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Abstract

We study how stably stratified or semi-convective layers alter the tidal dissipation rates associated with the
generation of internal waves in planetary interiors. We consider if these layers could contribute to the high rates of
tidal dissipation observed for Jupiter and Saturn in our solar system. We use an idealized global spherical
Boussinesq model to study the influence of stable stratification and semi-convective layers on tidal dissipation
rates. We carry out analytical and numerical calculations considering realistic tidal forcing and measure how the
viscous and thermal dissipation rates depend on the parameters relating to the internal stratification profile. We find
that the strongly frequency-dependent tidal dissipation rate is highly dependent on the parameters relating to the
stable stratification, with strong resonant peaks that align with the internal modes of the system. The locations and
sizes of these resonances depend on the form and parameters of the stratification, which we explore both
analytically and numerically. Our results suggest that stable stratification can significantly enhance the tidal
dissipation in particular frequency ranges. Analytical calculations in the low-frequency regime give us scaling laws
for the key parameters, including the tidal quality factor Q' due to internal gravity waves. Stably stratified layers
can significantly contribute to tidal dissipation in solar and extrasolar giant planets, and we estimate substantial
tidal evolution for hot Neptunes. Further investigation is needed to robustly quantify the significance of the
contribution in realistic interior models, and to consider the contribution of inertial waves.
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1. Introduction

The study of planetary interiors is an active and exciting area
of research in which our understanding is rapidly developing,
partly stimulated by recent observations from Juno and Cassini.
Using observational evidence coupled with theoretical studies
we can build on existing models. One such technique involves
measuring orbital migration and spin evolution of star, planet,
and moon systems. The evolution of these systems strongly
depends on the tidal dissipation rates in the orbiting bodies,
which are understood to be dependent on internal structure
(e.g., Ogilvie & Lin 2004; Mathis & Remus 2013;
Ogilvie 2014). Therefore, analyzing long-term evolution of
spins and orbits can provide constraints on the interior
structures of giant planets.

Recent observations provide evidence for significant orbital
migration of the moons of Jupiter and Saturn; their moons are
migrating outwards at rates that require efficient tidal
dissipation inside these planets (Lainey et al. 2009,
2012, 2017, 2020). There are multiple mechanisms that could
contribute to the efficient rates of tidal dissipation observed; in
reality, the solution is likely to involve a combination of them.
One possibility, and the mechanism explored in this paper, is
that stable stratification or semi-convective layers within the
giant planet allows for the excitation and subsequent dissipa-
tion of tidally forced internal waves. Other contributions to
enhanced dissipation include the excitation and dissipation of
inertial waves in convective zones (Ogilvie & Lin 2004;
Wu 2005a, 2005b; Favier et al. 2014). Resonant locking of
tidal gravito-inertial modes may occur (Fuller et al. 2016),
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where systems evolve so as to remain locked in particular
resonances, thereby significantly enhancing dissipation in
linear theory. Nonlinear wave interactions within bodies, such
as wave breaking (e.g., Barker & Ogilvie 2010), could also
enhance the dissipation. It is thought that the rocky/icy inner
cores of some planets could lead to additional visco-elastic
sources of dissipation (e.g., Remus et al. 2012). Finally,
although more relevant for evolved binary stars, the non-wave-
like (equilibrium) tide can interact with turbulent convection to
enhance dissipation, though this mechanism is not thought to
be effective in the solar system (e.g., Goldreich & Nicholson
1977; Duguid et al. 2019, 2020).

Historically, when discussing the internal structure of giant
planets, scientists refer to the three-layer model. This consists
of a rocky/icy core underneath a convective envelope of
metallic hydrogen and helium, surrounded by an outer
molecular hydrogen and helium envelope (Stevenson 1982;
Guillot 2005; Fortney & Nettelmann 2010). Although this is a
reasonable starting point, the sizes of each region and the exact
nature of the transitions between them are uncertain, and these
models cannot explain all observations.

Recently, studies have begun to depart from this standard
model to explore other possible interior structures, in particular
the inclusion of stable stratification or nonadiabatic profiles
(e.g., Leconte & Chabrier 2012; Vazan et al. 2016; Berardo &
Cumming 2017; Lozovsky et al. 2017; Vazan et al. 2018;
Debras & Chabrier 2019). Measurements of Jupiter’s gravity
field (in particular from the Juno mission) suggest that the mass
of Jupiter is distributed throughout the interior regions of the
planet, existing as a large dilute core that extends some way out
into the region previously thought to be convective (Helled &
Stevenson 2017; Wahl et al. 2017; Debras & Chabrier 2019).
Observations of density waves in Saturn’s rings due to
resonances with global oscillations are consistent with stably
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stratified layers (Marley & Porco 1993; Hedman & Nichol-
son 2013; Fuller 2014; Hedman et al. 2018; Dewberry et al.
2021; Mankovich & Fuller 2021). The frequencies observed
suggest that strong stable stratification exists within Saturn’s
deep interior. It is possible that over time erosion or dissolution
of giant planet cores extends the stratified region of the interior
(Guillot et al. 2004; Wilson & Militzer 2012; Moll et al. 2017),
or that a large core is created during the formation of these
planets (Pollack et al. 1996; Wahl et al. 2017). Additionally, it
is thought that temperature and pressure at the metallic—
molecular boundary could be consistent with those required for
helium rain, thus forming a stably stratified layer in this region
(Stevenson & Salpeter 1977; Nettelmann et al. 2015).

We expect there to be an unstable entropy gradient
throughout significant portions of giant planet interiors, which
would compete with any stable composition gradients that
form. As a result of these competing gradients the region could
become unstable to double-diffusive convection, which in turn
could lead to the formation of semi-convective layers (e.g.,
Wood et al. 2013; Garaud 2018). These layers consist of well-
mixed convective regions, separated by thin stably stratified
interfaces, such that the entropy profile appears as a staircase
structure. Although these cannot be detected directly (unlike in
the Arctic oceans on Earth; e.g., Ghaemsaidi et al. 2016;
Shibley et al. 2017), the formation of layers can give rise to
different physics from the traditional adiabatic models and
affect the behavior and subsequent evolution of the system
(e.g., Leconte & Chabrier 2012; Vazan et al. 2016; Berardo &
Cumming 2017; Vazan et al. 2018; Debras & Chabrier 2019).
It is possible that semi-convective layers inhibit heat transport,
a key factor in planet evolution, and could be a contributing
factor to the inflated radii of some hot Jupiters (Chabrier &
Baraffe 2007) or the high luminosity observed in Saturn given
its present age (Leconte & Chabrier 2013).

In this paper, we consider regions of stable stratification or
semi-convective layers allowing internal gravity waves (g
modes) or interfacial modes, and study the consequences for
tidal dissipation. In Pontin et al. (2020), we analyzed the free
modes and transmission of such waves in a global spherical
model, and André et al. (2019) considered the dissipation
trends in an idealized Cartesian box model. Here we extend
these works, adopting similar methods to Ogilvie (2009), to
consider the dissipative properties of internal waves with
realistic tidal forcing. We employ an idealized planetary model
that allows considerable analytical understanding.

As in the previous studies, we find a strongly frequency-
dependent dissipation profile (e.g., Ogilvie & Lin 2004;
Ogilvie 2009; André et al. 2019) that is strongly altered by
the properties of the stratified regions (Belyaev et al. 2015;
Sutherland 2016; André et al. 2017, 2019; Pontin et al. 2020).
We found that the properties of the stratification can vary both
the location of resonances as well as the magnitude of the
associated dissipation rate peaks. The consequences for a
frequency-averaged or integrated dissipation quantity vary
between parameter regimes but can lead to enhanced dissipa-
tion in some relevant cases. We find that, although the results
for semi-convective layers can depart from continuous uniform
stratification when considering a small number of steps, the
results quickly converge as step number increases. This initial
study suggests that the presence of continuously stratified or
semi-convective layers are valuable areas of investigation for
tidal dissipation with potential to contribute significantly to
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tidal dissipation rates. In this study, we have initially neglected
rotation for simplicity and to enable further analytical
development. However, we expect that rotation in planets is
an important factor that would allow for inertial and gravito-
inertial waves. These modes would also have an important
contribution to the dissipation, but we leave this to a future
paper.

The structure of this paper is as follows. In Section 2, we
outline our mathematical model and numerical methods. In
Section 3.1 we discuss the overarching trends in the frequency-
dependent tidal dissipation in some illustrative parameter
regimes. In Section 3.2, we consider how the low-frequency
regime behaves when waves are fully damped before forming a
standing wave (“traveling wave”). In Section 3.3, we examine
how a frequency-averaged quantity for dissipation depends on
the parameters of our model. In Sections 3.4-3.7, we adapt the
model to more specific scenarios such as semi-convective
layers, helium rain, etc. In Section 4, we attempt to estimate the
resulting astrophysical tidal timescales and quality factors.
Finally, in Section 5, we discuss our conclusions and the
implications of our results, and highlight future areas of
research.

2. Model

In this paper, we aim to explore tidal dissipation due to
internal waves in giant planets, examining how different forms
of stable stratification might explain the enhanced dissipation
observed. To do this, we extend André et al. (2019), who
studied tidal dissipation in semi-convective layers in a
Cartesian model, into a global spherical geometry by extending
the simplified model of Ogilvie (2009).

In this initial study, we adopt the idealized Boussinesq
approximation (Spiegel & Veronis 1960), as this is the simplest
computationally and allows for complementary analytical
calculations. By doing this, we are assuming that variations
in density can be neglected except where they contribute to
buoyancy and that the fluid is incompressible. This is
appropriate when considering waves with shorter wavelengths
than pressure or density scale heights, and with phase speeds
that are slow relative to the sound speed. Although not strictly
true for planetary-scale models, this is likely to be a reasonable
approximation for the dominant regime for tidally forced
planetary waves. We also consider a uniform viscosity, v, and
thermal diffusivity, . Analysis of the effects of rotation have
not been included here, thereby first focusing on the
nonrotating effects. The neglect of rotation is formally justified
only if tidal forcing frequencies and buoyancy frequencies in
any stable layers exceed those of the (mean) planetary
rotational frequency, €. For Saturn, the typical values of the
buoyancy frequency in the stable layer inferred by Mankovich
& Fuller (2021) are much larger than €2, but the relevant tidal
frequencies of interest for its moons are comparable in
magnitude with 2. Hence, it is essential to build upon our
study here to fully incorporate rotation before we can
rigorously apply our model to tides in Jupiter and Saturn
(Pontin 2022).

We build a global spherical model using spherical polar
coordinates (r, 0, ¢), which are centered on the planet of mass
M and radius ry. We neglect the distortion from spherical
geometry caused by centrifugal effects and tidal forcing, and
we use spherical harmonics to describe the angular structure of
solutions. Neglecting tidal deformation is reasonable in giant
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planets due to the small tidal amplitudes. The neglect of
rotational distortion, however, is more significant; although it
would be possible to include this (e.g., Dewberry & Lai 2022),
we choose not to in this case as it would complicate analysis
considerably, and is unlikely to significantly alter our
conclusions. These approximations allow us to concentrate
on studying the effects of gravity waves in isolation before
adding additional effects into the model.

2.1. Governing Equations
We consider the linearized form of the momentum equation,

1
ou _ ——Vp — bg — Vi + vV, (1)
ot Po
where u, p are velocity and Eulerian pressure perturbations, pg
the reference density, and ¢ the tidal potential. We define the
buoyancy variable b to be b = —pi, where p is the density

Eulerian perturbation. Note that tohis is not the standard
definition for the buoyancy variable b and does not have units
of acceleration; instead, it is a dimensionless quantity. This is
done to allow us to define the radial dependence of the
gravitational term separately, g = —g(r)F, which allows for
easy manipulation of the model to account for different gravity
profiles. We focus predominantly on the gravity profile for a
homogeneous body by considering g = gor, where g is the
surface gravity with r measured in units of planetary radius. We
will discuss how results vary for a centrally condensed mass in
Section 3.7, where we consider g = %. We have neglected
self-gravity to allow us to more easily explore our system
analytically and because it is only likely to lead to a small linear
effect on the quantitative results.

We consider our system to be incompressible, so conserva-
tion of mass gives

V-u=0. @)

The heat equation in terms of the buoyancy variable, b,
becomes
LISV Y 7 3)
ot g
where N is the radially dependent Brunt—Viisild or buoyancy
frequency, defined to be

N2 — g(Ld Inp, dln Po)

4
Iy dr dr @)

1
where [} = (m
equivalent to the system used in Pontin et al. (2020), except for
the addition of dissipative terms and realistic tidal forcing. As
in that study, we approximate the buoyancy frequency to
represent a density gradient as

~ ) is the first adiabatic exponent. This is
dlnp, ad

N2~ 89P0 )
po dr

We introduce tidal forcing by considering the dominant
component of the tidal potential (Ogilvie 2014),

Y = o Y5 (0, pe ", (6)
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3 . .
6?” %aﬁ (’a—") . We take the I=m=2 dimensional
tidal amplitude for a circular orbit as defined in Ogilvie (2014),
where M is the mass of the planet, M, is the companion mass, a
is the orbital semimajor axis, and the dynamical frequency

wy = \/GM / 13, where G is the gravitational constant. The
forcing frequency is w =2(£2, — €)), where (2, is the orbital
frequency of the satellite and (), the spin frequency of the
planet (note here €2, = 0). This is the most relevant one for a
circularly aligned orbit of a nonsynchronously orbiting moon.
Note that we solve for the entire linear tidal response to
directly; we do not need to split up the tide into an equilibrium
and a dynamical tide, though only the dynamical/wave-like
response is typically important for the dissipation in our model.

We expand perturbations using spherical harmonics with a
harmonic time dependence, such that

where iy =

u (r, 0, ¢, 1) = @l (rNY" @O, p)e ", (7
ug(r, 0, ¢, t) = rﬁbmﬂY[”(e, Py, 8)
00
) _ ﬂb(r)i m —iwt
M@(V, 0’ ¢’ t) - rSin0 8¢Yl (0’ QS)@ ’ (9)
p(r, 0, ¢, 0 =p')Y" O, pe ™, (10)
b(r, 0, ¢, 1) = B (N Y, p)e ", (11)

where spherical harmonics are normalized, such that

2w ™ ,
[ [ 0@, oo, o)sin0 do do = 5.1 S
o Jo ’ ’

The resulting equations are (where again tildes have been
dropped for clearer notation)

(—iw)u/

1 dp! dy! I(+1 d
S gb' — ié{l -V ( —Z )[Ml - —(rzulf)],
dr r dr

r

po dr
(12)
(—zw)rzué
I
Po
1 !
o2 p Lafadn) g hat o], a3
r rrdr\  dr
1 d
-(ul) — 10+ Duf =0, (14)
I i
(miwpp! + N22r = | L fpd0) I Dy )
g r2dr dr r?

consistent with those in Ogilvie (2009). The equations for each
m are uncoupled due to the axisymmetric basic state, and due to
the neglect of the Coriolis term components with different
angular wavenumbers [ are also uncoupled. Hence, we solve
only for m =2 and [ =2.

We nondimensionalize our system using units of length in
terms of the planetary radius 7y, the reference density po for
density, and our unit of time w'. Therefore, we introduce the
following dimensionless parameters: r = ry f,Au, = rowylii,,
V=1t b=b g=g

Up = Wy lp, Ue = Wille,
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P = pyrogh, w = \/?0

gravity. We then drop the hats to simplify notation, giving us
L'

I
(—iwu!=—— gb — ﬂ@@,z
po dr rogy dr
LMD Lo | e
dr

_ . -
V70 8o r

&, where g, = wiry is the surface

Po  To8
y I
L lZu, _~_i2i(r4d”h) (l—l)(l+2)ubl7
”(?go d rdr a
(17)
in(rzub — 1+ D, = 0, (1%)
redr
2 1
(7M)b/+uﬁ
& &
I
: [1 d( db)_’ULzsz]. (19)
\/Vngo 2 dr dr r

We highlight that we have three key dimensionless parameters
for each frequency w:

N? v K . v
—, —— and — or alternatively Pr = — |,
Wy oy Wa oy Wa K

which are varied in later analysis, and referred to simply as N*
(which can be a function of radius), v, and Pr as we used units
of ry=1 and w,;=1. To aid understanding, we include only
dimensional equations in later sections and figures are plotted
using these units.

2.2. Boundary Conditions

In our numerical calculations, we enforce boundary condi-
tions at either end of the domain, which extends from a nonzero
inner core boundary, ary, to the planet’s radius, ry. We assume
there is a rigid inner core that remains spherical, thereby
neglecting any deformation caused by rotation or tidal forcing.
Therefore, we impose no normal flow at the inner core:

u! =0 at r=an. (20)

At the tidally perturbed outer boundary we consider it to be a
free surface on which the normal stresses vanish. Therefore, we
consider the perturbations to the normal stress to include the
Lagrangian pressure perturbation, Ap, and the normal viscous
stress, i.e.,

Ap —2ve,, = (p + & - Vp,) — 2ve, =0, 21

where p is the Eulerian perturbation for this equation only and
po(r) is the hydrostatic pressure profile. This can be evaluated
to give the boundary condition

w! — 8o I _ d l

u,
(—iw) dr

=YPobp at r=ry, (22)
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where g, is the surface gravity, which can be related to the

dynamical frequency g, = —w3rg, and W = ;’—I + 1, neglect-
ing self-gravity. ’

At both boundaries, we consider stress-free conditions (no
tangential stress), which is consistent with a free surface.
Realistically, we expect the inner core would be closer to
nonslip but it is numerically convenient to consider stress-free
conditions without it having any significant effect on the

results. This means that

1
—+&:0 at r=arg and r = r. (23)
dr r?
We considered different boundary conditions on the buoyancy
variable; however, we found that there was no significant effect
on the results as long as the condition chosen did not contradict
the governing equations. For the results shown in this study, we
have considered the inner core to be fixed entropy, such that
there is no perturbation to the quantity b, i.e.,

=0 at r= an, (24)

and no perturbation to the buoyancy flux through the surface,
i.e.,

=0 at r=r (25)

2.3. Energy Balance

As we aim to understand the dissipation of tidally forced
internal waves, we turn our attention to the energetic quantities
and their balances. Considering the standard definition for
work, the mean rate of energy injection by the tidal forcing is
defined to be

1= fv po - F)dV, (26)

where F = —V1 is the tidal acceleration.

Therefore, by taking the scalar product of Equation (1) with
polt, using Equation (3) and integrating over the volume, the
following energy balance is found:

dEx | dEps
dt dt

I =

1
+ = ¢ pu - ds + Dther + Dvisc' (27)
VJs
E; and Epg are the kinetic and potential energy of the system,
respectively, where the rate of change of kinetic energy is

dEx _ [ po OluP

= dav, (28)
dt v 2 Ot

and the rate of change of potential energy

2
dEpg _ 2 Ob b 4y, 29)
dt v 2N 2N? O
. . dEpg
except when N =0, in which case Epg =0 and = 0. The
t

volume-integrated viscous dissipation rate is given by

Dyiee = — f portt - Vudv, (30)
14
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and volume-integrated thermal dissipation rate is written
e
Diper = — f Pok-S=bV?bdV 31)
v N?

again as for potential energy when N =0, Dy, = 0.

In Appendix A, we show how the viscous dissipation can be
divided into two separate components. These consist of the
viscous dissipation within the bulk of the fluid and the normal
viscous stresses. The viscous dissipation within the bulk can be
written (Ogilvie 2009)

u_f + rdu}f

Dinerior =

¥~y + 1)
2 l

+ (= DI+ DA+ 2)|uiP).
(32)

Note in this case we are only considering [ = 2. From now on,
when considering viscous dissipation we refer to the quantity
defined in Equation (30), but with the parameters we consider
differences between these quantities are negligible.

Using the divergence theorem, the mean energy injection
rate from the tidal forcing can be written in the form

1= f pott - (—V)dV = —95 potu - dS. (33)

In a steady state, averaged over the forcing period of 2Z, the
kinetic and potential energy terms (Equations (28) and (29))
will be identically zero. Therefore, the injection rate, I, will
balance the total viscous and thermal dissipation terms, D,
and Dy, It can be shown numerically that an additional
balance between the dissipation within the bulk of the fluid
defined in Equation (32), and the pressure integral in
Equation (27) also exists (see also Appendix A). In this study,
we will analyze how the dissipation rates Dy and Dipe;
depend on other properties of the system. For some analysis in
this paper Dy, has been calculated by considering this balance,
as it 1s less numerically demanding to reach a converged
result.'

2.4. Density Structure

We consider regions in a giant planet where stable layers
have formed, or which could have evolved into semi-
convective layers due to double-diffusive convection. As
discussed in Section 1, there are two regions to consider, one
close to the core, or alternatively near the H/He molecular to
metallic transition radius.

To incorporate both continuous stable stratification and
semi-convective layers in our model, as well as considering
multiple locations for these layers, we define the buoyancy
frequency in several ways. First, we consider a density profile
representative of a continuous stably stratified region, with a
constant N which sits above the solid core extending a defined
distance into the planetary envelope. This is shown on the left-

The solutions of our tidally forced linear boundary value problem have been
checked to be very accurately converged numerically with our adopted
resolutions by comparing results obtained with different numbers of radial grid
points. The issue we refer to here is purely in the post-processing analysis to
obtain Dy, for cases with spatially variable N profiles, and results from the
division by N~ (where a threshold value must be imposed) and in the radial
derivatives of b involved when using N’(r) profiles that are not infinitely
differentiable.
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hand side of Figure 1. ThlS is described by a step function in
the buoyancy profile N*(r) that is nonzero from the inner core
boundary ar to the outer core boundary Sry. For our numerical
calculations, when the stable layer does not extend to the
planetary surface (3= 1), we consider a smoothly varying
buoyancy profile:

N 2
N%(r) = NT(tanh(A(ﬁro —r)+ 1. (34)

Unless specified otherwise, we set A =100. For numerical
reasons, the buoyancy term is set to be identically zero away

from the step, when N2(r) < F For cases where 3=1 the

buoyancy profile is constant throughout the domain, i.e.,
N%(r) = N2 (35)

The second density structure explored represents a semi-
convective structure with n,,,, steps within the stratified layer.
We want to consider a series of é-functions in the buoyancy
variable to give a staircase-like density profile, shown on the
right-hand side of Figure 1. To do this numerically, we
consider finitely thin and smoothly varying interfaces by taking

N()2 r—r, or
7(1 + cos (271’7)) lr —nl < > (36)

0 otherwise,
(B—a)rg

Mmax

N2(r) =

for 1 <n < npx, where r,=arg+nd, d = and

€= %r. N} is set to a value which gives a mean stratification
for the staircase equivalent to a region with constant
stratification N2:

N — N2 Mo (8 — a)r 0

Nmax OF

(37)

This allows for comparison between a stratified layer and semi-
convective region. Note that if §=1, the profile is adjusted
such that the final step is not included at the planetary radius
(0 < n < nmyx — 1), and N is adjusted to maintain the mean
stratification.

Finally, the formulation in Equation (36) can also be used to
represent a stratified layer at the metallic-molecular transition
zone, where instead of multiple steps we consider one wide
step in the transition region,

N2(r) = NTOZ(I + cos (27‘(%)) lr— 08 < %’ (38)

0 otherwise,

and

N = 1\72M' (39)
or
This single step can be used as an isolated stable layer
embedded within a convective medium. The choice of N, to
compare with a stratified layer across the entire domain is
somewhat arbitrary as it is not insightful here to make
comparisons between these quantities.

In our model, we have adopted a single density variable b
with a single “thermal diffusivity” x to model our density/
entropy stratification for simplicity. If compositional gradients
are important (or even dominant) then in reality the density
should consist of two distinct components (thermal and
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Figure 1. Left panels: illustrative examples of the entropy profile and Brunt—Viiisili frequency (N?) for both a continuously stratified layer and semi-convective layers.
In both cases there is a solid inner core that extends to ary, an outer core containing stable stratification extending to (Ory, and a planetary radius ry. Right panels:

examples of the numerically smooth profiles used.

compositional) which diffuse at different rates. This is indeed
what is required for double-diffusive convection to occur in
giant planet interiors and to produce a layered /staircase density
structure (e.g., Garaud 2018). In our model this could be
accounted for by having two different buoyancy variables with
different associated diffusivities (e.g., Moll et al. 2017, who
estimate the compositional diffusivity to be comparable with
v~ 102k in Jupiter). It would be worthwhile to explore such
double-diffusive effects in future work to determine their
effects on the dissipative tidal response.

2.5. Frequency-averaged Dissipation

Although the response to tidal forcing is known to be
strongly dependent on the forcing frequency (e.g., Ogilvie &
Lin 2004; Fuller et al. 2016; André et al. 2019), to fully explore
the system’s dependences on the parameters and functional
form of the stratification profile it is helpful to define a quantity
that gives a quantitative measure of the dissipation that can be
compared as the parameters are varied. We consider a
frequency-averaged dissipation as a measure of overall
dissipation (Ogilvie 2014),

— Wmax D(OJ)
D= — dw. 4
fw 2 dw (40)

min

This gives more emphasis to the lower frequencies, which are
expected to be more significant when considering a tidally
forced system. We take a small nonzero limit for the lower
bound of the integral numerically, found by checking for
convergence of the results. Unless otherwise stated, wpax 1S
taken to be N. This allows analysis of the low-frequency
regime without results being quite as dominated by the surface-
gravity (f~mode) behavior. Removing the surface-gravity mode
and this limit and the % weighting is appropriate to study
planet—satellite systems, where we expect the frequencies of
tidal forcing to be small compared to the dynamical frequency
of the body. Other weighting factors could be used for the
frequency-averaged dissipation instead of i', such as the %
weighting used in Ogilvie (2013). However, we found it does
not alter our overall conclusions so choose to present results for
this weighting only.

2.6. Comparison to a Simple Harmonic Oscillator

Parallels exist between the response of a body to a tidal
potential and that of a forced, damped, simple harmonic
oscillator. For this reason, a simple harmonic oscillator is often
used as an analogy for a planet—-moon system and is helpful for
understanding some of our later results. Considering a forced,
damped, simple harmonic oscillator for a quantity a(f) with a
single resonant frequency wy, we can write

2
da + w%a = Fcoswt — ewo@, 41)
dr? dt

where F coswt is the forcing and fwofl—a is the damping. By
t

considering a solution of the form Re[d e~*], dissipation can
be shown to be

da'\?
D = 6(—) wp ) X
dt
This exhibits a resonance at w = =+ wy, and if we consider the
dissipation at these frequencies, we find

Dinax o< L P (43)
EwWo

ewow?

. 42
(w(z) —w?)? + ezw%wz (42)

showing there is a clear inverse relationship between the
damping rate, €, and the peak dissipation.

We define the edge of a peak to be the frequency at which
the dissipation has decreased to half the maximum peak height.
The frequencies either side of +wy where this value is reached
are

w+’%:%(i€+ Ner 4+ 4), (44)

and similarly for —wjy. Therefore, the half-width of the peak A
when € < 1 is approximately

A = ew, (45)

showing there is a linear relationship between damping rate and
peak width. We refer to these two relationships when
discussing our findings in Section 3.
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2.7. Eigenvalue Problem

It is informative to see how the dissipation patterns
correspond with the expected free modes of the system.
Although we gained some understanding of the possible free
modes for the inviscid case in Pontin et al. (2020), we can also
examine these by considering the numerical eigenvalues of the
dissipative system.

To do this, we consider the unforced case where 5 =0,
which becomes the following generalized linear eigenvalue
problem  with  eigenvalue  (—iw), described by
Equations (16)—(19) with ¥y =0 and with the same boundary
conditions. This is then solved using an inbuilt MATLAB
linear algebra routine, to give the eigenvalues (—iw) and the
corresponding eigenvectors for u, p, and b. We can then
consider the Re[w] and Im[w] parts separately as they are the
frequency of the mode and the associated damping rate,
respectively. We use the iterative eigs method to scan the
relevant frequency range to reduce computing requirements.

2.8. Numerical Method

We solve the system of ordinary differential equations in
radius, Equations (16)—(19), for each [ using a Chebyshev
collocation method, where the ordinary differential equations in
r are converted into a linear system of equations on a
Chebyshev grid (Trefethen 2000; Boyd 2001).

The angular dependence is handled by employing spherical
harmonics; here we focus on [ =2, and note that different [’s
are uncoupled in our linear calculations without rotation. We
consider points in radius as a set of (ne,ep + 1) Gauss—Lobatto-
Chebyshev points. The value of ng,e, varies with choice of
density structure and parameters, but we typically take
Heneb = 100—400. These are an appropriate choice of basis for
many nonperiodic problems and have been shown to have good
convergence properties. In particular, spectral methods such as
this converge exponentially fast with resolution nge, for
smooth solutions (Boyd 2001).

The resulting linear algebra problem is solved using the
inbuilt MATLAB routine ‘“mldivide,” where matrices are
stored in sparse form to reduce the numerical memory
requirements. The solutions for u, p, and b can then be used in
Equations (30) and (31).

3. Results

Having established the framework for our numerical work,
we now consider the numerical and analytical results for the
case of a nonrotating body. This will allow us to gain an initial
understanding of the system with reduced numerical cost, and
complementary analytical calculations. We will discuss the
basic properties of our system before considering how the
dissipative properties depend on the model’s key parameters,
and discuss the implications for astrophysical tidal evolution.

3.1. Outline of the Key Features

First, we summarize the overarching trends that we observed
when evaluating the frequency dependence of the viscous,
thermal, and total dissipation, defined by Equations (30) and
(31). We know from previous studies, both with and without
rotation, that the magnitude of the dissipation has a strong
dependence on the forcing frequency (e.g., Ogilvie & Lin 2004;
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Ogilvie 2009; André et al. 2019) and indeed we find this
again here.

Ilustrative examples for three different profiles are shown in
Figure 2, where we can see a strong frequency dependence.
This shows viscous (Dyis), thermal (Dgperm), and total
(Dyisc + Diherm) dissipation rates as a function of the forcing
frequency (w). The eigenvalues for the frequencies of the free
modes have been found using the methods described in
Section 2.7. These are shown by the purple squares, and we
plot the frequency of the mode (Re[w]) on the x-axis and the
damping rate (Im[w]) on the y-axis. The green crosses show the
analytical calculation for the frequencies of the g modes, as
derived in Appendix B. Circles show the analytical calculation
for the frequencies of the f mode, as derived in Appendix C.
For all analytical results the y-axis values are arbitrary.
Dissipation, D, is measured in units of porgw?,, and w is
shown in units of w, In all three cases we have fixed the
following parameters: inner core o = 0.1, mean stratification
N = 1, diffusivities v=x = 107%, and Pr = 1.

Figure 2(a) is an example of a fully stratified interior, where
a stably stratified layer with constant buoyancy frequency
N = 1 extends from the solid inner core all the way to the
planetary radius, described by Equation (34) with 5=1 and
N = 1. Figure 2(b) similarly contains a uniformly stratified
region, however in this case it extends to half the planetary
radius (3= 0.5). Finally, Figure 2(c) has a stratified layer that is
equivalent to that shown in Figure 2(b) but with a staircase
structure as described by Equation (36) with 3=0.5. In this
case, we consider also steps =3 and ér = 0.06. In these (and all
following nonrotating) cases we only show positive frequencies
as the results are symmetric about w=0, D(w)= D(—w),
leading to no further information when considering negative
frequencies.

In all three cases we observe many tall narrow peaks of
enhanced dissipation that occur over an extended frequency
range. We note that the locations and magnitudes of these
peaks vary considerably between these three examples. This is
due to the strong link between the stratification profile and the
properties of the modes, something we explore further in this
section. This is carried out by examining the peaks and trends
in dissipation, as well as comparisons to both the eigenvalue
solutions from Section 2.7 and analytical calculations for the
modes from Appendices B and C.

Our problem with uniform stratification is clearly very
analogous to the tidal excitation of gravity waves in the
radiation zones of solar-type stars by short-period extrasolar
planets or in stellar binary systems. In particular, prior work has
studied the tidal excitation of global g modes (e.g., Goodman &
Dickson 1998; Terquem et al. 1998) in these stars, which share
many qualitative properties with those in our model. In
particular, the idea that there is efficient dissipation at specific
g-mode resonant frequencies according to linear theory is
exactly what we show here, and the idea of resonance locking
in evolutionary scenarios has also been discussed (e.g., Witte &
Savonije 2002). In addition, the occurrence of a possible low-
frequency traveling-wave regime has also been discussed in
these stars (e.g., Goodman & Dickson 1998; Barker &
Ogilvie 2010), where it is primarily motivated by nonlinear
effects such as wave breaking. We will elaborate on some of
these connections further below.
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Figure 2. Illustrative examples of the dissipation as a function of frequency
together with eigenvalue solutions and analytical calculations for two
cases considering uniform stratification (panels (a) and (b)), and one
considering semi-convective layers (panel (c)). The y-axis values for
analytical results are arbitrary and those for the eigenvalues are the
associated damping rates.
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3.1.1. Uniform Stable Stratification Extending to the Planetary Radius

We look first at Figure 2(a), in which we are considering
uniform stable stratification with N> =1 throughout, which
allows for internal gravity waves (g modes) to be excited and
subsequently dissipated. These appear as a regular, discrete set
of peaks, visible at frequencies less than N, in agreement with
the expected range for internal gravity waves. The purple
squares are the frequencies found from the corresponding
eigenvalue problem, where the x-axis is the frequency of
oscillation Re[w] and the y-axis is the magnitude of the
damping rate of the mode | Im[w]|; note all modes are stable, as
expected for N2 > 0. We see very good agreement between the
eigenvalue solution and the sharp resonant peak, and a clear
increase in damping rate as the forcing frequency decreases.
This corresponds with the clear decrease in peak height and
increase in width, in agreement with our expectations based on
the forced, damped, simple harmonic oscillator discussed in
Section 2.6. The green crosses, which represent the analytical
prediction of the internal gravity-mode frequencies, also agree
well with the dissipation peaks. The slight discrepancies are
expected due to neglected factors in the analytical calculation
(viscosity, thermal diffusivity, and the departure from the free-
surface condition by the use of solid-wall boundary condi-
tions). The discrepancies are more significant at higher
frequencies, although these solutions have a larger character-
istic wavelength and are therefore less affected by viscosity;
they are more affected by the free-surface condition, which has
a larger contribution to shifting the mode frequency. In this
case, we do not have a straightforward value for the damping
rate as dissipation was neglected to allow for analytical
solutions, therefore the y-axis value is arbitrary.

To understand the mode properties further, we look at the spatial
structure of the solutions at a given frequency. Figure 3(a) shows
the forced response for the uniform case shown in Figure 2(a) at a
frequency of w=0.1474, well within the range characteristic of
internal gravity waves (w < N). We observe a series of
oscillations in r, characteristic of an internal gravity wave, where
the number of nodes (and corresponding wavelength) is frequency
dependent, with wavelength decreasing with decreasing frequency.
Figure 3(b) shows the solution at w = 1.565, also for the model
shown in Figure 2(a). This is the surface-gravity (f-mode)
response, introduced because we are using the free-surface
boundary condition at the planetary surface. It corresponds to the
large peak around w = 1.5, approximately w = wy Je with 1=2.
This is the expected location of the surface-gravity mode for a
homogeneous body, neglecting self-gravity, with /=2 (Barker
et al. 2016). The mode has been shifted to a higher frequency due
to effects of both the finite core size and stable stratification.
Analytical approximations incorporating both of these shifts are
provided in Appendix C and are plotted on Figure 2(a). The shift
due to a stably stratified interior is shown by the blue circle and can
be seen to agree well with the resulting resonance; the shift due to a
finite core size in this case is far less significant than the shift due to
stratification and therefore can be neglected. The shape of this
response for u, is characteristic of a Y spherical harmonic shape,
which can be identified by the single zero crossing in 6, as the
number of zero crossings is equal to [ — |m).
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3.1.2. Uniform Stable Stratification Extending to Half the Planetary
Radius

Figure 2(b), the case where uniform stratification extends to
half the planetary radius, has many similar properties to
Figure 2(a). We again see the regular, discrete set of peaks at
frequencies less than the buoyancy frequency, w < N,
corresponding to internal gravity modes, and a resonance with
the surface-gravity mode around +/2, all of which agree well
with the numerical eigenvalues. However, we can see a number
of differences, most notably in our agreement with analytical
calculations. The agreement with the analytical calculation of
the internal gravity modes (Appendix B) is worse. As we are
now considering a stratified layer beneath a convective
medium, the impact of solid-wall boundary conditions is more
significant. The frequency of the surface-gravity mode agrees
more closely with the predicted shift due to a finite core than
that of a stratified planet, which is to be expected because our
analytical calculation neglects the convective envelope. Finally,
we note that the overall magnitude of dissipation is lower; this
will be discussed further in Section 3.3.2. Further analysis of
the spatial structure shows similar behavior to the previous case
so will be omitted.

3.1.3. Staircase Structure Extending to Half the Planetary Radius

Figure 2(c) shows the dissipation in a system with a semi-
convective layer where a staircase-like density profile sits
above the core, extending to half the planetary radius, above
which we have a convective region. This is relevant as a
staircase is a potential result of double-diffusive convection in
giant planet interiors. As in the first two examples, we see good
agreement with the eigenvalue solutions (purple squares) in
both oscillatory frequency and damping rate.

The staircase we are considering has three steps and we
observe three clear corresponding peaks. These peaks align
with three internal wave frequencies of the system, which
correspond to the modes found and discussed in Pontin et al.
(2020). Figure 3(c) shows the forced solution at w = 0.4037,
where the adjacent interfaces can be seen to be oscillating out
of phase with one another, exhibiting “g-mode-like” behavior.
This mode is analogous to that of an internal gravity mode with
three interior nodes. The green crosses show the predicted
values for an equivalent uniformly stratified layer, and we can
see that although the interfacial mode peaks appear in the same
frequency range as the internal gravity modes w < N, the exact
frequency of the peaks has been shifted due to the properties of
the staircase.

Additionally, in Figure 2(c), we can see a small collection of
resonances at low frequencies, approximately near w = 0.1, an
example of which is shown in Figure 3(d). These are internal
gravity wave modes sustained by the finite width of the
interfaces. These small regions of stable stratification allow
internal modes to exist, which in turn allow wave resonances at
low frequencies. The blue crosses predict the internal gravity-
mode resonances expected to form within the finite width of the
interface (Appendix B), and can be seen to correspond to the
additional peaks observed. We expect slightly different
frequencies for each of the three steps, however here we plot
just one set for clarity.

The surface-gravity (f~-mode) response is again dominant in
Figure 2(c), however it is no longer significantly affected by the
stably stratified layer. The shift due to a finite core at « =0.1
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(red circle) predicts the location of the peak well, but the
adjustment predicted by stratification does not, due to its
neglect of the convective region from Sry to .

3.2. Low-frequency, Traveling-wave Regime

To aid understanding of our numerical results, we first
consider an analytical limit of our model. We assume that the
damping mechanism is efficient such that a wave excited at the
outer boundary that propagates inwards is fully damped before
reflecting from the core and forming a standing wave.
Therefore, we can assume that all the energy from the wave
is dissipated and equate the inward traveling energy flux with
the total tidal dissipation rate. In this model our damping
mechanism is kinematic viscosity and thermal diffusivity, and
therefore this regime applies to low-frequency waves which
have sufficiently short wavelengths.

For this approximation to hold, we consider frequencies for
which the damping timescale is shorter than the group travel
time. Details of the calculation are found in Appendix D, where
the critical frequency is found to be approximately

Werit = (1 — @) ro(v + K)(Nky))s.

Although this approximation only considers low frequencies,
this regime is potentially relevant for planetary applications if
the forcing frequency is sufficiently low compared with the
dynamical frequency of the planet, provided waves are fully
damped. This calculation is independent of the damping
mechanism so it also holds when considering other mechan-
isms such as wave breaking or critical layer absorption,
provided nearly complete absorption occurs (Barker &
Ogilvie 2010; Su et al. 2020).

Figure 4(a) shows the radial dependence of the solution at a
forcing frequency of w=0.05 for various different viscosity
and thermal diffusivity values, with other parameters kept fixed
at =01, 3=1, N =1, and Pr = 1. We can see that as
viscosity increases, as well as altering the wavelength of the
solution (see Section 3.3.3), the depth within the planet to
which the wave propagates before being absorbed is decreased.
We see that for both the » =102 (black solid) and v=10"*
(red dashed) cases, which are well below the critical frequency
(0.0717 and 0.0227, respectively) at which the waves are
absorbed before reaching the inner boundary. For the v = 10"
(blue dotted) case where we are approaching the critical
frequency (0.0717) the wave propagates most of the way
through the interior. Finally, in the v=10"% (green dotted—
dashed) case we are above the critical frequency (0.0227) and
the wave behavior extends throughout the entire domain.

As complete wave absorption has occurred, we only need to
consider the inwardly traveling component of the wave
solution, setting the outward coefficient to be identically zero.
This allows us to calculate the total energy flux in the wave and
equate it to the total dissipation. In Appendix D, we show that
if 5=1 the total dissipation is then described by

oy Nw?
20+ 1)

Figure 4(b) shows the analytical dissipation as described by
Equation (47), compared to numerical results for three cases.
All three cases have o =0.1 and S =1, and the blu_e, red, and

yellow lines are fo_r N=1and vr=k= 1074, N =1 and
v=rk=10"° and N = 5 and v=k = 10", respectively. We

(46)

(47)
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Figure 4. Comparison of the traveling-wave calculations and numerical results.
For all cases a = 0.1 and =1, and in panel (4¢c) v =k = 1074

can see when comparing at low frequencies there is particularly
good quantitative agreement between the traveling-wave
calculation (crosses) and numerical results (solid lines), where
both follow a clear w? trend with the same slope. The dashed
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lines indicate the critical frequencies below which this
approximation would be valid, and we can see that this
estimation approximately holds.

At sufficiently low frequencies we observe no dependence
on viscosity or thermal diffusivity as both the blue and red lines
agree. As we assume the wave is fully damped, the timescale
over which dissipation occurs is not then significant. By
comparing the blue and yellow lines, we can see that there is a
linear dependence on N, showing the strength of the stable
stratification does play an important role in the magnitude of
dissipation.

A similar regime for inward-propagating traveling waves
has been studied in solar-type stars (e.g., Goodman &
Dickson 1998; Barker & Ogilvie 2010), where nonlinear
effects have been proposed to be responsible. One important
difference is that in solar-type stars the frequencies of tidal
forcing are often low enough that short-wavelength traveling
waves are thought to be launched from a narrow region in the
vicinity of the radiative/convective interface. The local radial
profile of N” in this region affects the propagating energy flux
(e.g., Barker 2011). Here we have considered a constant M in
the stable layer for simplicity, but we note that the energy flux
in lower-frequency gravity waves would be affected by the
spatial variation in N* near the interface with any overlying
convection zone.

In Appendix D, we also find the frequency-averaged
(with a i weighting) traveling-wave dissipation defined by

Equation (40). When we take limits of wy,j, = 0 and wpa = N,
it is found that

5 ol o N
Dw= oo (48)
Ty I+1)
and when we take wnax = Werie and wyin = 0, we find
2. 5373 - 1 1 1
Dy = [YoPrg N3 (8 — a)2(v + k)2(I(l 4 1)) . )

4

We compare the traveling-wave frequency-averaged dissipa-
tion to the numerically equivalent calculation, using we; as our
upper integration bound in both cases. Figure 4(c) shows that
the numerical calculation agrees well with the traveling-wave
approximation, where we have a« =0.1, =1, v=x= 1074,
and we vary N. We can see that for small values the agreement
is almost exact, and only begins to deviate for N > 1. This
agrees with the departure between analytical and numerical
results seen in Figure 4(b), and is a result of the relevant
damping per wavelength decreasing as we increase N, to be
discussed further in Section 3.3.1.

3.3. Parameter Dependencies for Uniform Stable Stratification

We now consider how the key parameters in our model alter
the expected viscous, thermal, and total dissipation, by varying
each parameter in turn.

3.3.1. Varying the Strength of the Stable Stratification

The key parameter for the stable stratification is the
buoyancy frequency, N, which is a measure of the strength
of the stratification as it dictates the density/entropy gradient.
Planetary evolution models and observations give a range of
results for the properties of the stable stratification, therefore
here we explore what implications different values could have.
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Figure 5. Frequency-averaged dissipation with i weighting, as a function of

stratification strength Az for two different viscosities and thermal diffusivities.
In both cases wy,x = N and a = 0.1 and 8= 1.0.

Figure 5 shows the frequency-averaged dissipation as a
function of N showing the viscous Dij, thermal Dy, and
total Dy, frequency averages, where the integration limits
have been taken as wmi, = 0 and wmax = N. In both cases we
are considering a uniform stable stratification extending to the
planetary radius, therefore o =0.1 and §=1; however, we
consider two different values for the viscosity and thermal
diffusivity, such that Figure 5(a) is for the case v=x=10"*
and Figure 4(a) for v = x = 10~ °. At this stage, we simply note
the similarity between the two plots and discuss them
concurrently, expanding on the similarities further in
Section 3.3.3. There is a clear N3 dependence when N < 1,
which agrees with the analytical traveling-wave calculation
given by Equation (48) discussed previously. This holds
despite the change in the limit used for wyay, as in this case we
have integrated beyond the critical frequency so would not
necessarily expect complete agreement. We note that the same
trend is exhibited in both the thermal and viscous dissipation as
the resonant waves dissipate through both mechanisms. The
viscous and thermal dissipation rates are similar to within
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approximately a factor of 2 here, presumably because v =k
(we vary these parameters separately in Section 3.3.3).

Figures 6(a) and (c) show the frequency dependence of
dissipation for the cases, which when integrated give the data
for the frequency-averaged values shown in Figures 5(a) and
(b), respectively. The x-axis has been scaled by N in these
figures to allow for easy comparison. We can clearly see the
characteristic g-mode peaks that appear at a similar location in
% in each case. The first mode, located just below N, contains
one node in radius, therefore the wavelength is equal to the
layer depth. Following on from this, additional lower-
frequency modes correspond to waves with additional nodes,
which have lower frequencies and shorter wavelengths. These
exist as an infinite set of modes (see Equation (B9)), however
the first 10 have been plotted in this case. The frequency of the
internal gravity modes obtained analytically is linear in N,
therefore when plotting on the ﬁ axis the predictions lie on top
of one another. The modes of the full system clearly have a
dependence on N, and toughly speaking the N < | trends
deviate more than N > 1 cases. There are several factors in
balance here; the effect of neglecting viscosity and thermal
diffusivity is more prevalent at low frequencies and low N, and
the effect of the free surface is more prevalent at frequencies
comparable with w, and large N. It is the balance between
these opposing effects that gives the nonobvious dependence in
accuracy.

As N increases, more resonances are visible as clear peaks and
the modes appear to be narrower and sharper. Though this is
initially counterintuitive, as the eigenvalue solutions, shown by
the squares with the corresponding color, show that the damping
rate increases with IV, it can be explained by considering the
relevant timescales. If we consider the ratio of the group travel
time to the damping time, we find the following:

g _ 28— ayrok} W+ KK} (w+ ®)(B = a)ro Nk!
ty kLN 2 N

wh
(50

since w? ~ N2} /k? for low frequencies. We can see that the
ratio 1,/1t, is linearly dependent on N for fixed ratios of w/N
and therefore despite the overall damping rate (xt; ') increas-
ing, the “damping per wave crossing time for fixed w/N”
decreases, which leads to sharper and narrower peaks (though
there is a larger ¢, /t, for larger N at fixed w).

Figures 6(b) and (d) show the forced solution for u, as a
function of r for different frequencies and stratification
strengths, but note the y-axis has been scaled so all examples
can be viewed on one plot. All the cases shown are examples of
internal gravity (g-mode) waves as shown in Figure 3(a). Both
the wavelength and amplitude of the solutions are strongly
dependent on the forcing frequency and stratification. The
amplitude (not shown on these plots), depends on how close
the forcing frequency is to a resonance, where we note that
dissipation is proportional to amplitude squared.

By comparing the solid black (N = 1, w=0.1) and red dashed
(N = 1, w=0.3) lines, we can see that decreasing the forcing
frequency (i.e., ratio of %) decreases the wavelength. Each peak in
dissipation corresponds to a resonance where a multiple of half-
integer wavelengths fits within the stratified layer. This relation-
ship can be more clearly seen in the v == 10"° case as the
frequencies shown are both well above the critical frequency
(Weit = 0.072). By comparing the black solid line (N = 1,
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Figure 6. Panels (a) and (c) show dissipation rate as a function of frequency for different magnitudes of uniform stable stratification. Panels (b) and (d) show the radial
dependence of u, for the given parameters. Note the y-axis has been scaled for illustrative purposes, (N = 1, w = 0.1) x 50, (N = 1, w = 0.3) x 5,

and (N = 0.1, w = 0.01) x 500.

w=10.1) with the blue dotted line (N = 0.1, w=10.01) and the red
dashed line (N = 1, w=0.3) with the green dotted—dashed line
(N =5, w=1.5), we can see that the wavelengths are roughly
comparable for the same % Again, proximity to the critical
frequency affects the robustness of this result.

3.3.2. Varying the Size of the Stably Stratified Layer

In realistic planetary models we expect the stable
stratification would not extend all the way to the planetary
radius but sit below a convective region (e.g., Wahl et al.
2017; Debras & Chabrier 2019). It is therefore informative to
consider the consequences of varying the radius of the
stratified layer. We now consider a buoyancy frequency as
described in Equation (34) with 3=1. As our numerical
model requires a finite-sized solid core for regularity of the
solutions, we must consider a nonzero inner core size ary,

13

therefore, along with 3, we explore how this parameter alters
the results.

Figure 7(a) shows how the frequency-averaged dissipation
varies with  and 3, for N = 1 and v =k = 10"°. Figure 7(b)
shows the same parameter values, but in this case we have
calculated the corresponding volume of the stratified layer for each
pair of o and 3 values. The darker colored lines show the
dependence on « for a fixed 8= 1.0, and the lighter lines show the
dependence on S for fixed o = 0.1. When fitted, the 3 dependence
is roughly D o< 33 (see Figure 7(a)), which we note is the same as
the dependence on ry found in the traveling approximation when
considering 0= 1; see Equation (47). It is clear from Figure 7(b)
that there is a strong volume effect, for which total dissipation
decreases as the volume of the stratified layer decreases. However,
as these results found in Figure 7(b) do not show a strictly linear
relationship, there are additional dependencies on « and (3 that are
independent of the volume of the layer.
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This result is due to a combination of factors altering the
amplitude of the forced response, which can be related to the
rate of dissipation. First, the waves are launched from the outer
edge of the stratified layer at Ory and propagate inwards. The
initial amplitude of the forced wave depends on this radius and
decreases as 3 decreases. However, for standing waves the
amplitude increases as the wave propagates inwards, leading to
larger rates of dissipation close to the inner core.

The frequencies of the internal gravity modes depend
strongly on « and (. This is expected as the resonant
frequencies depend on the half-integer wavelengths that fit
inside the stratified layer, as shown by Equation (B9). The
solutions for a forcing frequency of w=0.1 are shown in
Figure 8(b), where the differences in wavelength are clear. The
green dashed line shows the case where the stratified layer only
extends to half the planetary radius, where the wave-like
behavior can be seen to be confined to the stratified region and
not persist in the convective region, in which the solution is
evanescent.

3.3.3. Varying Viscosity, Thermal Diffusivity, and Prandtl Number

The interiors of giant planets are, like most astrophysical
fluids, expected to consist of regions of low viscosity, thermal
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Figure 8. Panel (a) shows total dissipation rate as a function of frequency for
various « and (3 values. Panel (b) shows the radial dependence of u, for given
parameters.

diffusivity and Prandtl number. It is often numerically
unrealistic to carry out studies in this parameter regime as the
time and length scales required to be resolved are extremely
small. For the purposes of our calculations, this means we
would require very high radial resolution to resolve tidally
forced waves with realistic planetary properties. Therefore,
studies like ours must focus on parameter values that are more
numerically achievable. In this section, we also consider
numerically convenient values, which allows us to explore the
likely trends in dissipation rates.

Initially, we consider cases with a constant Prandtl number,
while varying viscosity v and thermal diffusivity « simulta-
neously. In Figure 9(a), for which a = 0.1, 6= 1.0, and N =1,
we see the frequency-averaged dissipation has little depend-
ence on viscosity and thermal diffusivity. This is a useful result
on average for planetary applications, since realistic parameters
are likely to be far from those considered here. This means that
the overall frequency-averaged dissipative properties are
insensitive to diffusivities, even if the dissipation at a given
frequency is strongly dependent on these values.
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This can be explained by considering the low-frequency and
mid-frequency regimes separately. For frequencies sufficiently
low that the traveling-wave approximation is valid (see
Section 3.2), the result is found to be independent of damping
mechanism and therefore each of v, k, and Pr. To consider the
mid-frequency range where resonant peaks are clear, we refer
back to the analogy of a forced, damped harmonic oscillator
discussed in Section 2.6. There we established that the width of
the peak was proportional to the damping rate and the height of
the peak inversely proportional to the damping rate. Therefore,
upon integration, they have counteracting effects on the
frequency-averaged dissipation; this is confirmed in
Figure 10(a), where these effects are visible. Although the
point at which we transition into the traveling-wave regime
varies considerably, this has no effect on the overall results.

In Figure 10(a), we also observe the effects of viscosity on
internal gravity-mode frequencies is very small, being
unobservable on these plots. Instead, the mode frequency is
strongly dependent on the location and strength of the stable
stratification, which is kept constant across these cases.

Figure 10(b) shows the radial dependence of u, at a tidal
forcing frequency of w=0.1 for different viscosities and
thermal diffusivities with a fixed Prandtl number Pr = 1. At
this tidal forcing frequency we are below the regime in which a
discrete set of resonances are visible at all but the lowest
viscosity, and it is clear in the case of the largest viscosity that
we are in the traveling-wave regime. We observe that, although
the integrated dissipation is independent of viscosity, the spatial
structure of the response, like the frequency-dependent
dissipation, is sensitive to viscosity and thermal diffusivity.

Turning our attention now to varying the Prandtl number,
Figures 9(b) and (c) show the frequency-averaged dissipation
as a function of Prandtl number. We consider two cases, one of
fixed viscosity » = 10~® and the other fixed thermal diffusivity
% = 1072; both cases again fix a =0.1, 3=1.0,and N = 1 as
before. We find the integrated dissipation Dy, has very little
dependence on Prandtl number and the main consequence of
decreasing Prandtl number is the subsequent decrease in the
ratio of D, t0 Dyer; We also note the similarity between the
figures despite the significant variation in total diffusivity
v+ k. Looking at the frequency dependence in Figures 10(c)
and (d), we see the width and height of the resonant peaks also
exhibit the behavior of the forced, damped harmonic oscillator.

3.4. Parameter Dependences for Semi-convective Layers

As it is possible that stratified layers in giant planets could be
unstable to double-diffusive convection, leading to the
presence of staircase-like density structures, we now consider
how semi-convective layers can alter the measured dissipation.
Instead of a uniformly stratified medium, we now consider a
series of convective steps with stably stratified interfaces, as
described by Equation (36), which have an equivalent mean
stratification to a uniformly stratified layer of equal depth.

3.4.1. Convergence with Step Number

Shown in Figures 11(a) and (b) is the frequency-averaged
dissipation as a function of step number for cases in which the
staircase extends across the entire depth of the planet. In both
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Figure 10. Panel (a) shows total dissipation as a function of frequency for different viscosities and thermal diffusivities with Pr = 1. Panel (b) shows the radial
dependence of u, at a forcing frequency of w = 0.1 for the given parameters. Panels (c) and (d) show the viscous and thermal dissipation, respectively, for v = 1075,

cases, we fix a=0.1, B=1, N=1,and v=K = 1076, but in
Figure 11(a) the width of each interface is fixed, and in
Figure 11(b) the total width of all interfaces is fixed with the
height of the peaks adjusted accordingly. Although it is likely that
a staircase structure does not extend all the way to the planetary
surface, we have considered =1 in these cases to reduce the
required radial resolution, allowing us to consider cases with a
higher step number while keeping numerical demand low. In both
cases the total dissipation Dy, for the equivalent uniformly
stratified case has been plotted (black dashed line).

Although for very low step numbers these cases exhibit
slightly different trends, where the total dissipation is larger
than that of a uniformly stratified layer, the total frequency-
averaged dissipation very quickly converges to that of the
uniform stratified layer. The initial rapid increase of the
dissipation as we go from one to three steps is presumably
related to the outer interface moving closer and closer to the
surface with increasing step number (where the non-wave-like
tidal response in the outermost convective region is larger in
amplitude, leading to more efficient wave excitation). There is
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large uncertainty in the number of steps that could form, and it
is likely to evolve with time as they merge (Wood et al. 2013;
Belyaev et al. 2015); however, this suggests that unless there
are very few layers the staircase will act similarly to a
uniformly stratified medium on average (in our nonrotating
model), although the details will depend on the frequency of
the tidal forcing.

The frequency dependence of the dissipation for different
step numbers is shown in Figures 12(a) and (b) for fixed step
width and fixed total step width, respectively. We see
additional peaks arising with increasing step number and
observe internal gravity-mode resonances at low frequencies.
These short-wavelength modes have formed within the finite
widths of the interfaces; with fixed step size they occur for
w < 0.2, and have little contribution to the frequency-averaged
dissipation. However, with fixed total step width they occur at
much higher frequencies (w < 0.5 in steps =1 case). This is due
to the large interface width in the case of a single layer,
allowing for internal gravity waves with comparably large
wavelengths to form.
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Figure 11. Frequency-averaged dissipation as a function of the number of steps
in a staircase, fora =0.1, 3=1.0,N = l,and v =k = 107°.

3.5. Varying the Strength of the Staircase Stratification

Similarly to the uniformly stratified case, we now consider
how the frequency-averaged dissipation depends on the
strength of the stratification in Figure 13(a). We see the trend
found in Section 3.3.1, and the agreement with the traveling-
wave calculation (shown here as Dtw) holds here also as the
staircase-like structure behaves like a uniform medium on
average. This suggests that the results discussed there are also
relevant here, and looking at the dissipation profile in
Figure 13(a) we see the same narrowing of peaks as
stratification strength increases. The notable difference between
these cases is the behavior of the g modes within the interfaces.
Resonances with these modes increase significantly with
stratification, and in fact even with only moderate stratification
(N = 5) they have magnitudes comparable to the interfacial
modes, and therefore contribute significantly to the frequency-
averaged dissipation.

17

Pontin, Barker, & Hollerbach

104 - - - - - -
steps =0
—— steps = 1

steps =5
steps = 13 i
O  eigenvalues

N

— — —— Constant

104 r - = - - :
——steps =0
——— steps = 1
steps =5
102 F steps = 13 1
O  eigenvalues
— — —— Constant N i
I
100 k = 4
1

e T

a q afl
102 B A

I W\ \ /
//’ | ﬁ\‘_/ D\\’/ \\B // ~
1074 F X =
A \~ s 7————
/ gl
108 Y/ / ]
0 0.2 0.4 06 0.8 1 1.2
w/N
(b) 3 ér = 0.54
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3.6. Isolated Stable Layer: Helium Rain Layer

Having explored a stable layer just outside the core, we now
consider an isolated stable layer near the transition region between
the metallic and molecular regions, potentially caused by helium
rain (e.g., Stevenson & Salpeter 1977; Nettelmann et al. 2015).
We use Equation (36) to describe a single wide step (6r =0.1) to
represent an isolated transition layer. In Figure 14(a), we show
total dissipation (D) for cases where N = 1, v=rx = 107°, and
a=0.1. The location of the wide interface is varied using [,
which here represents the center of the layer. We see the large
surface-gravity resonance about w=1.6, the single interfacial
mode (where the layer oscillates as an interface) between w = 0.6
and w=1.5, and a series of shorter-wavelength internal gravity-
mode resonances at low frequencies.
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Figure 13. Panel (a) shows the frequency-averaged dissipation as a function of
stratification strength, N, for the case of a staircase-like density structure with
other parameters fixed at a=0.1, §=1.0, steps =3, ér=0.06, and
v=r = 107°. Panel (b) shows the corresponding frequency dependence.

There are two things to note in this figure. First, the
frequency of the interfacial mode depends strongly on the
location of the layer 8, which could have consequences when
considering observations of mode mixing or the possibility of
resonance locking (Fuller 2014; Fuller et al. 2016; Dewberry
et al. 2021). Second, the amplitude of the interfacial and
surface-gravity-mode peaks decrease in height as the layer
moves outwards while the internal gravity waves peaks
increase in magnitude. Figure 15 shows the frequency-
averaged dissipation, and we can see in panel (a), where the
upper frequency limit has been taken to be wp,x = 2, that
dissipation decreases as the layer is moved outwards. However,
in panel (b), we take wm,x = 0.6 so that the integrated quantity
only includes the internal gravity wave resonances within the
step; there is an increase in dissipation. Therefore, the
importance and consequences of an isolated stably stratified
layer depends on whether the forcing frequency is close to the
interfacial mode resonance or the internal gravity-mode
resonances.
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isolated stable layer at different radii. Panel (b) shows the corresponding radial
dependence of the forced solution at different frequencies.

3.7. Gravity Profile for a Dense Core with g o IN?

So far, we have considered the gravity profile of a
homogeneous body where g o r, which is usually adopted in
the Boussinesq approximation. We do not expect a planet to be
homogeneous and we therefore consider how changing this
profile to the gravity field of a centrally condensed body affects
our results. To do this, we consider g %, which results in the
following governing equations (but we note that the surface
gravity g is still 1):

ou _ —in + %f + vV — Vi, (51)
ot Po r
% + r?u,N? = xkV?b, 52)
t

with similar changes in the boundary conditions and dissipation
rates. The buoyancy force and gravity term appear on their
own, in the same term in Equation (51), and in the absence of
thermal diffusivity the terms in Equation (52) can be
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represented similarly. Hence, we obtain identical analytical
predictions for the free-mode frequencies to the homogeneous
case, and differences in the forced response arise solely in the
buoyancy equation directly affecting thermal dissipation only.
Hence, we expect the dissipative responses to be very similar
for both gravity profiles.

Our numerical results confirm this prediction, and we find
that changing the gravity profile does not significantly alter our
conclusions. As expected, the resulting velocity and viscous
dissipation remain unchanged, and only the thermal dissipation
varies. Figure 16 shows the total, viscous, and thermal
dissipation rates with the gravity profile of a dense core (solid
line) compared with that of a homogeneous body (dashed line),
where we note only minor quantitative differences.

4. Comparison to Realistic Values and Observed Tidal
Quality Factors

We have discussed a highly simplified model, and values for
tidal dissipation rates should not be taken too far out of this
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context. However, it is still informative to consider the
extrapolation of our results to compute tidal quality factors to
appreciate the astrophysical significance of our results.
Following Ogilvie (2014), the total tidal dissipation rate can
be related to the dimensionless complex Love number by

Q1 + DrolAP
877G

D = |w| Im[k" (w)]. (53)

Therefore, considering for a homogeneous fluid body that
Im[k)" (w)] = 3 and A = woroz, we can write the modified

20"
tidal quality factor:

QL+ Drglyol 3

! = |w .
Q o] 871G 2D

(54)
Therefore, using the nondimensionalization used previously,
noting that G =1 in our units, the tidal quality factor can be
written in terms of our variables as

@+ DIl 3

! = |w .
Q ] 8 2D

(55)
Since we consider a linear problem, D o 1/ and therefore Q' is
independent of tidal amplitude. Setting /=2 and |¢)y| =1, as
we have considered in our numerical results, we find

15|w|
/ — .
Q 167D

(56)

Therefore, taking our first example of a dissipation profile
shown in Figure 2(a), we can find the frequency-dependent
tidal quality factor shown in Figure 17.

In the traveling-wave regime Equation (47) gives

_ 30V6 wy

!/
Q 167 Nlw|

(57)

From this, it is possible to calculate quantities such as tidal
circularization timescales. From Barker (2020), the timescale
for circularization due to dissipation in a planet with mass M
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due to a body with mass M, is

13
LQ/(ﬂ)(M + Mz)i Po

— 58
637 \ M, M pf“n (58)
y

Te

We adopt some approximate numbers for illustration for the hot
Jupiter WASP-12b, using data taken from Exoplanet.eu (2022),
M=15M,=28 x 10" kg, M,=14M.=29x 10" kg,
Por, =2m/Q, = 1.1 days, ro=1.9R;, and Pgy, =27/w,=0.26
days. For eccentricity tides w= {2, =0.235w,, and at this tidal
frequency Figure 17 gives Q' ~ 10 and Equation (57) predicts a
similar value if we assume the traveling-wave regime. Thus, we
obtain

T, = 3.92 yr, (59)

which shows very efficient tidal circularization is possible with
the excitation of internal waves if the planet is stably stratified
throughout a significant portion of its radius with N ~ w;. If
instead only a fraction 3~ 0.5 of the planet is stably stratified,
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we would expect the timescale to be larger by a factor of
BS ~ 32 (based on Section 3.3.2), which would still predict
very efficient dissipation for WASP-12b. In this case, the
traveling-wave regime is highly likely to be initiated by
nonlinear effects such as wave breaking (e.g., Barker &
Ogilvie 2010) rather than thermal diffusion or microscopic
viscosity, as dimensionless tidal amplitudes are very large in
ma (ro

WASP-12b (we have s

likely to be nonlinear). Note that the dissipation rate in the
traveling-wave regime is insensitive to the damping mechanism
(and microscopic diffusivities) as long as the waves are
efficiently damped.

We would also predict smaller planets such as hot Neptunes
to circularize very rapidly due to stable layers with a similar
calculation: using M= 10%° kg, rop=2.46x 107 m,
M=2x10" kg, and P, =5 days gives 7,~ 3.6 Myr if
Q' ~ 100, as would be predicted by Equation (57) or Figure 17
for tidal frequencies w =2 0.022w, if N ~ wy.

Similarly, following, for example, Barker (2020) for the
timescale of outward orbital migration of a moon from an
initial orbit with semimajor axis a to an orbit with semimajor
axis 2a due to dissipation inside the planet, we find

, 5
g {)z)
Qo \ My J\ 1o

where we have assumed € a2 and constant Q. Using
values for Io and Jupiter taken from the Jet Propulsion
Laboratory (2022), M =M,;=1.90 x 10*" kg, M,=28.93 x
10 kg, ro=R,;=6.99 x 10* km, a=4.22 x 10° km, and
assuming a rotation period 27/ =10hr, we find a tidal
frequency w =2(2 — ,) ~ 0.44w,. For such values Figure 17
gives Q' € [10, 10?], and Equation (57) would predict Q' ~ 3
(if the traveling-wave regime applies). If we assume Q' = 10,
we find

3
) ~ 0.05, so the waves are highly

_ 4

= 25
117(

(60)

Ta

Ta &= 4 Myr. 61)

If applicable, this mechanism is therefore sufficient to have
played a major role in the evolution of the Galilean moons
(e.g., Lainey et al. 2009, 2017). Although such efficient
dissipation rates would require large portions of the planet to be
stably stratified, this calculation indicates the potentially huge
importance of such layers on tidal dissipation rates. On the
other hand, if the traveling-wave regime does not apply, then it
should be noted that in linear theory much weaker dissipation
rates would be predicted in between the discrete resonances if
we were to adopt realistic (computationally inaccessible) values
of v and k. We will consider a more realistic model
incorporating rotation in a subsequent paper (following
Pontin 2022).

5. Conclusions

We have used a combination of analytical and numerical
approaches to explore how stably stratified layers affect tidal
dissipation rates in planetary interiors. Our numerical calcula-
tions consider dissipation of internal waves through viscous
forces and thermal damping excited by realistic tidal forcing,
but we have adopted the Boussinesq approximation to allow
more detailed understanding. We represent uniform stably
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stratified layers that extend to a specified radius, or a staircase-
like density structure that might be produced by double-
diffusive convection, by a numerically smooth profile.

As expected from previous studies (e.g., Ogilvie &
Lin 2004; Ogilvie 2009; Fuller et al. 2016; André et al.
2019), the dissipation rate is observed to be strongly frequency
dependent, with clear resonances with the free modes of the
system. In this nonrotating case, when considering uniform
stratification we observe internal gravity modes, resonant
within the width of the layer. For a staircase-like density
profile, we observe interfacial modes as well as short-
wavelength internal gravity modes that form within the width
of the interfaces. In both cases, we observe a large resonance
with the surface-gravity mode at the planetary surface. We
found good agreement with both the oscillation frequency and
damping rate with the numerical eigenvalue problem and with
analytical calculations of the free modes, consistent with
studies of the nondissipative system (e.g., André et al. 2017;
Pontin et al. 2020).

We quantify the dissipation using a frequency-averaged
quantity as a way to determine the overarching trends as the
parameters are varied. Using this quantity, we establish that the
dissipation rate is strongly dependent on the stratification
strength N, and depends on radius of stratification as oc(’.
These results agree with the corresponding analytical calcula-
tions in the traveling-wave regime. We found the integrated
dissipation rates to be largely independent of viscosity and
thermal diffusivity, despite the differences in the frequency-
dependent profiles. This is a useful result as our parameter
values necessarily lie outside the range of realistic values due to
computational constraints. This is also in agreement with the
analogy with a damped harmonic oscillator for higher
frequencies, where we established that the peak width is
proportional to the damping rate and peak heights are inversely
proportional to damping, resulting in counteracting effects in
the integrated quantity.

When comparing a staircase-like profile with an equivalent
uniformly stratified layer, we found that provided there are a
sufficient number of steps (a few) the staircase acts like that of
a uniformly stratified layer on average. However, the presence
of a staircase does alter the frequency-dependent dissipation,
particularly in frequency ranges containing resonances, so it
could impact the dissipation rate significantly depending on the
tidal forcing frequency. When considering the case of an
isolated stratified layer near the molecular—metallic transition
region, we observe a large resonance corresponding to a single
interfacial mode. This can have a significant contribution to the
overall dissipation rate, and due to the magnitude of this single
resonance could have an impact for resonance-locking
scenarios (Fuller et al. 2016). The stable layer also supports
short-wavelength internal gravity waves leading to low-
frequency resonances that contribute to the dissipation rate.

Overall, we found that stable stratification, whether a
uniform layer, a staircase-like structure, or a helium rain layer,
can contribute to the dissipation rate by the introduction of
additional resonances into the system. Even in cases where the
contribution to the integrated dissipation quantity is low, the
properties of the stable stratification can have a strong effect at
particular frequencies, which if sufficiently close to those of the
tidal forcing could have important implications for tidal orbital
and spin evolution (similarly to the case of tides in radiation
zones of stars; e.g., Goodman & Dickson 1998; Terquem et al.
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1998; Barker & Ogilvie 2010). We have crudely estimated the
resulting tidal evolutionary timescales due to dissipation in
such extended stable layers, finding that this mechanism could
provide a crucial contribution to tidal dissipation rates in solar
and extrasolar planets, including those that range from the
masses of Neptune to Jupiter, which should be studied further.

5.1. Future Outlook

This paper has focused on a very simplified nonrotating system
to reduce numerical demand and allow for comprehensive
analytical and numerical analysis of internal waves. However,
Coriolis effects will have implications for tidal dissipation in giant
planets, through the inclusion of inertial and gravito-inertial waves
(e.g., Dintrans et al. 1999; Rieutord 2009; André et al. 2019).
Previous studies show that tidal dissipation in convection zones
primarily occurs through the excitation and dissipation of inertial
waves (Ogilvie & Lin 2004; Wu 2005a, 2005b; Favier et al.
2014). We will present an analysis incorporating rotation in a
follow-up paper (building upon Pontin 2022), and we note the
wider community has also begun to explore this problem recently
(e.g., Dewberry 2023; Lin 2023). It would also be of interest to
separate the thermal and compositional contributions to the
buoyancy and to study whether double-diffusive effects could be
important in the tidal problem (beyond motivating our density
profiles).
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Appendix A
Viscous Dissipation

It can be informative to separate the viscous dissipation into
two components: the viscous dissipation occurring in the bulk
of the fluid, and the normal viscous flux through the boundary.
Considering the momentum equation stated in Equation (1) and
using index notation, we write

6ll/t,' = bg,- + 81'0',:/', (Al)
where 0; = —(p + )0 4 2vey;, is the total stress tensor for an
incompressible Newtonian fluid and e;; is the strain-rate tensor
defined later. When taking the scalar product with u; and
making use of the product rule, we find

%&Miui = bu;g; + Oj(oyu;) — 0;;0;u,. (A2)

The strain-rate tensor for an incompressible Newtonian fluid is
(Acheson 1990)

ej = %(&uj + 8jul~), (A3)
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therefore, by noting that by definition e; = e;; and by extension
0;; = 0j;, using Equation (A3), we find

cr,-jeij = or,jﬁiuj. (A4)
Using this result in Equation (A2) gives
1
E&uiui = buig; + 9j(oyu;) — oyey. (A5)

Therefore, by expanding using the definition of o;; in the last
term,

1
Eatuiui = buig + 0j(oyu;) + (p + Y)ei — 2veje;.  (A6)

By noting that e;; = 0 as we are considering an incompressible
system, where V -4 =0, and by expanding all terms, we find

1
Eatuiui = bu;g; — 0i(p + V)oju; — 2v0eu; — 2veyey;,
(AT)

and taking the volume integral (as in Section 2.3), the
following energy balance can be found:

dEx _ _ dEpe
dt dt

+ 21/(%3 €ju; - ﬁj das — f €ij €j dV).
Vv

The viscous dissipation term is separated into two components.
One corresponds to the dissipation within the fluid (the
volume-integrated component) and is as calculated in Equation
(31) of Ogilvie (2009). The other is the normal viscous flux
through the surface (the surface integral term). We can now
establish an additional balance in the system as it can be shown
numerically that the normal viscous fluxes balance the pressure
integral, and the bulk viscosity component balances the
injection term (involving 1)) in the absence of buoyancy forces.

— Dier — $.(p + V) Gui; dS

(A8)

Appendix B
Analytical Calculation of g Modes

The frequencies of the internal gravity (g-mode) resonances
in a uniformly stratified medium with constant N* can be
analytically calculated, given suitable approximations. To
allow for straightforward analytical results, we neglect
viscosity and thermal diffusivity and consider solid-wall
boundary conditions. Neglecting diffusion is valid if the group
travel time for such (equivalent traveling) modes is signifi-
cantly larger than the viscous/thermal damping timescale.

We may reduce our system to that used in Pontin et al.
(2020), where the governing equations become

d*,  4dS N2\1d+ 1)
L2 - — —-21& =0, (Bl
dr? r dr w? r? & ®B1)
which can be solved to give
& = Ar’ + Bri, (B2)

where

3 1 V2

N
)\i_—E:I:E\/l-Fél-(l—F)l(l-l-l)- (B3)
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. . ou
Here we are using displacement, & = a—, where &, denotes the
t

radial component. B
We are considering N2 > 0 and therefore consider oscilla-
tory solutions with complex A.. The critical value for w that
bounds the internal gravity wave regime is found to be
2
W< ANl + 1) -
410+ 1) + 1
Defining A; = Im[A] and A, = Re[\], the solution for
displacement, &,, can instead be written in the form
fr — Ar)\,.ei)\,-ln(r) + Br/\,e—i/\iln(r). (BS)
We then apply solid-wall boundary conditions at either end of
the domain:

(B4)

§=0

This departs from the boundary conditions used in the
numerical calculations but maintains simplicity in the analytical
calculations with little effect on the final result when w? < w3.
These combine to give

r = ary and r = Sro. (B6)

—erin(Gro)=2In(arg) 4 p—=iXiln(Gro) — (), (B7)
from which it follows that
2\ (In(Bro) — In(ary)) = 27n, (B8)

where n is an integer, from 1 to co. The final dispersion relation
for the frequencies given is therefore

W 41(I + 1)N?(In(Bro) — In(arp))? .

(21 + 1)>(In(Bro) — In(arg))? + 47n?

(B9)

Appendix C
Analytical Calculation of f Modes

To quantify the variation in frequency of the surface-gravity (f-
mode) resonance on the parameters of the system, it is helpful to
analytically compute these mode frequencies. As in Appendix B,
we neglect the viscosity and thermal diffusivity to recover the
system used in Pontin et al. (2020). However, in this case we
consider instead the equation for the pressure perturbation,

2 2
d_p+gd_p_(1_N_)l(l+1)

—p =0, C1
dr? rdr 2 2 P D

w r

and include the free-surface boundary condition. This can then
easily be solved to find
p = Arts + Bri-, (C2)

where

1 1 N?
by = e +1=—=F=— (1 +4|1 - —|IU+1). (C3)
2 2 w?

Using the relation fi_p = w2(1 - N—j)f,_, we can find the radial
r w

displacement to be

2
w2(1 — %)

(e Arts=! 4 e Brie=h, (C4)



THE ASTROPHYSICAL JOURNAL, 950:176 (25pp), 2023 June 20

We use the same boundary conditions as in Section 2.2, no
radial displacement at the core, and a free surface at the
planetary radius. Therefore, with ry=1 these two conditions
can be combined to give

wg

[ -
w2_N2

e
M

(hy — pate=i), (C3)

GM

where w; = ./—-. We consider this in different cases to
o

predict the location in frequency of the f~mode peak, in each
case taking the positive complex solution.

First, we consider the case with no core and no stratification,
N=0 and «=0, and recover the expected limit
(Barker et al. 2016)

2

w? = WAl (C6)

If we consider the case in which there is a stratified layer and
no inner core, N = 0 and o =0, we obtain

w? = %(N2 — Wi+ \/N“ — 2N 4+ (1 + 2D%4). (CT)

Taking the limit in which there is a fully convective layer with
a finite core size, N=0 and a = 0, we find

a 20+ _q

wr=wil+ 1) (C8)

%afz(lﬂ) +1

The final case in which N=0 and a =0 can be calculated
using symbolic algebra packages (e.g., Mathematica). The
frequency predictions in this case are plotted on some figures,
but we do not show the expression here because it does not
reduce to a simple form.

Appendix D
Analytical Dissipation in the Traveling-wave Regime

For a sufficiently low-frequency tidal forcing w? < w?3, such
as those that would be expected in some tidal applications, the
forced waves will be damped before they reach the inner core
and form a standing mode. In these cases, therefore, the energy
of the waves is fully dissipated into the medium. Note,
although in this case we are considering the wave to be damped
by viscosity and thermal diffusivity, this calculation is
independent of the particular damping mechanism, and would
apply in any circumstance in which waves are efficiently
excited and then subsequently fully damped. For example, this
regime would also occur if wave breaking occurs due to
nonlinear effects (e.g., Barker & Ogilvie 2010). We again
neglect viscosity and thermal diffusivity and consider the
modified pressure perturbation W= p + 1) and radial displace-
ment &, to obtain

W = Arts + Bri, (D1)
1
&= — (AT 4 B, (D2)
pow?(l = )

where pi. is as defined in Equation (C3).

If we consider frequencies sufficiently low such that the
wave is damped due to viscous forces before reflecting off the
inner core and returning to the outer surface, then we can
assume that at (or just inside) the outer surface only the ingoing
component of the wave solution is nonzero. Hence, we assume
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B =0. We continue to use the free-surface condition used in
our numerical results,

Ap =0 at r=r, (D3)
which gives us
2—py
Am_ Y0 (D4)
wi
1 - po(wziNz)/LjL

The energy flux is defined using the standard definition for a
linear wave:

F=mr [ Re[—iwg, W*]sin0do, (DS)
0
where £, and W have r and 6 dependence, which here evaluates
to
r? "

F= zlm[wng 1, (D6)
where ¢, and W have only r dependence. Using Equations (D1)
and (D2), we calculate the flux close to the outer surface by
continuing to assume B=0. In reality the flux is radially
dependent, but we are just concerned about the flux just below
the outer boundary, where B =0 holds if there is no reflected
wave there. Therefore, the flux can be written as

3 Al?
j Al Im 41,170, (D7)
201 + 1) pg (W — N%)?
By substituting in A and p, and taking the limit
w? < w) ~ N2, we obtain
2,.5n7,,2
o PN 8)

NIE

As the assumption being made is such that the wave is fully
damped before reaching the inner core, we can assume that the
energy dissipated is equal to the total flux of the wave, i.e., the
total dissipation rate in this traveling-wave calculation is given
by Drw =F.

The frequency-averaged dissipation with a 1 /w weighting, in
the traveling-wave-dominated regime, is

wmax 2 5 \
Dow :f Dtw dio — [thol*rg N

w NI

Therefore, it is given by

- oo N

D =
™S Nld+

In most instances, we take Wpax = N, Wmin = 0, therefore

2,553
DW:M (D11)

NI

but if we take wmax = Werit, Where we, is defined by the limit in
Equation (46), then

f " dw. (DY)

[wz]wmax

Wmin

(D10)

D — lWWoProN3 (8 — @) (v + k)2(I( + 1)+
™ — 4 .

(D12)
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D.1. Transition Frequency

We are considering a wave for which its damping timescale
is sufficiently short that it does not propagate back to the outer
edge of the stratified layer after it has been launched. As we are
considering viscous and thermal damping in our linear
calculation, we can predict the frequency describing the
transition point by comparing the radial group travel time for
a gravity wave packet with the viscous and thermal damping
timescales.

The radial group velocity is defined as

_ Ow

Cor =F - €g = —, (D13)
3 £~ Ok,
where for a short-wavelength plane internal gravity wave
2a72
2= ?N2 (D14)
kr + kL
Therefore,
—k kN
Cor = —5——2 0\ (D15)
(kr + kL) /
with k, = NIUED Ag we are considering low frequencies, we
o
can assume that k; < k,, and
k N
c@%—iT. (D16)

Therefore, by considering that the distance required to travel is
2(6 — a)rg, the group travel time is

-~ 2
Co.r kLN
The total viscous/thermal damping time is
2
tg~ — (D18)
T Rk
which means that taking ¢, <1, gives
kA< N (D19)

I CEROLICEIDN
or, equivalently, in terms of our tidal forcing frequency,
w S (B~ a)ro(w + RNk (D20)

Therefore, we expect the tidal response for frequencies smaller
than this approximate value to be in the traveling-wave regime
in our linear calculations. In reality other effects, including
wave breaking or other nonlinear effects, can cause efficient
damping of propagating waves; this would perhaps alter the
critical frequency, but we would expect to obtain the same
prediction for the dissipation rate also in this case.

ORCID iDs
Adrian J. Barker © https: //orcid.org/0000-0003-4397-7332
Rainer Hollerbach ® https: //orcid.org/0000-0001-8639-0967

References

Acheson, D. J. 1990, Elementary Fluid Dynamics (Oxford: Clarendon), http://
users.uoa.gr/ ~pjioannou/mechgrad /Acheson_Elementary_Fluid_
Dynamics.pdf

Pontin, Barker, & Hollerbach

André, Q., Barker, A., & Mathis, S. 2017, A&A, 605, A117

André, Q., Mathis, S., & Barker, A. J. 2019, A&A, 626, A82

Barker, A. J. 2011, MNRAS, 414, 1365

Barker, A. J. 2020, MNRAS, 498, 2270

Barker, A. J., Braviner, H. J., & Ogilvie, G. 1. 2016, MNRAS, 459, 924

Barker, A. J., & Ogilvie, G. 1. 2010, MNRAS, 404, 1849

Belyaev, M. A., Quataert, E., & Fuller, J. 2015, MNRAS, 452, 2700

Berardo, D., & Cumming, A. 2017, ApJL, 846, L17

Boyd, J. P. 2001, Chebyshev and Fourier Spectral Methods (2nd ed.; Mineola,
NY: Dover)

Chabrier, G., & Baraffe, 1. 2007, ApJ, 661, L81

Debras, F., & Chabrier, G. 2019, ApJ, 872, 100

Dewberry, J. W. 2023, MNRAS, 521, 5991

Dewberry, J. W., & Lai, D. 2022, ApJ, 925, 124

Dewberry, J. W., Mankovich, C. R., Fuller, J., Lai, D., & Xu, W. 2021, PSJ,
2, 198

Dintrans, B., Rieutord, M., & Valdettaro, L. 1999, JEM, 398, 271

Duguid, C. D., Barker, A. J., & Jones, C. A. 2019, MNRAS, 491, 923

Duguid, C. D., Barker, A. J., & Jones, C. A. 2020, MNRAS, 497, 3400

Exoplanet.eu 2022, Catalog, http://exoplanet.eu/catalog/

Favier, B., Barker, A. J., Baruteau, C., & Ogilvie, G. 1. 2014, MNRAS,
439, 845

Fortney, J. J., & Nettelmann, N. 2010, SSRv, 152, 423

Fuller, J. 2014, Icar, 242, 283

Fuller, J., Luan, J., & Quataert, E. 2016, MNRAS, 458, 3867

Garaud, P. 2018, AnRFM, 50, 275

Ghaemsaidi, S. J., Dosser, H. V., Rainville, L., & Peacock, T. 2016, JFM,
789, 617

Goldreich, P., & Nicholson, P. D. 1977, Icar, 30, 301

Goodman, J., & Dickson, E. S. 1998, ApJ, 507, 938

Guillot, T. 2005, AREPS, 33, 493

Guillot, T., Stevenson, D. J., Hubbard, W. B., & Saumon, D. 2004, Jupiter: The
Planet, Satellites and Magnetosphere, Vol. 35 (Cambridge: Cambridge
Univ. Press), 57

Hedman, M. M., & Nicholson, P. D. 2013, AJ, 146, 12

Hedman, M. M., Nicholson, P. D., & French, R. G. 2018, AJ, 157, 18

Helled, R., & Stevenson, D. 2017, ApJL, 840, L4

Jet Propulsion Laboratory 2022, Planetary Satellite Mean Elements, https://
ssd.jpl.nasa.gov /sats /elem/

Lainey, V., Arlot, J.-E., Karatekin, O, & Van Hoolst, T. 2009, Natur, 459,
957

Lainey, V., Casajus, L. G., Fuller, J., et al. 2020, NatAs, 4, 1053

Lainey, V., Jacobson, R. A., Tajeddine, R., et al. 2017, Icar, 281, 286

Lainey, V., Ozgl’jr, K., Desmars, J., et al. 2012, ApJ, 752, 14

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

Leconte, J., & Chabrier, G. 2013, NatGe, 6, 347

Lin, Y. 2023, A&A, 671, A37

Lozovsky, M., Helled, R., Rosenberg, E. D., & Bodenheimer, P. 2017, ApJ,
836, 227

Mankovich, C. R., & Fuller, J. 2021, NatAs, 5, 1103

Marley, M. S., & Porco, C. C. 1993, Icar, 106, 508

Mathis, S., & Remus, F. 2013, The Environments of the Sun and the Stars, Vol.
857 (Berlin: Springer), 111

Moll, R., Garaud, P., Mankovich, C., & Fortney, J. J. 2017, ApJ, 849,
24

Nettelmann, N., Fortney, J. J., Moore, K., & Mankovich, C. 2015, MNRAS,
447, 3422

Ogilvie, G. I. 2009, MNRAS, 396, 794

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

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

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

Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icar, 124, 62

Pontin, C. M. 2022, PhD thesis, Univ. Leeds, https://etheses.whiterose.ac.uk /
31119/

Pontin, C. M., Barker, A. J., Hollerbach, R., André, Q., & Mathis, S. 2020,
MNRAS, 493, 5788

Remus, F., Mathis, S., Zahn, J.-P., & Lainey, V. 2012, A&A, 541, A165

Rieutord, M. 2009, Approaching the Low-frequency Spectrum of Rotating
Stars (Berlin: Springer), 101

Shibley, N. C., Timmermans, M.-L., Carpenter, J. R., & Toole, J. M. 2017,
JGRC, 122, 980

Spiegel, E. A., & Veronis, G. 1960, ApJ, 131, 442

Stevenson, D. J. 1982, AREPS, 10, 257

Stevenson, D. J., & Salpeter, E. E. 1977, ApJS, 35, 239

Su, Y., Lecoanet, D., & Lai, D. 2020, MNRAS, 495, 1239

Sutherland, B. R. 2016, PhRVF, 1, 013701


https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0003-4397-7332
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
https://orcid.org/0000-0001-8639-0967
http://users.uoa.gr/~pjioannou/mechgrad/Acheson_Elementary_Fluid_Dynamics.pdf
http://users.uoa.gr/~pjioannou/mechgrad/Acheson_Elementary_Fluid_Dynamics.pdf
http://users.uoa.gr/~pjioannou/mechgrad/Acheson_Elementary_Fluid_Dynamics.pdf
https://doi.org/10.1051/0004-6361/201730765
https://ui.adsabs.harvard.edu/abs/2017A&A...605A.117A/abstract
https://doi.org/10.1051/0004-6361/201833674
https://ui.adsabs.harvard.edu/abs/2019A&A...626A..82A/abstract
https://doi.org/10.1111/j.1365-2966.2011.18468.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.1365B/abstract
https://doi.org/10.1093/mnras/staa2405
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.2270B/abstract
https://doi.org/10.1093/mnras/stw701
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459..924B/abstract
https://doi.org/10.1111/j.1365-2966.2010.16400.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404.1849B/abstract
https://doi.org/10.1093/mnras/stv1446
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452.2700B/abstract
https://doi.org/10.3847/2041-8213/aa81c0
https://ui.adsabs.harvard.edu/abs/2017ApJ...846L..17B/abstract
https://doi.org/10.1086/518473
https://ui.adsabs.harvard.edu/abs/2007ApJ...661L..81C/abstract
https://doi.org/10.3847/1538-4357/aaff65
https://ui.adsabs.harvard.edu/abs/2019ApJ...872..100D/abstract
https://doi.org/10.1093/mnras/stad546
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.5991D/abstract
https://doi.org/10.3847/1538-4357/ac3ede
https://ui.adsabs.harvard.edu/abs/2022ApJ...925..124D/abstract
https://doi.org/10.3847/PSJ/ac0e2a
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2..198D/abstract
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2..198D/abstract
https://doi.org/10.1017/S0022112099006308
https://ui.adsabs.harvard.edu/abs/1999JFM...398..271D/abstract
https://doi.org/10.1093/mnras/stz2899
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491..923D/abstract
https://doi.org/10.1093/mnras/staa2216
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.3400D/abstract
http://exoplanet.eu/catalog/
https://doi.org/10.1093/mnras/stu003
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439..845F/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439..845F/abstract
https://doi.org/10.1007/s11214-009-9582-x
https://ui.adsabs.harvard.edu/abs/2010SSRv..152..423F/abstract
https://doi.org/10.1016/j.icarus.2014.08.006
https://ui.adsabs.harvard.edu/abs/2014Icar..242..283F/abstract
https://doi.org/10.1093/mnras/stw609
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.3867F/abstract
https://doi.org/10.1146/annurev-uid-122316-045234
https://ui.adsabs.harvard.edu/abs/2018AnRFM..50..275G/abstract
https://doi.org/10.1017/jfm.2015.682
https://ui.adsabs.harvard.edu/abs/2016JFM...789..617G/abstract
https://ui.adsabs.harvard.edu/abs/2016JFM...789..617G/abstract
https://doi.org/10.1016/0019-1035(77)90163-4
https://ui.adsabs.harvard.edu/abs/1977Icar...30..301G/abstract
https://doi.org/10.1086/306348
https://ui.adsabs.harvard.edu/abs/1998ApJ...507..938G/abstract
https://doi.org/10.1146/annurev.earth.32.101802.120325
https://ui.adsabs.harvard.edu/abs/2005AREPS..33..493G/abstract
https://doi.org/10.1088/0004-6256/146/1/12
https://ui.adsabs.harvard.edu/abs/2013AJ....146...12H/abstract
https://doi.org/10.3847/1538-3881/aaf0a6
https://ui.adsabs.harvard.edu/abs/2019AJ....157...18H/abstract
https://doi.org/10.3847/2041-8213/aa6d08
https://ui.adsabs.harvard.edu/abs/2017ApJ...840L...4H/abstract
https://ssd.jpl.nasa.gov/sats/elem/
https://ssd.jpl.nasa.gov/sats/elem/
https://doi.org/10.1038/nature08108
https://ui.adsabs.harvard.edu/abs/2009Natur.459..957L/abstract
https://ui.adsabs.harvard.edu/abs/2009Natur.459..957L/abstract
https://doi.org/10.1038/s41550-020-1120-5
https://ui.adsabs.harvard.edu/abs/2020NatAs...4.1053L/abstract
https://doi.org/10.1016/j.icarus.2016.07.014
https://ui.adsabs.harvard.edu/abs/2017Icar..281..286L/abstract
https://doi.org/10.1088/0004-637X/752/1/14
https://ui.adsabs.harvard.edu/abs/2012ApJ...752...14L/abstract
https://doi.org/10.1051/0004-6361/201117595
https://ui.adsabs.harvard.edu/abs/2012A&A...540A..20L/abstract
https://doi.org/10.1038/ngeo1791
https://ui.adsabs.harvard.edu/abs/2013NatGe...6..347L/abstract
https://doi.org/10.1051/0004-6361/202245112
https://ui.adsabs.harvard.edu/abs/2023A&A...671A..37L/abstract
https://doi.org/10.3847/1538-4357/836/2/227
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..227L/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..227L/abstract
https://doi.org/10.1038/s41550-021-01448-3
https://ui.adsabs.harvard.edu/abs/2021NatAs...5.1103M/abstract
https://doi.org/10.1006/icar.1993.1189
https://ui.adsabs.harvard.edu/abs/1993Icar..106..508M/abstract
https://ui.adsabs.harvard.edu/abs/2013LNP...857..111M/abstract
https://doi.org/10.3847/1538-4357/aa8d74
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...24M/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...24M/abstract
https://doi.org/10.1093/mnras/stu2634
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.3422N/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.3422N/abstract
https://doi.org/10.1111/j.1365-2966.2009.14814.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.396..794O/abstract
https://doi.org/10.1093/mnras/sts362
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429..613O/abstract
https://doi.org/10.1146/annurev-astro-081913-035941
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..171O/abstract
https://doi.org/10.1086/421454
https://ui.adsabs.harvard.edu/abs/2004ApJ...610..477O/abstract
https://doi.org/10.1006/icar.1996.0190
https://ui.adsabs.harvard.edu/abs/1996Icar..124...62P/abstract
https://etheses.whiterose.ac.uk/31119/
https://etheses.whiterose.ac.uk/31119/
https://doi.org/10.1093/mnras/staa664
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.5788P/abstract
https://doi.org/10.1051/0004-6361/201118595
https://ui.adsabs.harvard.edu/abs/2012A&A...541A.165R/abstract
https://ui.adsabs.harvard.edu/abs/2009LNP...765..101R/abstract
https://doi.org/10.1002/2016JC012419
https://ui.adsabs.harvard.edu/abs/2017JGRC..122..980S/abstract
https://doi.org/10.1086/146849
https://ui.adsabs.harvard.edu/abs/1960ApJ...131..442S/abstract
https://doi.org/10.1146/annurev.ea.10.050182.001353
https://ui.adsabs.harvard.edu/abs/1982AREPS..10..257S/abstract
https://doi.org/10.1086/190479
https://ui.adsabs.harvard.edu/abs/1977ApJS...35..239S/abstract
https://doi.org/10.1093/mnras/staa1306
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.1239S/abstract
https://doi.org/10.1103/PhysRevFluids.1.013701
https://ui.adsabs.harvard.edu/abs/2016PhRvF...1a3701S/abstract

THE ASTROPHYSICAL JOURNAL, 950:176 (25pp), 2023 June 20

Terquem, C., Papaloizou, J. C. B., Nelson, R. P., & Lin, D. N. C. 1998, ApJ,
502, 788

Trefethen, L. N. 2000, Spectral Methods in MatLab (Philadelphia, PA: Society
for Industrial and Applied Mathematics), https://people.maths.ox.ac.uk/
trefethen /spectral.html

Vazan, A., Helled, R., & Guillot, T. 2018, A&A, 610, L14

Vazan, A., Helled, R., Podolak, M., & Kovetz, A. 2016, ApJ, 829, 118

25

Pontin, Barker, & Hollerbach

Wahl, S. M., Hubbard, W. B., Militzer, B., et al. 2017, GeoRL, 44,
4649

Wilson, H. F., & Militzer, B. 2012, PhRvL, 108, 111101

Witte, M. G., & Savonije, G. J. 2002, A&A, 386, 222

Wood, T. S., Garaud, P., & Stellmach, S. 2013, ApJ, 768, 157

Wu, Y. 2005a, ApJ, 635, 674

Wu, Y. 2005b, ApJ, 635, 688


https://doi.org/10.1086/305927
https://ui.adsabs.harvard.edu/abs/1998ApJ...502..788T/abstract
https://ui.adsabs.harvard.edu/abs/1998ApJ...502..788T/abstract
https://people.maths.ox.ac.uk/trefethen/spectral.html
https://people.maths.ox.ac.uk/trefethen/spectral.html
https://doi.org/10.1051/0004-6361/201732522
https://ui.adsabs.harvard.edu/abs/2018A&A...610L..14V/abstract
https://doi.org/10.3847/0004-637X/829/2/118
https://ui.adsabs.harvard.edu/abs/2016ApJ...829..118V/abstract
https://doi.org/10.1002/2017GL073160
https://ui.adsabs.harvard.edu/abs/2017GeoRL..44.4649W/abstract
https://ui.adsabs.harvard.edu/abs/2017GeoRL..44.4649W/abstract
https://doi.org/10.1103/PhysRevLett.108.111101
https://ui.adsabs.harvard.edu/abs/2012PhRvL.108k1101W/abstract
https://doi.org/10.1051/0004-6361:20020155
https://ui.adsabs.harvard.edu/abs/2002A&A...386..222W/abstract
https://doi.org/10.1088/0004-637X/768/2/157
https://ui.adsabs.harvard.edu/abs/2013ApJ...768..157W/abstract
https://doi.org/10.1086/497354
https://ui.adsabs.harvard.edu/abs/2005ApJ...635..674W/abstract
https://doi.org/10.1086/497355
https://ui.adsabs.harvard.edu/abs/2005ApJ...635..688W/abstract

	1. Introduction
	2. Model
	2.1. Governing Equations
	2.2. Boundary Conditions
	2.3. Energy Balance
	2.4. Density Structure
	2.5. Frequency-averaged Dissipation
	2.6. Comparison to a Simple Harmonic Oscillator
	2.7. Eigenvalue Problem
	2.8. Numerical Method

	3. Results
	3.1. Outline of the Key Features
	3.1.1. Uniform Stable Stratification Extending to the Planetary Radius
	3.1.2. Uniform Stable Stratification Extending to Half the Planetary Radius
	3.1.3. Staircase Structure Extending to Half the Planetary Radius

	3.2. Low-frequency, Traveling-wave Regime
	3.3. Parameter Dependencies for Uniform Stable Stratification
	3.3.1. Varying the Strength of the Stable Stratification
	3.3.2. Varying the Size of the Stably Stratified Layer
	3.3.3. Varying Viscosity, Thermal Diffusivity, and Prandtl Number

	3.4. Parameter Dependences for Semi-convective Layers
	3.4.1. Convergence with Step Number

	3.5. Varying the Strength of the Staircase Stratification
	3.6. Isolated Stable Layer: Helium Rain Layer
	3.7. Gravity Profile for a Dense Core with g ∝ 1/r2

	4. Comparison to Realistic Values and Observed Tidal Quality Factors
	5. Conclusions
	5.1. Future Outlook

	Appendix AViscous Dissipation
	Appendix BAnalytical Calculation of g Modes
	Appendix CAnalytical Calculation of f Modes
	Appendix DAnalytical Dissipation in the Traveling-wave Regime
	D.1. Transition Frequency

	References



