governed by the Andrade rheology

Parameter De�nition Value Unit
m � Mass of the host star 0:1 m �

a Semi{major axis 0:04 AU
e Eccentricity 0:0 to 0:5 |
dlid Lithosphere thickness 50 km
CMF Core mass fraction 0:3 |
R Outer radius of the planet 1 R �

� Parameter of the Andrade model 0:3 |
� Parameter of the Andrade model 1 |
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Parametric study for a generic planet

Left : The �rst/highest stable spin{state encountered during
despinning
Right : Corresponding mean surface tidal heat 
ux e = 0 :05
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Parametric study for a generic planet

Left : The �rst/highest stable spin{state encountered during
despinning
Right : Corresponding mean surface tidal heat 
ux e = 0 :2
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