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Tidal potential
Darwin (1879), Love (1911), Kaula (1964)

m, r



equations of motion (orbit)

Kaula (1964)

possible singularities!

frame dependent!



equations of motion (orbit)

Boué & Efroimsky (2019)



vectorial approach

Correia & Valente (2022)



vectorial approach

Correia & Valente (2022)



vectorial approach
(quadrupole order)

e.g. Goldstein (1950)

incompressible body:

small deformations:



equations of motion (orbit)

potential energy:

tidal force:



equations of motion
tidal torque:

secular evolution 



equations of motion
tidal torque:

secular evolution 

missing information



tidal deformation
(time domain)

perturbing potential (e.g. Kaula 1964):

tidal potential (Love 1911): Love distribution (k2)

e.g. Goldstein (1950)



tidal deformation
(time domain)

perturbing potential (Correia & Valente 2022):

e.g. Goldstein (1950)

Love distribution (k2)tidal potential (Love 1911):



tidal deformation
(frequency domain)

Love 

number

Deformation = | k2 |

Dissipation =  b()

k2 depends on the internal structure 

of the body and so we need to adopt 

a tidal model (rheology) 



tidal models

constant time-lag:

(linear model)

Maxwell model:

Andrade model:

Boué et 

al. (2019)

time frequency



Maxwell model (1867)

elastic

viscous

stress strain



Frequency Domain



Frequency Domain



Frequency Domain



Frequency Domain

transition



Frequency Domain

Time Domain



time domain

• Complete model (captures the entire dynamics);
• Able to handle chaotic and transient events;
• Only feasible for simple tidal models (e.g., linear, Maxwell);
• Slow evolution (though same time-scale of n-body codes). of 

the eccentricity, so we expect that some of these planets are 
not synchronous with the star.

frequency domain

• Works for any rheological model;
• Fast evolution (suitable for Gyr time-scales);
• Secular model (misses fast perturbations);
• We need to truncate series in eccentricity;
• Only applies to periodic perturbations. of the eccentricity, so 

we expect that some of these planets are not synchronous 
with the star.



direct equations of motion
(time-domain)

orbit spin

deformation

Tidymess N-body code
(Boekholt & Correia 2023) 



tidymess
https://github.com/tidymess-code

• N-body code;
• Creep tidal model;
• Stellar magnetic braking; 
• GR effects up to 2.5PN;
• Mergers and collisions.

constant (symplectic), adaptive, weighted, and symmetrized time-steps

https://github.com/tidymess-code
https://github.com/tidymess-code
https://github.com/tidymess-code
https://github.com/tidymess-code
https://github.com/tidymess-code
https://github.com/tidymess-code


Earth-Moon early evolution
(time-domain)

Touma & Wisdom (1998)



Earth-Moon early evolution
(time-domain)

Tidymess N-body code

(creep non-linear model)



planet-planet scattering
(time-domain)



hot-Jupiter formation
(time-domain)



Conclusions

• Tidal deformation and consequent dissipation result in spin
and orbital evolution of planetary and stellar systems. We
have revisited the tidal problem with different approaches.

• We compute the instantaneous deformation of extended
bodies using a differential equation for the inertia tensor.
This method can take into account a wide class of
perturbations, including chaotic motion and transient events.

• We derive the equations of motion in a vectorial formalism,
which is frame independent and valid for any rheological
model. The vector basis depends only on the unit vectors of
the spin and orbital angular momenta, which are easy to
obtain and independent of the chosen frame.
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