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MELTING THE CORE OF GIANT PLANETS: IMPACT ON TIDAL DISSIPATION
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Abstract.  Giant planets are believed to host central dense rocky/icy cores that are key actors in the core-accretion
scenario for their formation. In the same time, some of their components are unstable in the temperature and pressure
regimes of central regions of giant planets and only ab-initio EOS computations can address the question of the state of
matter. In this framework, several works demonstrated that erosion and redistribution of core materials in the envelope
must be taken into account. These complex mechanisms thus may deeply modify giant planet interiors for which signa-
tures of strong tidal dissipation have been obtained for Jupiter and Saturn. The best candidates to explain this dissipation
are the viscoelastic dissipation in the central dense core and turbulent friction acting on tidal inertial waves in their fluid
convective envelope. In this work, we study the consequences of the possible melting of central regions for the efficiency
of each of these mechanisms.
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1 Introduction and context

While more and more giant gaseous and icy planets are discovered in exoplanetary systems (e.g. Perryman|2011), internal
structure of Jupiter, Saturn, Uranus and Neptune are still uncertain (e.g. \Guillot)|1999; |[Fortney et al.|2010; [Baraffe et al.
2014). More particularly, the mass and the radius of potential central dense cores of rocks and ices are still unknown
(e.g. Militzer & Hubbard|2009; Nettelmann|2011; [Helled & Guillot||2013)) with no firm constrains (Hubbard et al.|2009;
Gaulme et al.201 1)) while they are key elements for core-accretion formation scenario of these planets (e.g.|Pollack et al.
1996;|Morbidelli et al.[2015)). In this framework, several works have demonstrated that elements constituting these regions
(as for example silicates like MgSiO3) are thermodynamically unstable in the pressure and temperature regimes of giant
planet interiors (e.g. [Wilson & Militzer|2012alb; [Wahl et al.|[2013]; |Gonzalez-Cataldo et al.|2014; Mazevet et al.|2015).
These results demonstrate that central dense regions constituted of heavy elements may dissolve in the envelope. It may
lead to an erosion of the core, a redistribution of core materials in the envelope and a modification of the nature of the
core-envelope boundary that impact the structure and evolution of giant planets.

At the same time, tidal interactions are one of the key mechanisms that drive the evolution of planetary systems.
On one hand, in the solar system, Lainey et al.| (2009) and [Lainey et al| (2012)) have provided new constrains on tidal
dissipation in Jupiter and Saturn using high precision astrometry. The obtained values are stronger than those that have
been previously proposed in the literature by one order of magnitude, i.e. Q] = 103! and Q; = 10*%, where Q' is
the normalized tidal quality factor defined in |Ogilvie & Lin| (2007), which is inversely proportional to tidal dissipation.
On the other hand, constrains obtained in exoplanetary systems hosting Hot Jupiters lead to a weaker dissipation with
Oy = 10%3 (see Ogilvie 2014, and references therein). In giant planets, physical mechanisms driving tidal dissipation
are the viscoelastic dissipation in the potential dense central region constituted of rocks and ices (Remus et al.|[2012]
2015) and the turbulent friction acting on tidal inertial waves (their restoring force is the Coriolis acceleration) in the deep
convective fluid envelope (Ogilvie & Lin[2004). The efficiency of both mechanisms depends on the mass and radius aspect
ratios between the core and the envelope and on the nature of the core-envelope boundary (Goodman & Lackner||2009;
Ogilvie|2013; |Guenel et al.|2014). It is thus necessary to examine the possible consequences of the melting of the core.
First, in Sec. 2] we discuss the direct impact of the modification of the mass and the size of the core for each dissipation
processes. Next, in Sec. [3| we study the impact of the core-envelope boundary for tidal inertial waves propagating in the
fluid envelope. Finally, we conclude and discuss astrophysical consequences and perspectives of this work.

! Laboratoire AIM Paris-Saclay, CEA/DSM - CNRS - Université Paris Diderot, IRFU/SAp Centre de Saclay, F-91191 Gif-sur-Yvette Cedex, France

© Société Francaise d’ Astronomie et d’ Astrophysique (SF2A) 2015



284

SF2A 2015

D Fluid envelope Liquid melf:ed .j Solid dense region
dense region

Fig. 1. Left: simplest bi-layer planetary model with a central solid (rocky/icy) core; R, (R,) and M. (M,) are the radius and the mass

of the core (the planet) while p. and p, are the density of the envelope and of the core respectively. Right: Three layer planetary model
inspired by the results obtained by [Mazevet et al.| (2013) in the case where central regions melting is occurring.

2 Tidal dissipation mechanisms and their dependences on the mass and the size of the core

Let us first consider simplest bi-layer models of giant planets constituted by an external fluid envelope and a solid core
constituted of rocks and ices (see Fig. [I] left-panel). In such a simplified model, two dissipation mechanisms for tidal
friction have been identified and studied:

o The inelastic dissipation: Rocks and ices can be modeled as viscoelastic materials. Because of the uncertainties

on their rheological behavior, the simplest assumption is to assume the linear Maxwell model for which the shear
modulus is complex with
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where w is the tidal frequency, G the rigidity and 5 the viscosity that drives the friction (Remus et al|2012] 2015).

As demonstrated in [Ogilvie| (2013 and [Guenel et al.| (2014), it is possible to evaluate a frequency-averaged tidal
dissipation, which allows to unravel the impact of internal structure on tidal dissipation. In the case of a viscoelastic

core, we obtain:
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where R. (R,) and M. (Mp) are the radius and the mass of the core (the planet) while p. and p. are the density
of the envelope and of the core respectively. We introduce the quadrupolar complex Love number k2, associated
with the (2, 2) component of the time-dependent tidal potential U that corresponds to the spherical harmonic Y22. It
quantifies at the surface of the planet (» = R,,) the ratio of the tidal perturbation of its self-gravity potential over the
tidal potential in the simplest case of coplanar systems. In the case of dissipative systems, it is a complex quantity
which depends on the tidal frequency (w) with a real part that accounts for the energy stored in the tidal perturbation,
while the imaginary part accounts for the energy losses (e.g.[Remus et al.|2012).

The (viscous) turbulent friction applied on tidal inertial waves: if we assume that the external fluid envelope is
convective, the presence of a close natural satellite or star excites tidal inertial waves if w € [-2Q, 2Q], where Q is
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the angular velocity of the planet. Their restoring force is the Coriolis acceleration. Because of the friction applied
by convective turbulence, their kinetic energy is converted into heat that leads to tidal evolution of planet-star/natural
satellite systems. (Ogilvie| (2013) derived the corresponding frequency-averaged dissipation
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assuming a solid dense core on which tidal waves reflect. It may lead to inertial wave attractors where viscous friction is

2
efficient (Ogilvie|[2005). We introduce e = (Q/ GM, /Rg) = (Q/ Qc)2 < 1, where €. is the critical angular velocity

and G is the gravitational constant. We also define the normalized frequency-averaged tidal dissipation at fixed angular
velocity

(D) =2 (D3,) . (2.6)

Looking for tidal evolutionary track: In Fig. [2] we represent the variation of (Dy.),, (assuming the parameters

used in |Guenel et al.| (2014) for Saturn-like planets) and <Z)fn>i as a function of the radius and mass ratios @ = R./R,
and B = M_./M, (respectively in top-left and top-right panels). First, the mass of the material in solid state and thus g is
decreased when melting occurs. Next, because of macroscopic transport of heavy elements towards the envelope, its mean
density (p.) is increased while the one of the core (p.) is decreased (at a fixed core mass, it corresponds to an increase
of R.). To be able to predict the effect of melting processes, it would thus be necessary to be able to draw planetary
evolutionary track in the (@, 8) plane and in the corresponding (8, y) one. Such a methodology has been applied in Mathis
(2015) in the case of rotating low-mass stars leading to robust results for the frequency-averaged tidal dissipation in their
convective envelope. To compute such a tidal evolutionary track, it would be necessary to compute planetary structure
and evolution models taking into account melting and related mixing mechanisms (e.g.|Leconte & Chabrier|2012) and the
most realistic available EOS (e.g.[Mazevet et al.|2015)). Note also that the value of G depends on the state of materials.

3 The impact of the core-envelope boundary condition

In addition of modifying the radius and mass aspect ratios between the central dense core and the envelope, melting the
core of gaseous and icy giant planets may also modify the nature of the boundary condition between these two regions.
Indeed, let us focus here on tidal dissipation in the deep hydrogen and helium envelope in two configurations: i) in the
first, we consider it surrounds a dense solid rocky/icy core (see Fig. [I] left panel); ii) in the second one, we consider
the configuration suggested by (Mazevet et al|2015) where the envelope is above a liguid shell of SiO, that surrounds a
central core of MgO (see Fig. [I] right panel).

Then, tidal dissipation through the viscous dissipation of inertial waves is not the same in the case of a fluid-solid
interface and of a fluid-fluid interface. As in the previous paragraph, we consider the behavior of the frequency-averaged
tidal dissipation as introduced by Ogilvie| (2013) and computed in the case of gaseous giant planets by |Guenel et al.
(2014).

In the case of a fluid-solid interface, the frequency-averaged tidal dissipation is given by Eq. (2.5) while in the case of
a fluid-fluid interface it becomes
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We also introduce the normalized frequency-averaged tidal dissipation at fixed angular velocity
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Fig. 2. Variations of (D,.), (left-top panel), <Z)fn>w (right-top panel), <Z)fn>w (left-bottom panel) and <Z)fn>m / <Z)isn>w (right-bottom
panel) as a function of the radius and mass aspect ratios (@ = R./R; and 8 = M. /M, respectively).

In Fig. [2] (left-bottom panel), we represent its variation as a function of @ = R./R,, and 8 = M./M,. We immedi-

Q
ately see that its behavior is different that the one of <Disn> . First, as observed in [Mathis| (2015)), it is maximum around
w

a =~ 0.571 and B ~ 0.501. Moreover, the maximum of its amplitude is weaker than those of (Dfﬂ)i For these reason,

we plot in Fig. (right—bottom panel) the ratio <Z)ifn>9 / (Z)isn>g = (Z)fn> / <Z)isn> as a function of @ and 3. Having
a fluid-fluid interface then decreases the strength of tidal dissiﬁ%tion in the externa envelope. It is then interesting to
evaluate <Difn>w / <Dfn>w for possible values of M, and R, for Jupiter-, Saturn-, Uranus-, and Neptune-like planets; the
obtained results and the used parameters are given in the following table (Guillof[T999} [Hubbard et al]2009; [Helled et al.|
[2011}; [Podolak & Helled|2012}; NetteImann et al.[2013).

Two conclusions are then obtained. First, for every planets the frequency-averaged tidal dissipation associated with
inertial waves reflecting on a fluid-fluid interface is weaker than the one in the case of a fluid-solid interface. Next, as
this is shown by Fig. [2] (right-bottom panel), this decrease is much stronger in the case of planets with large radius aspect
ratios, that corresponds to the case of icy giant planets for which the strength of the frequency-averaged tidal dissipation
corresponds to only 20% of its value in the case of a fluid-solid interface.

4 Conclusions

In this first exploratory work, we have discussed the possible effects of melting mechanisms that may occur in the central
dense regions of giant planets. First, we have shown that realistic planetary structure and evolution models are key
ingredients to be developed to provide a precise evaluation of mass, radius, and density ratios necessary to get a robust



Melting the core of giant planets: impact on tidal dissipation 287

Parameter Jupiter  Saturn Uranus Neptune

M, (Mg) 317.830 95.159 14.536  17.147

R, (Rp) 10973  9.140  3.981 3.865
M. (Mg) 6.41 18.65 1.35 2.25
@ =R/R, 0.126 0.219 0.30 0.35

B=M./M, 0.020 0.196  0.093 0.131

(DL) /(D) 0612 0766 0237  0.194

Table 1. Values of the parameters used to compute the ratio <Z)fn>w / <Z)§n>w (Remus et al.|2012; Helled et al.[2011; |Podolak & Helled:!
2012; Nettelmann et al.|2013)

prediction of tidal dissipation. Indeed, these quantities directly impact the amplitude of the frequency-averaged tidal
dissipation. Moreover, if melting of rocks and ices is taking place, tidal inertial waves, which propagate in the external
envelope, may reflect on a fluid-fluid interface instead of a fluid-solid interface. In the case of planets having a large
core such as icy giant planets, this may lead to a net decrease of tidal dissipation. In a near future, the impact of mixing
mechanisms such as double-diffusive instabilities (see e.g [Leconte & Chabrier|2012) on tidal dissipation must also be
evaluated.

The author acknowledges funding by the European Research Council through ERC grant SPIRE 647383. This work was also supported by the Pro-
gramme National de Planétologie (CNRS/INSU) and the International Space Institute (ISSI team ENCELADE 2.0).

References

Baraffe, 1., Chabrier, G., Fortney, J., & Sotin, C. 2014, Protostars and Planets VI, 763

Fortney, J. J., Baraffe, 1., & Militzer, B. 2010, Giant Planet Interior Structure and Thermal Evolution, ed. S. Seager, 397418
Gaulme, P., Schmider, F.-X., Gay, J., Guillot, T., & Jacob, C. 2011, A&A, 531, A104

Gonzdlez-Cataldo, F., Wilson, H. F., & Militzer, B. 2014, ApJ, 787, 79

Goodman, J. & Lackner, C. 2009, ApJ, 696, 2054

Guenel, M., Mathis, S., & Remus, F. 2014, A&A, 566, L9

Guillot, T. 1999, Planet. Space Sci., 47, 1183

Helled, R., Anderson, J. D., Podolak, M., & Schubert, G. 2011, ApJ, 726, 15

Helled, R. & Guillot, T. 2013, ApJ, 767, 113

Hubbard, W. B., Dougherty, M. K., Gautier, D., & Jacobson, R. 2009, The Interior of Saturn, ed. M. K. Dougherty, L. W. Esposito, &
S. M. Krimigis, 75

Lainey, V., Arlot, J.-E., Karatekin, 0., & van Hoolst, T. 2009, Nature, 459, 957

Lainey, V., Karatekin, O., Desmars, J., et al. 2012, ApJ, 752, 14

Leconte, J. & Chabrier, G. 2012, A&A, 540, A20

Mathis, S. 2015, A&A, 580, L3

Mazevet, S., Tsuchiya, T., Taniuchi, T., Benuzzi-Mounaix, A., & Guyot, F. 2015, Phys. Rev. B, 92, 014105
Militzer, B. & Hubbard, W. B. 2009, Ap&SS, 322, 129

Morbidelli, A., Lambrechts, M., Jacobson, S., & Bitsch, B. 2015, Icarus, 258, 418

Nettelmann, N. 2011, Ap&SS, 336, 47

Nettelmann, N., Helled, R., Fortney, J. J., & Redmer, R. 2013, Planet. Space Sci., 77, 143

Ogilvie, G. 1. 2005, Journal of Fluid Mechanics, 543, 19



288 SF2A 2015

Ogilvie, G. 1. 2013, MNRAS, 429, 613

Ogilvie, G. I. 2014, ARA&A, 52, 171

Ogilvie, G. I. & Lin, D. N. C. 2004, ApJ, 610, 477

Ogilvie, G. I. & Lin, D. N. C. 2007, ApJ, 661, 1180

Perryman, M. 2011, The Exoplanet Handbook

Podolak, M. & Helled, R. 2012, ApJ, 759, L32

Pollack, J. B., Hubickyj, O., Bodenheimer, P, et al. 1996, Icarus, 124, 62
Remus, F., Mathis, S., Zahn, J.-P., & Lainey, V. 2012, A&A, 541, A165
Remus, F., Mathis, S., Zahn, J.-P., & Lainey, V. 2015, A&A, 573, A23
Wahl, S. M., Wilson, H. F.,, & Militzer, B. 2013, ApJ, 773, 95

Wilson, H. F. & Militzer, B. 2012a, Physical Review Letters, 108, 111101
Wilson, H. F. & Militzer, B. 2012b, ApJ, 745, 54



	Introduction and context
	Tidal dissipation mechanisms and their dependences on the mass and the size of the core
	The impact of the core-envelope boundary condition
	Conclusions

