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Abstract

Tidal interactions between moons and planets can have major effects on the
orbits, spins, and thermal evolution of the moons. In the Saturn system, tidal
dissipation in the planet transfers angular momentum from Saturn to the moons,
causing them to migrate outwards. The rate of migration is determined by the
mechanism of dissipation within the planet, which is closely tied to the planet’s
uncertain structure. We review current knowledge of giant planet internal struc-
ture and evolution, which has improved thanks to data from the Juno and Cassini
missions. We discuss general principles of tidal dissipation, describing both equi-
librium and dynamical tides, and how dissipation can occur in a solid core or a
fluid envelope. Finally, we discuss the possibility of resonance locking, whereby
a moon can lock into resonance with a planetary oscillation mode, producing
enhanced tidal migration relative to classical theories, and possibly explaining
recent measurements of moon migration rates.

1 Introduction

During the last decade, new discoveries in the Jupiter and Saturn systems have com-
pelled us to revisit the estimates of tidal dissipation in giant gaseous planets of our
solar system. Figure 1 illustrates how dissipation leads to a phase lag between the
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Fig. 1 Cartoon showing a tidally distorted planet of mass Mp and radius Rp, due to a moon of mass
Mm at semi-major axis am. The planet’s spin frequency is Ωp and the moon’s orbital frequency is
Ωm. The tidal quality factor of the planet, Q, can be visualized as a lag angle of δ = 1/Q between the
tidal bulge and the moon’s position. In reality, the effective value of Q can involve more complicated
tidal distortion within the planet due to dynamical tides.

tidal bulge and the satellite, creating a torque that drags the satellite forward or
backward. When the planet rotates faster than the moon orbits (Ωp > Ωm,
as in the case of solar system moon systems), angular momentum is trans-
ferred from the planet to the moon, dragging the moon forward and making
it migrate outwards. The initial predictions for the tidal quality factor of Jupiter
and Saturn were computed by Goldreich and Soter (1966), who solved the evolution
equation for the semi-major axis of the moons assuming a frequency-independent tidal
dissipation rate, constant over the evolution, in order to place them at their current
positions at the age of the solar system. This procedure predicts tidal quality factors
of 104 ≲ Q ≲ 106 for Saturn and Jupiter.

Using high precision astrometry, a series of measurements (Lainey et al., 2009,
2012, 2017; Polycarpe et al., 2018) demonstrated that tidal dissipation in Jupiter and
Saturn can be more than an order of magnitude higher than what was computed
initially by Goldreich and Soter (1966) (see also Sinclair, 1983), i.e., a tidal quality
factor Q ≲ 103 instead of Q ∼ 104 for Saturn. Moreover, the dissipation in Saturn
has a complex variation as a function of the tidal frequency: we observe a weak (and
potentially smooth) dependence on the frequency for Enceladus, Tethys and Dione,
and a much stronger dissipation for Rhea and Titan. Observations of faster moon
migration than expected (and hence stronger dissipation) may require revisions of our
understanding of the formation and evolution of giant planets systems (Charnoz et al.,
2011), and of tidal dissipation in planetary interiors.

These results are also of major interest for exoplanetary systems since giant gaseous
planets have been the first type of discovered exoplanets. Indeed, the discovery of 51
Pegasi b by Mayor and Queloz (1995) opened the path to the exploration of giant
planets outside our Solar system. The occurrence of giant gaseous planets close to their
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host stars, the so-called “hot” Jupiters, demonstrated that the orbital architecture of
our solar system may not be common. It also spawned new challenging questions about
the formation, the dynamical evolution, and the stability of exoplanetary systems.
In this context, the study of tidal (and magnetic) star-planet interactions between
low-mass stars and close giant planets came to the forefront (e.g., Ahuir et al., 2021).

For example, tidal interactions between a host star and orbiting giant exoplan-
ets were proposed as a candidate to explain the “bloated” hot Jupiter phenomenon
(Bodenheimer et al., 2001; Guillot and Showman, 2002; Baraffe, 2005). The proposed
idea is that tidal dissipation can sustain intense internal heating in giant exoplanets,
modifying their internal structure with an increase of their radii. Another important
but unsolved question is the effects of tides on the orbital distribution of hot Jupiters
around their host stars, for which dissipation in both the stars and the planets can play
a key role. Let us finally point that these major questions are among the key objec-
tives of ongoing and forthcoming major space missions like CHEOPS, TESS, JWST,
PLATO, and ARIEL (Benz et al., 2017; Ricker et al., 2015; Lagage, 2015; Rauer et al.,
2014; Tinetti et al., 2018) and ground-based instruments like SPIRou (Moutou et al.,
2015).

While tidal dissipation is crucial for orbital evolution of both giant
planet moon systems and exoplanet systems, the underlying physics is com-
plex. In this chapter, we review our current understanding of giant planet
structure, and we discuss how planetary structure and internal dynamics
affect various tidal dissipation mechanisms. Comparison between models
and measured migration rates are now allowing us to uncover the complex
and interrelated histories of giant planet interiors and their moon systems.

2 Giant Planet Structure

2.1 Interiors of Jupiter, Saturn, Uranus and Neptune

In the solar system, four planets have acquired enough hydrogen and helium during
the early formation phase of the system to grow rapidly in size and mass and earn the
qualification of “giant”. With radii of about 10 times our Earth, Jupiter and Saturn
are commonly known as “gas giants” while Uranus and Neptune, which are about
4 times larger than Earth, are usually called “ice giants”. Both denominations are
convenient, but we should be aware of their limitations: most of Jupiter and Saturn’s
interiors behave as a liquid rather than a gas (they are in fact fluid, e.g., Guillot, 2005),
while the compositions of Uranus and Neptune are highly uncertain: they could well
be more rocky than icy (Helled and Fortney, 2020; Kunitomo et al., 2018).

An important property of giant planets in our solar system is that they radiate
about twice as much energy as they receive from the Sun (Pearl and Conrath, 1991,
and references therein). The difference is due to their progressive contraction and cool-
ing (Hubbard, 1968). A notable exception is Uranus, whose intrinsic heat luminosity
is about 5 to 10 times lower than the other three giant planets and compatible with
zero (Pearl and Conrath, 1991). Several hypotheses have been put forward (see Helled
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Fig. 2 Slices of the internal structures of Jupiter, Saturn, Uranus and Neptune highlighting compo-
sitional gradients in helium (orange) and heavy elements (blue). Jupiter and Saturn are characterized
by a phase separation of helium in metallic hydrogen starting near Mbar pressures. Juno and Cassini
measurements also indicate the presence of a dilute heavy element core in these planets, implying
that heavy elements are partially mixed with hydrogen and helium rather forming separate pure lay-
ers. In this diagram, each layer corresponds to a 2% increase of the helium/hydrogen ratio (orange)
or of the heavy element mass fraction Z (blue). For Uranus and Neptune, a structure dominated by
well-separated layers, including a solid superionic water layer, is presented. However, solutions with
compositions that evolve more continuously are also highly plausible [From Guillot et al. (2022)].

and Fortney, 2020), but the recent 30% upward revision of Jupiter’s intrinsic lumi-
nosity (Li et al., 2018) calls for a reanalysis of available data, and ultimately, in situ
measurements at Uranus (e.g., Fletcher et al., 2020; Guillot, 2022).

In most of the interiors of these four planets, the high radiative opacities and low
heat conductivities imply that any non-negligible intrinsic luminosity should ensure
convection (Stevenson, 1976; Guillot et al., 1994, 2004). The atmospheres of all planets,
including Uranus, indeed exhibit significant convective activity (Hueso et al., 2020).
At photospheric levels, their temperatures are remarkably uniform in spite of the
strongly varying insulation, also a sign of efficient heat transport and hence convec-
tion (Ingersoll and Porco, 1978). In planets, only very slightly super-adiabatic
temperature gradients are required for convection to carry the planetary
heat flux, so convective regions are thought to have a nearly adiabatic den-
sity profile. These facts motivate the widely used hypothesis that interiors
are convective and hence nearly adiabatically stratified.

The structures of our four giant planets as obtained from interior models using
the latest gravity measurements by Juno for Jupiter (Durante et al., 2020), gravity
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and seismology measurements by Cassini for Saturn (Iess et al., 2019; Hedman et al.,
2019), and by much less accurate gravity measurements for Uranus (Jacobson, 2014)
and Neptune (Jacobson, 2009), are shown in Fig. 2. For Jupiter, the models predict the
existence of a fluid envelope separated into a helium-poor upper part and a helium-
rich lower part, and a deep dilute core with a higher proportion of heavy elements
mixed with hydrogen (Wahl et al., 2017; Debras and Chabrier, 2019; Miguel et al.,
2022; Militzer et al., 2022).

For Saturn, models predict that the transition from helium-poor to helium-rich
region occurs at much larger depths, and combines with a progressive increase in
heavy elements (Mankovich and Fuller, 2021). Models of Uranus and Neptune have
considerable uncertainties (Nettelmann et al., 2013; Helled et al., 2020) and point to
a small, 0.5 to 4M⊕ fluid hydrogen-helium envelope overlaying a core made of ices
and rocks which could either be layered or mixed, possibly including hydrogen and
helium as well. In these models, the envelopes are believed to be largely convective and
of uniform composition, except for Jupiter and Saturn, in a region in which helium
separates from hydrogen and rains out (e.g., Schöttler and Redmer, 2018; Brygoo et al.,
2021). The cores, however, may be highly stratified and exhibit large composition
gradients with depth (see Section 2.3).

Although hydrogen and helium are definitely fluid, the state of other elements
is more difficult to assess. In Jupiter and Saturn, the temperature profile lies above
the estimated solidification curves for most elements shown in Fig. 3, except possibly
iron and magnesium oxide (Mazevet et al., 2019; Guillot et al., 2022). Even in this
case, these elements are believed to be soluble in metallic hydrogen (González-Cataldo
et al., 2014). Whether a solid compact core remains will depend on the availability of
energy to mix elements upward (Guillot et al., 2004; Vazan et al., 2018) and on how
high-pressure elemental interactions between different species affect phase diagrams.

In Uranus and Neptune, gravitational moments indicate that the hydrogen-helium
envelope should transition to a denser fluid (Helled et al., 2020). For models assum-
ing a three layer structure (hydrogen-helium overlying ices overlying rocks), water in
the middle layer forms an ionic fluid which transitions to being superionic at Mbar
pressures (French et al. 2009; Redmer et al. 2011, see Fig. 3). Ab-initio calculations
indicate that superionic water should behave as a solid (Millot et al., 2019), with
strong consequences for the planetary evolution (Stixrude et al., 2021). This situation
corresponds to the structure shown in Fig. 2. However, in the case of a non-layered
structure, the mixing of other elements may affect the picture, perhaps considerably
(Guarguaglini et al., 2019), so that whether Uranus and Neptune are partially solid
remains an open question (see Guillot et al., 2022, for details).

2.2 Interiors of Giant Exoplanets

So far, the primary measurements that we can rely on to constrain the global compo-
sition of exoplanets are their size and mass, coupled to theoretical expectations drawn
from our understanding of solar system giant planets and planetary evolution. The
known sample of giant exoplanets is extremely diverse, and includes planets with sur-
prisingly large radii which cannot be reproduced by conventional evolution models as
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Fig. 3 Phase diagrams of key elements with pressure-temperature profiles of relevant astrophysical
objects (the Sun, brown dwarfs CoRoT-15b and Gl229 B, giant exoplanet HD 209458 b, and Jupiter,
Saturn, Uranus and Neptune). Pressures are in bars (1 bar = 105 Pa = 106 dyn/cm2). (a): Location
of the hydrogen-helium phase separation leading to helium rain-out in Jupiter and Saturn (yellow).
The critical demixing temperatures obtained from ab-initio simulations are shown in orange. Those
obtained from high-pressure experiments are shown as two triangles connected by a red curve. (b):
Phase diagram of H2O, including the fluid molecular, ionic and plasma phases, the solid ice phases and
the superionic phase, as labelled. (c): Region of iron solidification, relevant for the central regions of
Jupiter and possibly Saturn. (d): Regions of silicate solidification, relevant in the interiors of Uranus,
Neptune, Saturn and Jupiter. Note that MgSiO3 decomposes at high pressures into MgO (which
should be solid in Jupiter and Saturn) and SiO2 (which may still be liquid in the deep interior of
Jupiter and Saturn). [Adapted from Guillot et al. (2022) — see references therein].

well as very dense planets requiring the presence of tens to hundreds of Earth masses
of heavy elements in their interior (e.g., Guillot et al., 2006; Thorngren et al., 2016).

Many of the giant exoplanets known today orbit much closer to their parent star
than planets in our solar system. Because of observational biases, some of the plan-
ets that can be best characterized (in particular from transit photometry and radial
velocimetry) also endure extremely high level of irradiation, orders of magnitude higher
than Jupiter. This implies the existence of an outer radiative region that grows as the

6



planet cools and contracts (Guillot et al., 1996), potentially to kbar depths for mature
hot Jupiters (Guillot and Showman, 2002). Thus, these planets could be made of an
inner convective envelope and an outer radiative shell.

Complications arise however: a large fraction of exoplanets are bloated beyond
what is predicted by standard evolution models, implying that some missing physics
is slowing their contraction (see Guillot et al., 2006). A number of explanations have
been proposed (e.g., Fortney et al., 2021). Although tidal interactions were initially
identified as a possible explanation (Bodenheimer et al., 2001; Guillot and Showman,
2002; Baraffe, 2005), the small eccentricities of hot Jupiters indicate tidal
heating could only account for a small fraction of the anomalously large
planets (Fortney et al., 2021). More likely mechanisms such as Ohmic dissipation
or downward energy transport (Batygin and Stevenson, 2010; Fortney et al., 2021,
and references therein) alter the simple picture of a thick radiative shell. It could be
much narrower (Sarkis et al., 2021), or more generally, several radiative/convective
zones could be present. In the deeper interior, the probable existence of compositional
gradients would also affect static stability in the interior, as well as the cooling of the
giant planets themselves (Chabrier and Baraffe, 2007).

Finally, giant exoplanets which are more irradiated than those in the solar system
(i.e., most of the ones which are currently observed with large instruments) should be
warmer and therefore even less likely of being partially solid in their interior. This is
particularly obvious when considering the case of HD 209458 b in Fig. 3.

2.3 Static stability in giant planets

While simple models of giant planets are fully convective and adiabatically stratified,
several signs point toward stable (non-adiabatic) stratification due to compositional
gradients at large depths. The existence of a largely stable deep interior in Saturn had
been previously proposed in order to account for Saturn’s high luminosity relative to
predictions of adiabatic models (e.g., Leconte and Chabrier, 2012, 2013). Fuller (2014)
also appealed to stable stratification in order to account for the splitting of normal
modes as detected in the rings by Cassini (Hedman and Nicholson, 2013). The mode
splitting is interpreted as the interaction between f-modes present in the whole planet
and g-modes which are present only in stably stratified regions. The presence of a dilute
core both in Jupiter and in Saturn (see Fig. 2) seems to indicate that the existence of
such a stable region may be the norm rather than the exception. However, for giant
planets more massive than Jupiter, more energy is available to mix any primordial
core more efficiently (see Guillot et al., 2004), raising the possibility that these massive
giant planets might have fully eroded their core and be fully convective, erasing any
primordial composition gradients.

The question of stability also arises in other contexts: in the hydrogen-helium phase
separation region (see Fig. 3), the formation of helium-rich droplets may or may not
lead to the inhibition of convection (Stevenson and Salpeter, 1977; Mankovich et al.,
2016). In the presence of compositional gradients, double-diffusive convection may
arise, possibly leading to a small-scale staircase structure of convective regions sand-
wiched between conductive interfaces (Rosenblum et al., 2011; Leconte and Chabrier,
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Fig. 4 Estimates of static stability in Jupiter’s atmosphere as measured from its Brünt-Väisälä
frequency N . Shaded bars (to the left of the dashed line) are from measurements and models of
Jupiter’s vertical structure; black and white bars (to the right of the dashed line) are for vortex
surroundings as determined by numerical models of the Great Red Spot, and of Jupiter’s anticyclones.
[From Wong et al. 2011].

2012). However, double-diffusive staircases may not always form for realis-
tic conditions in giant planets (Rosenblum et al., 2011; Mirouh et al., 2012;
Fuentes et al., 2022), and they may become unstable over long time scales
(Moore and Garaud, 2016).

In Jupiter, the existence of stable regions deep in the molecular envelope (between
95% and 80% of the planet’s total radius) have been invoked to account for the inferred
zonal wind decay (Christensen et al., 2020) and measured magnetic field properties
(Moore et al., 2022; Connerney et al., 2022; Sharan et al., 2022). But even features in
the convective part of the atmosphere require that the atmosphere is at least partially
stable. This is shown in Fig. 4 by measurements of the Brünt-Väisälä frequency, N ,
defined by

N2 =
g

T

(
dT

dz
+ Γad

)
, (1)

where g is the gravitational acceleration, T temperature, z altitude, Γad ≡ −(dT/dz)S
is the dry adiabatic lapse rate (at constant entropy S), and a perfect gas of uniform
composition has been assumed for simplicity (Wong et al., 2011). Thus, N2 > 0 only
in stable regions. The values of N shown in Fig. 4 directly measured range from high
values of around 0.02 s−1 in the radiative upper atmosphere, to about 2× 10−3 s−1 in
the troposphere near 10 bars, as measured by the Galileo probe. Intermediate values
are required to model the observed vortexes. In these regions, latent heat release due
to the condensation of H2O, NH4SH and NH3 can lead to subadiabatic temperature
gradients accounting for the observed static stability. However, the penetration of
cyclones and anticyclones to great depths as seen by Juno (Bolton et al., 2021; Guillot
et al., 2022, and references therein) indicates that the stable region is not limited solely
to the water condensation zone near 5 bar.

8



3 Tidal Dissipation Mechanisms

3.1 Tides: general principles

3.1.1 Tidal force and potential

Gaseous giant planets of our solar system have strong tidal interactions with their
numerous moons, with tides raised on the moons by the host planet, and vice versa.
Tides are for instance responsible for the volcanism of Io (Johnson et al., 1984; Ojakan-
gas and Stevenson, 1986) and for the heating of Enceladus (Lainey et al., 2012). The
same is hypothesized to occur between close-in giant exoplanets and their host stars
(e.g. Winn and Fabrycky, 2015, and references therein). In this section, we focus
on tidal interactions with moons, but many of the same processes could
happen in gas giant exoplanet systems where the tidal force is produced
by the planet’s host star.

Giant planets (hereafter the primary) are large, so the gravitational force exerted
by the companions (e.g., a moon, hereafter the secondary) varies non-negligibly
between the center and the surface. The resulting differential force is the tidal force
(fT),whose dominant quadrupolar component is derived from the tidal potential
(UT) as:

fT = −∇UT with UT = −GMmr
2

d3
P2

[
d · r
d r

]
, (2)

where G is the gravitational constant, Mm the mass of the companion (treated here
as a point mass), d (d) the distance (vector) between the centres of mass of the
primary and the secondary, r the position vector in the primary relative to its
center of mass, and P2 the quadrupolar Legendre polynomial. UT is often expanded
as a function of the Keplerian orbital parameters (e.g., Murray and Dermott, 1999;
Kaula, 1962; Mathis and Le Poncin-Lafitte, 2009; Ogilvie, 2014). We also define the
tidal frequency in the rotating frame of the planet:

ω ≡ lΩm −mΩp, (3)

where Ωm and Ωp are the angular velocities of the moon’s orbit and of the mean
rotation of the planet, respectively, and l and m are integers.

3.1.2 Equilibrium and dynamical tides and their dissipation

The perturbation of the hydrostatic balance of celestial bodies by tidal forces results in
mass redistribution and gravity and pressure perturbations. This mass redistribution
creates a tidal bulge approximately in the direction of the companion (Figure 1)
and a large-scale velocity or an elastic displacement in fluid/solid layers, respectively,
the so-called fluid/elastic equilibrium tide (e.g. Zahn, 1966; Remus et al., 2012; Love,
1911; Tobie et al., 2005; Remus et al., 2012). Because the equilibrium tide is not a
solution of the full momentum equation, it is completed by the so-called dynamical
tide. In fluid bodies, the dynamical tide is composed of inertial, gravity, Alfvén, and
acoustic waves excited by the tidal force (e.g. Mathis et al., 2013). Their restoring
forces are the Coriolis acceleration, buoyancy (in convectively stable layers or at the
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Fig. 5 Type of waves constituting the dynamical tide in fluid planetary layers. We introduce their
characteristic frequencies: the Alfvén frequency ωA, where k⃗ is the wave vector and V⃗A = B⃗/

√
µ0ρ

is the Alfvén velocity (B⃗ being the magnetic field, ρ the density, µ0 the vacuum permeability), the
inertial frequency 2Ωp (Ωp being the angular velocity of the planet), the Brünt-Väisälä frequency
N defined in Eq. 1, and the Lamb frequency fL. For tidally excited waves in stably stratified
regions of giant planets, we typically expect ωA < 2Ωp < N < fL, but this may not always be true.
[Adapted from Mathis and de Brye 2011].

free surface), magnetic tension, and pressure, respectively (e.g. Rieutord, 2015, and
Fig. 5). In solid bodies, the dynamical tide includes tidally-excited shear waves (e.g.
Alterman et al., 1959; Tobie et al., 2005).

In an ideal case without any friction in the primary, the equilibrium and dynamical
tides would be in phase with the tidal potential, with the resulting tidal bulges (one
per Fourier mode of UT) being aligned along the line of centres. In this adiabatic
situation, the time-averaged tidal torques on the orbit would vanish (e.g. Zahn, 1966).
However, the equilibrium and dynamical tides are submitted to dissipation because of
viscous or turbulent friction, the diffusion of heat and chemicals, Ohmic heating from
magnetic fields, and viscoelastic dissipation in solid regions. Because of the induced
losses of energy, the direction of the tidal bulge lags behind the secondary’s position
(Figure 1), resulting in a tidal torque. In addition, the conversion of the kinetic and
potential energies of tides into heat impacts the structure and the evolution of the
primary.

In the simplest case of a circular co-planar system with semi-major axis am, the
torque applied to the spin of the primary can be approximated as (Zahn, 2013)

Γ = − (Ωp − Ωm)

tfriction

(
Mm

Mp

)2

MpR
2
p

(
Rp

am

)6

, (4)
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where Mp and Rp are the mass and the radius of the primary and tfriction is the time
characterising tidal dissipation. This expression shows the importance of understand-
ing the physics of tidal dissipation from first principles to obtain a robust evaluation
of tfriction and a prediction of the evolution of the system.

It is common to express tfriction as a function of a corresponding tidal quality
factor Q (MacDonald, 1964), in analogy with the theory of forced oscillators (e.g.
Greenberg, 2009). A short friction time corresponds to a strong dissipation and a low
quality factor (and vice-versa). To evaluate tidal dissipation, we compute the ratio
of Q with the quadrupolar Love number k2, defined as the ratio of the primary’s
perturbed gravitational potential to the tidal potential at the primary’s surface, which
depends on the primary’s mass concentration. The tidal torque is proportional
to k2/Q (which is equal to the imaginary component of k2, Im[k2]), i.e., the
component of the tidal bulge’s gravitational field that is misaligned with
respect to the moon.

3.1.3 Tidal orbital and rotational evolution

For moon orbits that are nearly circular and aligned with the planet’s
rotation (as is the case for most of the solar system’s major moons), tidal
evolution is relatively simple. In Eq. 4, one can identify the crucial importance of
the so-called co-rotation radius at which Ωp = Ωm. If Ωm > Ωp, then the companion
migrates inwards and the primary rotation accelerates. If Ωm < Ωp, the companion
migrates outwards and the primary rotation slows down. The latter is the con-
figuration of the Earth-Moon system where the Moon migrates outwards by ∼3.8
centimetres per year. When Ωm > Ωp, the Darwin instability results if Lorb ≤ 3Lp,
where Lorb and Lp are the angular momentum of the orbit and of the primary’s
rotation respectively. In this case, the companion spirals towards the primary until it
is tidally disrupted at the Roche limit (Hut, 1980). If Lorb ≥ 3Lp, the system evolves
towards an equilibrium state where the orbit is circular and the primary’s rotation is
aligned and synchronized with the orbit.

We can see that the time characterising dissipation (tfriction) allows one to pre-
dict orbital migration and circularisation time scales, and spin alignment
and synchronisation time scales. Each dissipation mechanism leads to a specific
frequency-dependence of tfriction (i.e. smooth or resonant; we refer to Mathis et al.,
2013; Ogilvie, 2014, for mathematical formalisms), with very sensitive frequency-
dependence for resonant fluid dynamical tides. This has major consequences for
the dynamical evolution of planetary systems (Zahn and Bouchet, 1989; Witte and
Savonije, 2002; Efroimsky and Lainey, 2007; Auclair-Desrotour et al., 2014).

3.2 Dissipation in the solid core

In the standard core-accretion scenario for the formation of gaseous giant planets, a
rocky/icy core is needed to ensure the accretion and the stability of a deep gaseous
envelope (Pollack et al., 1996). If it solidifies, this core constitutes a potentially strong
source of tidal dissipation, because of the friction applied through its rheology on the
solid equilibrium tide (e.g. Tobie et al., 2005; Efroimsky and Makarov, 2013; Tobie
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Fig. 6 Left: elastic equilibrium tide in the rocky/icy core of a giant planet (taken from Remus
et al., 2012, courtesy Astronomy & Astrophysics). The red and orange arrows are the rotation axis
and the direction of the companion respectively. Right: Tidal dissipation in the solid core of Saturn,
computed for different values of its radius as a function of the tidal frequency, taking into account
its radial density stratification, for a viscosity η = 1015 Pa s (taken from Lainey et al., 2017,
courtesy Icarus). The dissipation is expressed as a function of the second-order Love number k2,
which evaluates the amplitude of the hydrostatic tidal deformation, and the tidal quality factor Q.

et al., 2019, and Fig. 6 left panel), and a boundary for tidal flows studied in the next
section.

In this framework, Dermott (1979) studied the equilibrium tide in homogeneous
solid cores. He showed how its amplitude is boosted thanks to the hydrostatic pressure
exerted by a friction-less homogeneous deep gaseous envelope when compared to the
case of a sole solid core without any surrounding fluid layer. Remus et al. (2012, 2015)
built on this first work and provided a coherent model of the dissipation of solid tides
in a simplified bi-layer model with an homogeneous viscoelastic solid core surrounded
by a deep homogeneous non-dissipative fluid envelope. Using complex Love numbers
and the correspondence principle (e.g. Tobie et al., 2005), they computed the elastic
deformation of solid layers and the viscous dissipation in its bulk. Because of our lack
of knowledge of the rheology of the core of giant planets in their extreme conditions of
pressure and temperature, they considered the case of the simplest Maxwell rheology
and they explored plausible values of the core’s rigidity and viscosity.

These studies showed that friction can simultaneously explain the high amplitude
of the tidal dissipation observed for Jupiter and Saturn by Lainey et al. (2009) and
Lainey et al. (2012) and its smooth frequency-dependence in the Saturnian system for
Enceladus, Tethys and Dione. The moon measurements, made using high-precision
ground-based astrometric measurements of the orbital migration, seemed to favour
at that time the hypothesis of the dissipation of a solid tide. Indeed, the dissipation
of tidal waves propagating in the gaseous envelope would have a resonant frequency-
dependence with possible sharp variations of Q by several orders of magnitude (Ogilvie
and Lin, 2004; Mathis et al., 2016).

The measured values of Q were an order of magnitude smaller than what was pre-
dicted assuming a constant value of Q and simultaneous formation of the planets and
of their satellites. This opened the possibility of having young moons as proposed in
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Charnoz et al. (2011) and in Crida and Charnoz (2012). However, Shoji and Hussmann
(2017) took into account the frequency-dependence of the tidal dissipation predicted in
the case of a visco-elastic core when they solved the equations for the orbital migration
of the moons. They showed that a strong dissipation in Saturn does not necessarily
imply young moons. Storch and Lai (2014) also studied this mechanism to provide
us an explanation of the formation of hot Jupiters through circularization in a high-
eccentricity migration scenario. Finally, Storch and Lai (2015) improved this bi-layer
model by considering a set-up with an homogeneous core surrounded by a polytropic
gas envelope.

These works were generalized in Lainey et al. (2017) by taking into account the
radial profiles of the density and of the incompressibility parameter of the assumed
Maxwell rheology (we refer the reader to Tobie et al., 2005, for details of the numerical
modelling). As illustrated in the right panel of Fig. 6, the computed viscoelastic dis-
sipation is compatible with the measured dissipation at the frequencies of Enceladus,
Tethys and Dione. However, this viscoelastic dissipation, if it is the source of
dissipation for these three moons, cannot explain the stronger dissipation
by one order of magnitude observed at the frequency of Rhea. Additional
dissipation within the fluid envelope must be invoked: we have to focus our
efforts on modelling the dissipation of the fluid dynamical tide.

3.3 Dissipation in the fluid envelope

A seminal study of the dynamical tide, using a standard tri-layer model of a
gaseous giant planet with a deep convective envelope modelled as a polytrope, was
achieved by Ogilvie and Lin (2004). Assuming the presence of a central solid core,
they showed how tidally-excited inertial waves can be efficiently dissipated assuming
an effective (turbulent) viscous friction. The restoring force governing the dynamics
of these waves is the Coriolis acceleration. The dissipation is primary localised
in intense shear layers called wave attractors launched at the critical co-
latitude θc = arccos (ω/2Ωp) (Ogilvie, 2005; Goodman and Lackner, 2009; Rieutord
and Valdettaro, 2010). It varies by several orders of magnitude with the tidal frequency
and the value of the effective viscosity. The resonances in the dissipation frequency
spectrum are stronger and sharper for low viscosity.

In this framework, Mathis et al. (2016) studied the efficiency of the turbulent fric-
tion applied on tidal inertial waves by rapidly rotating convection. Using scaling laws
of the rotating mixing-length theory derived by Stevenson (1979), which have been
confirmed in recent numerical simulations (Barker et al., 2014; Currie et al., 2020; Vasil
et al., 2021; Fuentes et al., 2023; de Vries et al., 2023), they showed that rapid rota-
tion leads to less efficient turbulent viscous friction applied to tidally-excited inertial
modes. The associated sharper and higher resonant peaks in the dissipation frequency-
spectrum (e.g. Auclair Desrotour et al., 2015) may provide a possible explanation for
rapid moon migration as observed in the case of Rhea.

The efficiency of inertial wave dissipation also depends on the structure
of the planet. In simple planetary models with a uniform density envelope
surrounding a solid core, the frequency-average inertial wave dissipation
rate scales approximately as the core radius to the fifth power (Ogilvie,
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2013). For more realistic planetary models with barotropic structures, sig-
nificant inertial wave dissipation can occur even in the absence of a solid
core (Ogilvie, 2013; Lazovik et al., 2024). Inertial wave dissipation has also
been investigated for highly eccentric orbits applicable to exoplanet sys-
tems (Ivanov and Papaloizou, 2004, 2007; Papaloizou and Ivanov, 2010).
These studies investigate the more complex dynamics that can occur in
the case of eccentric/misaligned orbits.

In the case where a solid (denser) core was assumed, it is also important to compare
the relative strengths of the dissipation of tidal inertial waves and of the viscoelastic
dissipation. This was achieved by Guenel et al. (2014), who considered a simplified
bi-layer model with a homogeneous solid core and a deep convective envelope with
tidally excited inertial modes. Using the method developed by Ogilvie (2013), they
computed the frequency-averaged values of both types of dissipation. They showed
that fluid and solid tidal friction might have comparable strength when assuming
plausible values for the core rigidity. This demonstrated the importance of computing
dissipation in each fluid (gaseous or liquid) and solid planetary layer. In the case of
a fully convective core-less gaseous giant planet, Wu (2005a,b) demonstrated that the
dissipation of tidal inertial modes will be weakened, as in the case where a solid core
is replaced by a denser motionless fluid core (Mathis, 2015).

Our picture of the tidal dissipation mechanism has been greatly changed
by the revolution of our understanding of gaseous giant planets interiors thanks to the
Juno and Cassini space missions as explained in Sec. 2. Indeed, the newly obtained
constraints show the importance of possible stably stratified regions within giant plan-
ets. As illustrated in Fig. 2, state-of-the-art models of the internal structure of giant
planets are all constituted by a combination of convective and stably-stratified regions.
These convectively stable layers are triggered by heavy element and helium abundance
gradients, which stabilise the entropy gradient.

Stably stratified layers allow for dissipation of tidally excited gravito-inertial waves
which propagate within these layers. The restoring forces that govern their dynamics
are buoyancy and the Coriolis acceleration. Ioannou and Lindzen (1993a,b) were pio-
neers in envisioning the possible importance of these waves to predict tidal dissipation
within Jupiter. The development of a new generation of models of the tidal dissipa-
tion in giant planets, with the dissipation of tidal inertial waves in convective zones
and of tidal gravito-inertial waves in stable layers has been undertaken first in local
Cartesian geometry (André et al., 2017, 2019) and now in global spherical (Pontin
et al., 2020, 2023; Lin, 2023; Lazovik et al., 2024, Dhouib et al., submitted; Pontin et
al., submitted) and spheroidal geometries (Dewberry, 2023). These models show how
gravito-inertial waves within stably stratified layers enhance the tidal dissipation
when compared to the case of a “standard” fully convective envelope (see Fig. 7).They
also show that a stably stratified layer increases the amplitude of inertial
wave excitation and associated dissipation within convective regions.

Fuller et al. (2016); Luan et al. (2018) proposed that the gravito-inertial modes
in either stably stratified or convective regions can trap moons into resonances
(Witte and Savonije, 2002). This mechanism is a natural candidate to explain the
dissipation rates measured by astrometric observations at the frequencies of Enceladus,
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Fig. 7 Left: Kinetic energy density of tidal waves propagating in the interior of Jupiter at the
tidal frequency of Ganymede. We use a model of the internal structure of the planet computed by
Debras and Chabrier 2019 with (from core to surface) a dilute stably stratified core, a convective
metallic hydrogen shell, a very thin stably stratified layer induced by the immiscibility of Helium
into Hydrogen, and an external convective molecular envelope. We recognise the propagation of
gravito-inertial waves in the central stable core and the one of inertial waves in convective layers. We
assume a solid core with a radius Rc = 0.014Rp with Rp the radius of the planet.The ratio of the
(turbulent) viscous force to the Coriolis acceleration (the Ekman number E) is 10−7 and viscous,
heat and chemical diffusions are equal (i.e. the Prandtl (Pr) and the Schmidt (Sc) numbers are set
to unity) (adapted from Dhouib, et al. 2023, courtesy H. Dhouib). Right: The value of k2/Q as a
function of the tidal frequency corresponding to the dissipation of tidal waves as computed in the left
panel (blue solid line). The purple line corresponds to the value obtained in the case of tidal inertial
waves computed in a sole deep convective envelope surrounding the small core as this was expected
before the constraints obtained by the Juno mission.

Tethys, Dione, and Rhea (see Section 4). However, all of these models still require
improvements in the modelling of possible nonlinearities and instabilities affecting
tidal waves, of wave-turbulence nonlinear interactions, and of the impact of differential
rotation and magnetic fields.
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3.4 Current challenges

3.4.1 Nonlinearities and resonances

As of today, hydrodynamical modelling of the propagation and dissipation of tidal
waves in giant planets has been done primarily in the linear regime. As a consequence,
many challenging important questions remain open.

First, as in the case of high-amplitude tidal gravity waves in the radiative cores of
low-mass stars (e.g. Barker and Ogilvie, 2010), tidal waves propagating in giant plan-
ets may break. This may be the case for gravito-inertial waves propagating towards
the center of the planet in absence of a core because of geometric focusing (see Press,
1981, in the case of gravity waves). Tidal (gravito-)inertial waves propagating near
the planetary surface may also break because of the decreasing density as in the case
of waves propagating in early-type stars (e.g. Rogers et al., 2013). Inertial waves
have very large wave numbers at critical latitudes, potentially driving non-
linear wave breaking. Even when waves do not break, non-linear wave
coupling may increase wave damping rates (Weinberg et al., 2012; Essick
and Weinberg, 2016).

Second, future studies should examine the complex nonlinear wave-turbulence
interactions that mediate dissipation. The key questions to answer are: can we model
the action of the convective turbulence on tidal inertial waves as an effective turbu-
lent viscous friction, and what is its strength (see, e.g., Terquem 2021; Barker
and Astoul 2021)? How do the attractors predicted in the linear regime evolve in
the presence of turbulent convection or in a nonlinear regime? Do they survive or are
they destroyed? Are we entering in the so-called wave turbulence regime? How do tidal
inertial waves interact with the numerous convective vortices observed at the surface
of giant planets with a broad diversity of characteristic scales?

Studies have begun to examine those crucial questions (e.g. Jouve and Ogilvie,
2014; Le Reun et al., 2017; Astoul and Barker, 2022; Dandoy et al., 2023; Astoul and
Barker, 2023; Terquem, 2023) but this research area in the specific framework of the
prediction of tidal dissipation is still in its infancy. In the case where the modelling
of the turbulent friction can be done using an effective eddy viscosity, important
progress has been made in predicting its strength and frequency-dependence thanks
to systematic studies using direct nonlinear numerical simulations of the interactions
between turbulent convection and oscillatory flows (Duguid et al., 2020a,b; Vidal and
Barker, 2020a,b; Barker and Astoul, 2021), and more realistic tidal flows (de
Vries et al., 2023).

When tidal deformation is large (which can occur in hot Jupiters but not
in solar system planets), global-scale tidal flows can become unstable because
of the elliptic instability (Kerswell, 2002). In this case, the oscillatory tidal flow
non-linearly excites a pair of gravity waves. This triggers the instability, tur-
bulence, and dissipation (for a complete review, we refer the reader to Le Bars et al.,
2015, and references therein). Using hydrodynamical simulations, Barker and Lithwick
(2013) and Barker (2016) have identified the important role of the differential rotation
triggered by the instability, which acts to saturate it. This leads to an intermittent
dissipation. In the presence of a weak magnetic field, differential rotation is damped
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and turbulence is sustained that triggers a stronger dissipation (Barker and Lithwick,
2014). The elliptic instability may be most important in exoplanet systems where the
tidal distortion from the host star can be much larger than that produced by moons.

3.4.2 Zonal flows and magnetic fields

The observations provided by Juno and Cassini (during its “grand finale”) have
revealed that the convective molecular envelopes of Jupiter and Saturn are the seat of
the differential rotation observed at their surface (Guillot et al., 2018; Galanti et al.,
2019). Below ∼3000 km for Jupiter and ∼8000 km for Saturn, the differential rotation
weakens as the electrical conductivity increases with depth. That means that the
impact of zonal flows on tidal (gravito-)inertial waves excited in these external layers
must be taken into account.

First, differential rotation can modify the cavities where (gravito-)inertial waves
propagate and also change their frequencies (Mathis, 2009; Baruteau and Rieutord,
2013; Guenel et al., 2016; Mirouh et al., 2016). Next, critical layers appear where the
local Doppler-shifted frequency of the fluid oscillation vanishes. They are of crucial
importance since they are the place of strong wave-mean zonal flows interactions that
can constitute the dominant component of the tidal torque both in stably-stratified
(Goldreich and Nicholson, 1989) and in convective regions (e.g. Favier et al., 2014;
Guenel et al., 2016; Astoul et al., 2021; Astoul and Barker, 2022, Baruteau et al., in
prep). Finally, an interesting and necessary perspective will be to compare the relative
strengths of zonal flows induced by tidal waves (e.g. Morize et al., 2010; Cébron et al.,
2021) and those triggered by the turbulent convection.

Gaseous giant planets are also magnetic celestial bodies (Connerney et al., 2018;
Duarte et al., 2018; Dougherty et al., 2018; Yadav et al., 2022). As a consequence, it will
be necessary to consider the impact of magnetic fields on tidal waves (e.g. Wei, 2016;
Lin and Ogilvie, 2018; Wei, 2018). Tidal (gravito-)inertial waves become tidal magneto-
(gravito-)inertial waves while the Ohmic heating related to their dissipation adds to
the viscous and heat diffusion. Finally, it will be important to study carefully the
tidally-induced modification of planetary magnetic fields (e.g. Cébron and Hollerbach,
2014).

4 Resonance Locking

As discussed above, the tidal torque due to dynamical tides can easily dominate
over equilibrium tides, and is usually very sensitive to the tidal forcing frequency.
Unfortunately, our understanding of giant planet structures is not detailed enough to
accurately calculate the frequencies of gravito-inertial modes at which tidal dissipa-
tion peaks. Hence, we cannot determine whether the observed moons will resonate
with planetary oscillation modes. A resonance occurs when the tidal forcing frequency
in the inertial frame, mΩm, is nearly equal to one of the planetary oscillation mode
frequencies, σα. Since the resonances are typically narrow in frequency, it is tempting
to conclude that the moons are unlikely to be in resonance, and that tidal dissipation
due to dynamical tides should be weak.
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Fig. 8 Example of the tidal migration time scale (blue line) as a function of orbital period, near a
resonance with a Saturn oscillation mode. A moon with orbital period Porb,res and semi-major axis
ares would lie at exact resonance with the oscillation mode (vertical dashed line). The horizontal
black line denotes the time scale tevol at which Porb,res moves outward. At the resonantly locked
fixed point (where the blue and black lines intersect), the moon would migrate out at the same rate
as the resonance location, allowing for a stable resonance lock.

However, just as there are physical processes that allow moons to be stably locked
into mean-motion resonances with one another, there are also processes that allow
moons to be stably locked into resonances with planetary oscillations. This phe-
nomenon is known as “tidal resonance locking”, as was first described by Witte and
Savonije (1999) and first considered for moons by Fuller et al. (2016). If resonance lock-
ing can act in the Saturn system, it is much more likely (perhaps even probable) that
a moon will be in resonance with one of Saturn’s oscillations, allowing it to migrate
much faster than expected otherwise.While it is not currently clear whether res-
onance locking is required to explain the observed moon migration rates,
it is an appealing mechanism to increase tidal dissipation rates.

Resonance locking arises from the fact that planets and stars are not static objects,
but are evolving in time. Because a planet’s internal structure is slowly changing, so
too are the oscillation mode frequencies that can become resonantly excited by one
of the moons. Since the moons migrate outward, their tidal forcing frequencies mΩm

decrease with time. Crucially, if the oscillation modes that resonate with the moons
also have decreasing frequencies σα in the inertial frame (corresponding to resonant
semi-major axes that move outward in time), then resonance locking can potentially
occur, as illustrated in Figure 8.

In many cases, the moon migration rates are fast at exact resonance, and slow away
from resonance. Just outward of the resonant location, there is a “fixed point” at which
the moon will tidally migrate at the same rate that the resonance location is moving
outwards (see Figure 8). This fixed point is stable: an inward perturbation will move
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the moon deeper into resonance, so that it migrates outward faster, and returns to the
fixed point. An outward perturbation will move the moon out of resonance, so that
it migrates slower, allowing the resonance location to catch up to the moon. Hence,
moons can stably “surf” these resonance locations outwards as the planet evolves, so
that their migration rates are determined by the rate at which the planetary structure
is evolving. Moreover, planetary evolution may allow the resonant locations to sweep
past the moons, such that moons will naturally be caught up in these resonances,
regardless of when and where the moons formed.

4.1 When resonance locking will not occur

There are several reasons why some moons may not be caught in resonance locks.
First, if the damping rates of Saturn’s oscillation modes are too high, the resonant
migration time scales (blue line in Figure 8) will be broader and shallower, such that
the blue line no longer intercepts the black line, and the resonance locking fixed point
no longer exists. When this occurs, the moon will not be able to migrate outward as
fast as the resonance location is moving, so resonance locks cannot be sustained. This
can also occur if Saturn evolves too quickly (i.e., the black line moves downward in
Figure 8), or if a moon has a large semi-major axis (causing the blue line to shift
upward). Hence, we expect resonance locks to eventually break as the moons migrate
outwards, though it is not clear when exactly this will occur.

Resonance locks also cannot occur if the resonant locations are moving inward,
because then there is no resonance locking fixed point. In this scenario, the moons
simply pass through the resonances on short time scales, so we do not expect them to
be in resonance today.

To determine whether resonance locking can occur, we must examine the resonance
condition,

σα ≃ mΩm . (5)

Differentiating the resonance criterion of equation 5 with respect to time leads to the
locking criterion

σ̇α ≃ mΩ̇m . (6)

Since the moons migrate outward, Ω̇m is negative, so the mode frequency must decrease
in the inertial frame in order for resonance locking to occur.

In Saturn’s rotating frame the mode frequency is

ωα = σα −mΩp, (7)

which is negative for all of Saturn’s moons (using m ≥ 2), such that resonant modes
have negative frequencies and are retrograde modes. Resonance locking thus requires

ω̇α ≃ m(Ω̇m − Ω̇p) . (8)

For a constant rotation rate of Saturn, or if Saturn’s rotation rate increases with
time, the mode frequency ωα must decrease in the rotating frame, i.e., become more
negative and such that |ωα| increases. Increasing rotation frequency and |ωα| are what
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we expect if Saturn is slowly contracting, but explicit verification of this requirement
has not been demonstrated with evolutionary models of Saturn.

Finally, resonance locking may not occur if non-linear effects (which are neglected
in most calculations of tidally excited oscillations) become important. A tidally driven
parent mode can non-linearly couple to two daughter modes, as described in detail
in works such as Weinberg et al. (2012); Essick and Weinberg (2016). The transfer of
energy to daughter modes (and subsequently to granddaughter modes, etc.) effectively
acts as damping that may saturate the resonance and prevent the fixed point from
existing, as described above. This likely prevents resonance locking from occurring in
many Sun-like stars (see Ma and Fuller 2021), but non-linear coupling calculations
have not been performed for tidally excited modes of giant planets. While we can be
sure that resonance locks will eventually break as moons move to larger semi-major
axis, it is not clear when this non-linear saturation will occur.

4.2 Consequences of Resonance Locking

If a moon becomes caught in a resonance lock, its tidal migration time scale is dictated
by the evolution of the resonant mode frequency, which is determined by the structure
of the planet. Hence, the moon’s tidal migration time scale is directly linked to the
time scale on which the planet’s structure changes. For gas giant planets undergoing
slow contraction, we expect this time scale to be comparable to (or somewhat larger
than) the age of the solar system. Hence, to order of magnitude, we expect moon
migration time scales of billions to tens of billions of years.

Given a model for the evolution of Saturn’s internal structure, one can calculate
the resonance locking-driven migration rates exactly. We defined the mode frequency
evolution time scale tα = ωα/ω̇α, and the planetary spin evolution timescale tp =

Ωp/Ω̇p. Equation 8 becomes

Ω̇m =
Ωp

tp
+

ωα

mtα
. (9)

Since the moon’s orbital frequency changes with semi-major axis as ȧm/am =
−(2/3)Ω̇m/Ωm, we have

ȧm
am

= −2

3

[
ωα

mΩmtα
+

Ωp

Ωmtp

]
. (10)

Since ωα is negative, we see that outward migration requires that ωα be decreasing
with time (tα is positive) or that the planetary spin frequency be decreasing with time
(tp is negative).

For moons at large semi-major axis, resonant modes have ωα ≃ −mΩp, in which
case we obtain

ȧm
am

≈ 2

3

Ωp

Ωm

[
1

tα
− 1

tp

]
. (11)

Hence, if tα is not a strong function of mode frequency, we expect outer moons (which
have smaller Ωm) to migrate faster than inner moons. This is obviously a very different
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prediction from viscoelastic dissipation or constant Q models. Using the definition

t−1
tide =

ȧm
am

, (12)

we can also write

ttide ≈
3

2

Ωm

Ωp

[
1

tα
− 1

tp

]−1

. (13)

If resonance locks are driven by planetary spin evolution such that the tp term
dominates, outward migration requires that tp < 0, i.e., the planet’s spin frequency
must be decreasing with time. Hence, if giant planets are gradually spinning up as
they contract, resonance locking cannot occur unless mode frequencies evolve such
that tα < tp.

Using the definition of the tidal quality factor Q, the moon migration rate is given
by

ȧm
am

=
3k2
Q

Mm

Mp

(
Rp

am

)5

Ωm (14)

Equating this with equation 10 yields the effective quality factor due to a resonance
lock, QRL

QRL =
9k2
2

Mm

Mp

(
R

a

)5[
ωα

mΩ2
mtα

− Ωp

Ω2
mtp

]−1

. (15)

The effective tidal quality factor therefore depends on many parameters of the system
and is expected to be different for each moon.

4.3 Flavors of Resonance Locking

Depending on the type of oscillation mode that is resonantly locked with a moon, and
depending on how a planet is evolving, migration driven by resonance locking could
exhibit different behaviors. Let us examine equation 13 above.

Let us start with the limit of constant planetary spin such that tp → ∞. In this
case, ttide ≈ (3Ωm/2Ωp)tα. If the mode evolution time scale tα is the same for different
moons locked in resonance, then this entails that ttide ∝ Ωm. Outer moons with smaller
orbital frequencies would migrate faster than inner moons, as mentioned above. This
also entails that pairs of moons would cross mean-motion resonances divergently, if
both moons are driven outwards by resonance locking. Obviously this cannot always
be the case for the Saturn system, because Tethys and Dione are in mean-motion
resonance with Mimas and Enceladus, respectively. It is possible that Mimas and
Enceladus are in resonance locks with Saturn, while Tethys and Dione are not.

Another possibility is that outer moons (e.g., Rhea) were previously in a mean-
motion resonance with one of the inner moons. If Rhea then encountered a resonance
lock with Saturn, it could start migrating outwards faster than the inner moon,
escaping the mean-motion resonance and migrating outwards as we see it today.

However, it is important to remember that the value of tα is not the same for
each oscillation mode. If we consider pure gravity modes trapped in a stably stratified
region, then we expect the g mode frequencies to scale as ωα ∝

∫
Ndr/r. For a
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contracting planet with increasing N , we would expect the value of tα to be positive
(allowing for resonance locking) and similar for each mode. However, if modes are
partially trapped in different regions of the planet, their values of tα could be different.
For instance, in models of evolving stars (Fuller et al., 2017), the value of tα changes
by a factor of several (and can even change sign) because some g modes are trapped
near the core of the star, while others are trapped in the envelope. Detailed models of
Saturn and its evolving structure are needed to quantify the expected values of tα.

Another flavor of resonance locking discussed in Lainey et al. (2020) is with pre-
dominantly inertial “modes.” It is well known (e.g., Ogilvie and Lin 2004) that inertial
waves confined to a spherical shell can be reflected onto paths at critical latitudes
where their wavenumber diverges, internal shear layers are created, and large
amounts of dissipation are produced. This creates a stronger tidal torque at
certain tidal forcing frequencies. While these frequencies are not normal oscilla-
tion mode frequencies, recent work (Lin and Ogilvie, 2021) shows that this pattern is
related to resonances with an underlying spectrum of pure global-scale inertial modes.
In any case, an evolving planetary structure and/or spin rate would cause these “mode”
frequencies to evolve with time, possibly allowing for resonance locking.

Unfortunately, the associated values of tα (and even their sign) for inertial “modes”
are unclear, making it difficult to predict the associated trends in resonance locking
migration rates. Lainey et al. (2020) posited that inertial “mode” frequencies may
evolve such that tα ∝ Ω−1

m . If we again let tp → ∞, this would mean that ttide would be
nearly the same for each moon caught in a resonance lock, consistent with observations
of Saturn’s moons. However, this possibility needs to be investigated with detailed
calculations of inertial wave dissipation in a sequence of evolutionary models, such
that the realistic values of tα can be estimated.

4.4 Long-term Orbital Evolution

The long-term orbital evolution resulting from resonance locking is very difficult to
predict. It depends on the long-term evolution of Saturn’s structure and oscillation
modes, whereas even the current structure is poorly understood. Moreover, the rele-
vant oscillation modes have frequencies (in Saturn’s rotating frame) |ωα| < 2Ωp and
hence lie in the gravito-inertial regime. Even computing the relevant oscillation modes
(frequencies, eigenfunctions, and damping rates) for a single planetary model is chal-
lenging due to the non-separability of the oscillation equations and the presence of
critical latitudes where inertial waves develop extremely short wavelengths. Quanti-
tative predictions await improved planetary structure models, evolution models, and
mode calculations.

Nonetheless, we can predict some general properties of tidal migration driven by
resonance locking, and how it differs from constant Q or viscoelastic models. As
mentioned above, the resonance locking time scale is proportional to the planetary
evolution time scale, regardless of the planet’s mass and orbital period. Hence, whereas
constant Q models predict that higher mass moons migrate otward faster, the reso-
nance locking migration timescale is independent of mass. Most importantly, whereas
constant Q models predict a very strong dependence on semi-major axis (with migra-

tion time scale proportional to a
13/2
m , equation 14), the resonance lock migration time
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Fig. 9 An example of the differing orbital evolution between resonance locking (colored lines) and
constant Q models (dashed lines). For the latter, Q values for each moon of Saturn are taken from
Lainey et al. 2020 and assumed to be constant in time. For resonance locking, we use ttide = 3t,
which matches measured moon migration rates fairly well, and the color of the lines corresponds to
the effective quality factor (equation 15). Neither evolution accounts for mean-motion resonances,
which will significantly affect the orbital evolution of the inner moons. [From Lainey et al. 2020]

scale is only weakly dependent on semi-major axis. Hence, resonance locking typically
predicts much faster migration for outer moons (and correspondingly low effective Q
values) relative to constant Q models.

Figure 9 shows an example of the qualitative differences between migration driven
by resonance locking vs. migration driven by constant Qmodels. The biggest difference
is that with resonance locking, outer moons migrate relatively faster, and inner moons
migrate slower. In Saturn, the consequence is that Rhea and Titan may have migrated
by a large fraction of their current semi-major axes, whereas constant Qmodels predict
almost no migration for these moons. Additionally, Mimas, Enceladus, and Tethys
migrate slower and hence may be much older than inferred from constant Q models.

However, detailed predictions are plagued by the uncertainties mentioned above.
While present day migration rates and hence tα values can be inferred, it is not clear
how those values have evolved over time. Figure 9 assumes that ttide ∼ t, where t is
the age of Saturn, but the constant of proportionality has not been predicted from
theoretical models. Current moon migration rates require ttide ∼ 3t (Lainey et al.,
2020) In reality, the form of ttide(t) and tα(t) is determined by the very uncertain
evolution of Saturn’s structure and oscillation mode frequencies. Even the sign of tα
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has not been calculated with realistic models. Extrapolation from the present day to
small values of t becomes increasingly uncertain.

Another major uncertainty is whether moons pass through mean-motion reso-
nances, and what happens when they do so. If two moons are each caught in a
resonance lock, their relative migration rates are determined by the value of tα for
each resonantly locked mode, which could be quite different from one another. Hence
it is certainly possible for either the inner or outer moon to migrate faster, i.e., the
migration may be either convergent or divergent. In the latter case (the outer moon
migrates faster), the system will simply pass through the mean-motion resonance, and
each moon will presumably remain resonantly locked with its respective planetary
oscillation.

In the case of convergent migration, the moons may get locked into mean motion
resonance, but the details of this process are highly uncertain. At present, nobody has
ever computed an orbital integration for this case, including the changing tidal torque,
which is an extremely sensitive function of orbital period near resonance (Figure 8).
Hence, the mean-motion resonance could potentially disrupt the resonance lock by
pushing the moon out of resonance.

Alternatively, the system may be able to adjust so that the inner moon stably locks
into mean motion resonance with the outer moon, driving it outwards. In this case,
the inner moon would need to be pushed deeper into resonance with the planetary
oscillation, so that the tidal torque on it can be stronger to account for the extra
energy and angular momentum needed to drive out the outer moon. If this can occur,
the entire system would be driven outwards at the same resonance locking time scale
that the inner moon had before the mean-motion resonance was established.

It is very unlikely that both an inner and outer moon could simultaneously be in
resonance locks with planetary oscillations, and in mean-motion resonance with each
other. The mean-motion resonances occur near integer ratios of the orbital frequencies,
but there is no reason to suspect planetary oscillation mode frequencies to obey such
a relationship. Even if they did at one point in time, it is unlikely that each oscillation
mode frequency would evolve together to sustain this integer ratio for an extended
period of time.

Consequently, if the migration of Saturn’s inner moons are driven by resonance
locking, it is most likely that the inner moons of mean-motion pairs (i.e., Mimas and
Enceladus) are caught in resonance locks while the outer moons (Tethys and Dione)
are not. Hence, we would expect to measure a strong tidal torque (small planet Q)
on Mimas and Enceladus, and a weak tidal torque (large planet Q) on Tethys and
Dione. The measured values (Lainey et al., 2020) may indeed be larger for those
outer moons, but current measurement uncertainties are very large so it is difficult to
claim anything with confidence. Continued monitoring of moon migration rates will
help distinguish between different tidal dissipation mechanisms and hence differentiate
between possible evolutionary histories.
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5 Conclusions

Our understanding of tidal dissipation in giant planets and its consequences
for moon migration remain incomplete, but they have improved greatly
over the last decade. A major advance has been in our picture of giant
planet structure. Both Jupiter and Saturn show evidence for a large and
“diffuse” core, likely containing a smooth and gradual compositional change
from ice/rock in the core to the gaseous envelope. In Jupiter, this diffuse
core helps explain gravity data from Juno, while in Saturn it is revealed in
part by ring seismology data from Cassini. A diffuse core is also predicted
by modern planetary formation models.

Stably stratified regions between the core and envelope have major
implications for tidal dissipation in giant planets. They allow for the excita-
tion of gravity waves in these regions, which can contribute greatly to tidal
dissipation. Additionally, thick stably stratified shells increase the excita-
tion rate of inertial waves in the overlying convective envelope, enhancing
their contribution to tidal dissipation. Recent models accounting for these
effects may explain the rapid moon migration rates in Saturn that have
been measured using long-baseline astrometry.

Finally, the continually evolving structures of giant planets may feed-
back onto tidal migration through a resonance locking process. As a
planet’s structure evolves (e.g., due to cooling, helium rain, compositional
settling, or core erosion), the frequencies of gravito-inertial modes evolve
as well. This may allow moons to lock into resonance with these modes,
such that the energy dissipation rate is enhanced over long periods of time.
This process could be necessary to explain the rapid migration of Saturn’s
outer moons Rhea and Titan.

Although recent progress is promising, there is plenty of room for
improvement in future work. More sophisticated planetary formation and
evolution models matched to thermal/gravity/seismology data can be
developed to provide more realistic planetary internal structures. These
will allow for more reliable calculations of tidal energy dissipation rates,
including the feedback between the evolving planetary structure and
expanding orbits of the moons. Such work will also shed light on the physics
of ice giant systems, exoplanet systems, tidal heating of moons, and even
the possibility of life in the oceans of Enceladus and Europa.
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González-Cataldo, F., Wilson, H.F., Militzer, B.: Ab Initio Free Energy Calculations
of the Solubility of Silica in Metallic Hydrogen and Application to Giant Planet
Cores. ApJ 787(1), 79 (2014) https://doi.org/10.1088/0004-637X/787/1/79

Vazan, A., Helled, R., Guillot, T.: Jupiter’s evolution with primordial composi-
tion gradients. A&A 610, 14 (2018) https://doi.org/10.1051/0004-6361/201732522
arXiv:1801.08149 [astro-ph.EP]

French, M., Mattsson, T.R., Nettelmann, N., Redmer, R.: Equation of state and phase
diagram of water at ultrahigh pressures as in planetary interiors. Phys. Rev. B
79(5), 054107 (2009) https://doi.org/10.1103/PhysRevB.79.054107

Redmer, R., Mattsson, T.R., Nettelmann, N., French, M.: The phase diagram of water
and the magnetic fields of Uranus and Neptune. Icarus 211(1), 798–803 (2011)

31

https://doi.org/10.3847/PSJ/ac7ec8
https://doi.org/10.3847/PSJ/ac7ec8
https://doi.org/10.1038/s41550-021-01448-3
https://arxiv.org/abs/2104.13385
https://doi.org/10.1016/j.pss.2012.06.019
https://doi.org/10.1016/j.pss.2012.06.019
https://arxiv.org/abs/1207.2309
https://doi.org/10.1007/s11214-020-00660-3
https://doi.org/10.1007/s11214-020-00660-3
https://arxiv.org/abs/1909.04891
https://doi.org/10.1103/PhysRevLett.120.115703
https://doi.org/10.1103/PhysRevLett.120.115703
https://doi.org/10.1038/s41586-021-03516-0
https://doi.org/10.1038/s41586-021-03516-0
https://doi.org/10.1051/0004-6361/201936288
https://arxiv.org/abs/1909.07640
https://doi.org/10.1088/0004-637X/787/1/79
https://doi.org/10.1051/0004-6361/201732522
https://arxiv.org/abs/1801.08149
https://doi.org/10.1103/PhysRevB.79.054107


https://doi.org/10.1016/j.icarus.2010.08.008

Millot, M., Coppari, F., Rygg, J.R., Correa Barrios, A., Hamel, S., Swift, D.C., Eggert,
J.H.: Nanosecond X-ray diffraction of shock-compressed superionic water ice. Nature
569(7755), 251–255 (2019) https://doi.org/10.1038/s41586-019-1114-6

Stixrude, L., Baroni, S., Grasselli, F.: Thermal and Tidal Evolution of Uranus with a
Growing Frozen Core. Planetary Science Journal 2(6), 222 (2021) https://doi.org/
10.3847/PSJ/ac2a47

Guarguaglini, M., Hernandez, J.-A., Okuchi, T., Barroso, P., Benuzzi-Mounaix, A.,
Bethkenhagen, M., Bolis, R., Brambrink, E., French, M., Fujimoto, Y., Kodama, R.,
Koenig, M., Lefevre, F., Miyanishi, K., Ozaki, N., Redmer, R., Sano, T., Umeda,
Y., Vinci, T., Ravasio, A.: Laser-driven shock compression of “synthetic planetary
mixtures” of water, ethanol, and ammonia. Scientific Reports 9, 10155 (2019) https:
//doi.org/10.1038/s41598-019-46561-6

Guillot, T., Santos, N.C., Pont, F., Iro, N., Melo, C., Ribas, I.: A correlation between
the heavy element content of transiting extrasolar planets and the metallicity of
their parent stars. A&A 453(2), 21–24 (2006) https://doi.org/10.1051/0004-6361:
20065476 arXiv:astro-ph/0605751 [astro-ph]

Thorngren, D.P., Fortney, J.J., Murray-Clay, R.A., Lopez, E.D.: The Mass-Metallicity
Relation for Giant Planets. ApJ 831(1), 64 (2016) https://doi.org/10.3847/
0004-637X/831/1/64 arXiv:1511.07854 [astro-ph.EP]

Guillot, T., Burrows, A., Hubbard, W.B., Lunine, J.I., Saumon, D.: Giant Planets
at Small Orbital Distances. ApJ 459, 35 (1996) https://doi.org/10.1086/309935
arXiv:astro-ph/9511109 [astro-ph]

Fortney, J.J., Dawson, R.I., Komacek, T.D.: Hot Jupiters: Origins, Structure, Atmo-
spheres. Journal of Geophysical Research (Planets) 126(3), 06629 (2021) https:
//doi.org/10.1029/2020JE006629 arXiv:2102.05064 [astro-ph.EP]

Batygin, K., Stevenson, D.J.: Inflating Hot Jupiters with Ohmic Dissipa-
tion. ApJ 714(2), 238–243 (2010) https://doi.org/10.1088/2041-8205/714/2/L238
arXiv:1002.3650 [astro-ph.EP]

Sarkis, P., Mordasini, C., Henning, T., Marleau, G.D., Mollière, P.: Evidence of three
mechanisms explaining the radius anomaly of hot Jupiters. A&A 645, 79 (2021)
https://doi.org/10.1051/0004-6361/202038361 arXiv:2009.04291 [astro-ph.EP]

Chabrier, G., Baraffe, I.: Heat Transport in Giant (Exo)planets: A New Perspective.
ApJ 661(1), 81–84 (2007) https://doi.org/10.1086/518473 arXiv:astro-ph/0703755
[astro-ph]

32

https://doi.org/10.1016/j.icarus.2010.08.008
https://doi.org/10.1038/s41586-019-1114-6
https://doi.org/10.3847/PSJ/ac2a47
https://doi.org/10.3847/PSJ/ac2a47
https://doi.org/10.1038/s41598-019-46561-6
https://doi.org/10.1038/s41598-019-46561-6
https://doi.org/10.1051/0004-6361:20065476
https://doi.org/10.1051/0004-6361:20065476
https://arxiv.org/abs/astro-ph/0605751
https://doi.org/10.3847/0004-637X/831/1/64
https://doi.org/10.3847/0004-637X/831/1/64
https://arxiv.org/abs/1511.07854
https://doi.org/10.1086/309935
https://arxiv.org/abs/astro-ph/9511109
https://doi.org/10.1029/2020JE006629
https://doi.org/10.1029/2020JE006629
https://arxiv.org/abs/2102.05064
https://doi.org/10.1088/2041-8205/714/2/L238
https://arxiv.org/abs/1002.3650
https://doi.org/10.1051/0004-6361/202038361
https://arxiv.org/abs/2009.04291
https://doi.org/10.1086/518473
https://arxiv.org/abs/astro-ph/0703755


Leconte, J., Chabrier, G.: A new vision of giant planet interiors: Impact of double diffu-
sive convection. A&A 540, 20 (2012) https://doi.org/10.1051/0004-6361/201117595
arXiv:1201.4483 [astro-ph.EP]

Leconte, J., Chabrier, G.: Layered convection as the origin of Saturn’s luminosity
anomaly. Nature Geoscience 6, 347–350 (2013) https://doi.org/10.1038/ngeo1791
arXiv:1304.6184 [astro-ph.EP]

Fuller, J.: Saturn ring seismology: Evidence for stable stratification in the deep interior
of Saturn. Icarus 242, 283–296 (2014) https://doi.org/10.1016/j.icarus.2014.08.006
arXiv:1406.3343 [astro-ph.EP]

Hedman, M.M., Nicholson, P.D.: Kronoseismology: Using Density Waves in Saturn’s
C Ring to Probe the Planet’s Interior. AJ 146(1), 12 (2013) https://doi.org/10.
1088/0004-6256/146/1/12 arXiv:1304.3735 [astro-ph.EP]

Stevenson, D.J., Salpeter, E.E.: The phase diagram and transport properties for
hydrogen-helium fluid planets. ApJS 35, 221–237 (1977)

Mankovich, C., Fortney, J.J., Moore, K.L.: Bayesian Evolution Models for Jupiter
with Helium Rain and Double-diffusive Convection. ApJ 832(2), 113 (2016) https:
//doi.org/10.3847/0004-637X/832/2/113 arXiv:1609.09070 [astro-ph.EP]

Rosenblum, E., Garaud, P., Traxler, A., Stellmach, S.: Turbulent Mixing and Layer
Formation in Double-diffusive Convection: Three-dimensional Numerical Simula-
tions and Theory. ApJ 731(1), 66 (2011) https://doi.org/10.1088/0004-637X/731/
1/66 arXiv:1012.0617 [astro-ph.SR]

Leconte, J., Chabrier, G.: A new vision of giant planet interiors: Impact of double diffu-
sive convection. A&A 540, 20 (2012) https://doi.org/10.1051/0004-6361/201117595
arXiv:1201.4483 [astro-ph.EP]

Mirouh, G.M., Garaud, P., Stellmach, S., Traxler, A.L., Wood, T.S.: A New Model
for Mixing by Double-diffusive Convection (Semi-convection). I. The Conditions for
Layer Formation. ApJ 750(1), 61 (2012) https://doi.org/10.1088/0004-637X/750/
1/61 arXiv:1112.4819 [astro-ph.SR]

Fuentes, J.R., Cumming, A., Anders, E.H.: Layer formation in a stably stratified fluid
cooled from above: Towards an analog for Jupiter and other gas giants. Physi-
cal Review Fluids 7(12), 124501 (2022) https://doi.org/10.1103/PhysRevFluids.7.
124501 arXiv:2204.12643 [astro-ph.EP]

Moore, K., Garaud, P.: Main Sequence Evolution with Layered Semiconvection. ApJ
817(1), 54 (2016) https://doi.org/10.3847/0004-637X/817/1/54 arXiv:1506.01034
[astro-ph.SR]

Wong, M.H., de Pater, I., Asay-Davis, X., Marcus, P.S., Go, C.Y.: Vertical structure

33

https://doi.org/10.1051/0004-6361/201117595
https://arxiv.org/abs/1201.4483
https://doi.org/10.1038/ngeo1791
https://arxiv.org/abs/1304.6184
https://doi.org/10.1016/j.icarus.2014.08.006
https://arxiv.org/abs/1406.3343
https://doi.org/10.1088/0004-6256/146/1/12
https://doi.org/10.1088/0004-6256/146/1/12
https://arxiv.org/abs/1304.3735
https://doi.org/10.3847/0004-637X/832/2/113
https://doi.org/10.3847/0004-637X/832/2/113
https://arxiv.org/abs/1609.09070
https://doi.org/10.1088/0004-637X/731/1/66
https://doi.org/10.1088/0004-637X/731/1/66
https://arxiv.org/abs/1012.0617
https://doi.org/10.1051/0004-6361/201117595
https://arxiv.org/abs/1201.4483
https://doi.org/10.1088/0004-637X/750/1/61
https://doi.org/10.1088/0004-637X/750/1/61
https://arxiv.org/abs/1112.4819
https://doi.org/10.1103/PhysRevFluids.7.124501
https://doi.org/10.1103/PhysRevFluids.7.124501
https://arxiv.org/abs/2204.12643
https://doi.org/10.3847/0004-637X/817/1/54
https://arxiv.org/abs/1506.01034


of Jupiter’s Oval BA before and after it reddened: What changed? Icarus 215(1),
211–225 (2011) https://doi.org/10.1016/j.icarus.2011.06.032

Christensen, U.R., Wicht, J., Dietrich, W.: Mechanisms for Limiting the Depth of
Zonal Winds in the Gas Giant Planets. ApJ 890(1), 61 (2020) https://doi.org/10.
3847/1538-4357/ab698c

Moore, K.M., Barik, A., Stanley, S., Stevenson, D.J., Nettelmann, N., Helled, R., Guil-
lot, T., Militzer, B., Bolton, S.: Dynamo Simulations of Jupiter’s Magnetic Field:
The Role of Stable Stratification and a Dilute Core. Journal of Geophysical Research
(Planets) 127(11), 2022–007479 (2022) https://doi.org/10.1029/2022JE007479

Connerney, J.E.P., Timmins, S., Oliversen, R.J., Espley, J.R., Joergensen, J.L., Kot-
siaros, S., Joergensen, P.S., Merayo, J.M.G., Herceg, M., Bloxham, J., Moore, K.M.,
Mura, A., Moirano, A., Bolton, S.J., Levin, S.M.: A New Model of Jupiter’s Mag-
netic Field at the Completion of Juno’s Prime Mission. Journal of Geophysical
Research (Planets) 127(2), 07055 (2022) https://doi.org/10.1029/2021JE007055
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