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A B S T R A C T 

We study tidal dissipation in models of rotating giant planets with masses in the range 0.1–10 M J throughout their evolution. Our 
models incorporate a frequency-dependent turbulent ef fecti ve viscosity acting on equilibrium tides (including its modification by 

rapid rotation consistent with hydrodynamical simulations) and inertial waves in convection zones, and internal gravity waves in 

the thin radiative atmospheres. We consider a range of planetary evolutionary models for various masses and strengths of stellar 
instellation. Dissipation of inertial waves is computed using a frequenc y-av eraged formalism fully accounting for planetary 

structures. Dissipation of gravity waves in the radiation zone is computed assuming these waves are launched adiabatically 

and are subsequently fully damped (by wave breaking/radiative damping). We compute modified tidal quality factors Q 

′ and 

evolutionary time-scales for these planets as a function of their ages. We find inertial waves to be the dominant mechanism of 
tidal dissipation in giant planets whenever they are excited. Their excitation requires the tidal period ( P tide ) to be longer than 

half the planetary rotation ( P rot /2), and we predict inertial waves to provide a typical Q 

′ ∼ 10 

3 ( P rot /1d) 2 , with values between 

10 

5 and 10 

6 for a 10-d period. We show correlations of observ ed e xoplanet eccentricities with tidal circularization time-scale 
predictions, highlighting the key role of planetary tides. A major uncertainty in planetary models is the role of stably-stratified 

layers resulting from compositional gradients, which we do not account for here, but which could modify predictions for tidal 
dissipation rates. 

Key words: planets and satellites: interiors – planets and satellites: physical evolution – planet–star interactions – planetary 

systems. 
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 I N T RO D U C T I O N  

idal interactions play a major role in the dynamics of star–planet 
nd stellar binary systems, leading to planetary orbital migration (e.g. 
ackson, Greenberg & Barnes 2008 ; Villaver & Livio 2009 ; Bolmont
 Mathis 2016 ; Jackson et al. 2016 ; Bolmont et al. 2017 ; Gallet et al.

017 ; Ahuir et al. 2021 ; Lazovik 2021 ), orbital circularization (e.g.
itte & Sa v onije 2002 ; Nagasawa, Ida & Bessho 2008 ; Beaug ́e &
esvorn ́y 2012 ; Barker 2022 ), spin–orbit realignment (e.g. Barker
 Ogilvie 2009 ; Winn et al. 2010 ; Lai 2012 ; Hamer & Schlaufman

022 ), and rotational evolution (e.g. Bolmont et al. 2012 ; Gallet et al.
018 ; Penev et al. 2018 ; Gallet & Delorme 2019 ; Barker 2022 ).
ndeed, tidal interactions alter the architectures of exoplanetary 
ystems, and the rotations of stars and planets. Ho we ver, theoretical
redictions for tidal evolution are currently uncertain, and they highly 
epend on the specific prescriptions employed in the aforementioned 
apers. This moti v ates us to work to wards de veloping more realistic
reatments of tidal flows in stars and planets. 
 E-mail: yaroslav.lazovik@gmail.com (YAL); A.J.Barker@leeds.ac.uk 
AJB) 
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2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Some early steps towards a theory of tides were made long before
he disco v ery of the first e xoplanet from studying the Earth–Moon
ystem (Darwin 1879 ). More than a hundred years of research
as substantially refined our knowledge of tidal interactions in 
uid bodies such as stars and giant planets. Moti v ated by binary
tars, some crucial steps were made by Zahn ( 1975 , 1977 , 1989 ),
ho separated the contributions of equilibrium (non-w avelik e) and 
ynamical (w avelik e) tides in linear theory. Dynamical tides can
e further divided into inertial waves (hereafter IWs, or magneto- 
nertial) and internal gra vity wa ves (hereafter GWs, or magneto-
ravito-inertial), propagating in the conv ectiv e and radiativ e re gions,
espectively (e.g. Goodman & Dickson 1998 ; Terquem et al. 1998 ;
gilvie & Lin 2004 , 2007 ; Wu 2005b ; Goodman & Lackner 2009 ;
einberg et al. 2012 ; Ivano v, P apaloizou & Cherno v 2013 ; Lin
 Ogilvie 2018 ). Recently, Barker ( 2020 , hereafter B20 ) applied

he latest tidal theory to compute modified tidal quality factors Q 

′ 

essentially the ratio of the maximum tidal energy stored to the
nergy dissipated in one tidal period – a quantity essential for 
idal modelling) and tidal evolutionary time-scales in a range of 
tellar models, developing prescriptions for the dissipation of tides 
f various types (i.e. equilibrium tides, IWs, and GWs). These were
mplemented in Lazovik ( 2021 , 2023 ) to explore the secular evolution
f hot Jupiter systems o v er a wide parameter space, and employed
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 Perhaps the spin should instead be pseudo-synchronized for an eccentric 
orbit, but it is not clear that the classical formula of Hut ( 1981 ) is valid since 
it is derived by assuming equilibrium tide damping with a constant time lag 
(see also Ivanov & Papaloizou 2004 ). 
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o provide an explanation for close solar-type binary circularization
n Barker ( 2022 ). 

Even after the first exoplanet detection, attention has primarily
ocused on computing tidal dissipation inside stars, while dissipation
n planetary interiors has typically been restricted to Solar system
bjects. A comprehensive application of tidal theory to rotating
lanetary models was performed in Ogilvie & Lin ( 2004 ; see also
u 2005b ; Ivanov & Papaloizou 2007 ), which opened the doors to

 new direction of research. Giant planets share many similarities in
tructure with stars. They are both primarily multilayer fluid bodies
ontaining both conv ectiv e and radiativ e re gions, albeit planets may
lso have solid cores. But there are important differences: planets tend
o rotate faster (compared with both their dynamical and conv ectiv e
requencies) such that IWs are almost al w ays lik ely to be important
nd hot Jupiters also have larger tidal amplitudes than planet-hosting
tars, thereby requiring consideration of non-linear tidal mechanisms
ike the elliptical instability (that excites IWs in convection zones,
.g. Bark er 2016 ; de Vries, Bark er & Hollerbach 2023 ) or other
on-linear IW interactions (e.g. Favier et al. 2014 ; Astoul & Barker
022 , 2023 ). The interaction between equilibrium tides and turbulent
onvection is also expected to be far into the regime of fast tides
where tidal frequencies e xceed conv ectiv e turno v er frequencies)
ecause convection is typically much slower in planets than in
tars (Goldreich & Nicholson 1977 ; de Vries, Barker & Hollerbach
023 ). Hence, the reduction in the turbulent viscosity for fast tides
ust be accounted for (e.g. Goldreich & Nicholson 1977 ; Ogilvie
 Lesur 2012 ; Duguid, Barker & Jones 2020b ; Vidal & Barker

020a ). Furthermore, convection is likely to be influenced by rapid
otation, which can modify this interaction (e.g. Stevenson 1979 ;
arker, Dempsey & Lithwick 2014 ; Mathis et al. 2016 ; Currie et al.
020 ; Dandoy et al. 2023 ; de Vries, Barker & Hollerbach 2023 ). 
The role of IWs for planetary tidal dissipation has been explored

n prior work (e.g. Ogilvie & Lin 2004 ; Wu 2005a , b ; Ivanov &
apaloizou 2007 , 2010 ; Goodman & Lackner 2009 ; Ogilvie 2009 ,
013 ; Papaloizou & Ivanov 2010 ; de Vries, Barker & Hollerbach
023 ). Ho we ver, a detailed study of the evolution of tidal dissipation
ates and tidal quality factors Q 

′ from equilibrium and dynami-
al tides following planetary evolution has never been performed
reviously to our knowledge, though Terquem & Martin ( 2021 )
erformed computations for just the equilibrium tide, assuming a
ifferent mechanism dissipates the tidal flow to what we consider.
e use new models of giant planet interiors with masses in the range

rom 0.1 to 10 M J computed with the MESA code (Paxton et al. 2011 ,
013 , 2015 , 2018 , 2019 ), with various strengths of stellar instellation
o as to model both hot and cold planets, to theoretically calculate
idal dissipation rates (thereby extending Barker 2020 , for low-mass
tars). In Section 2 , we describe our model. Our results are presented
n Section 3 and applied to exoplanet eccentricities in Section 4 . 

 M E T H O D S  

.1 Tidal dissipation mechanisms 

e consider a giant planet of mass M pl and radius R pl and employ
pherical coordinates centred on the body with radial coordinate r .
he intensity of tidal dissipation is often quantified by the (modified)

idal quality factor Q 

′ , which is proportional to the ratio of the
aximum energy stored in the tide to the amount dissipated in one

eriod (e.g. Goldreich 1963 ; Ogilvie 2014 ). More ef fecti ve dissipa-
ion corresponds to lower Q 

′ . Here, we consider three mechanisms
f tidal dissipation: equilibrium (non-w avelik e) tides damped by
heir interaction with turbulent (rotating) convection, IWs, and GWs.
NRAS 527, 8245–8256 (2024) 
ach mechanism is characterized by its corresponding tidal quality
actor ( Q 

′ 
eq , Q 

′ 
iw , and Q 

′ 
gw for equilibrium tides, IWs, and GWs,

espectively), and these are calculated within the formalism of B20
building upon many prior works) with a few modifications that
e will describe below. We focus on tides with spherical harmonic
egree l = 2 and azimuthal wavenumber m = 2, which is usually the
ominant component in systems with low obliquities. This is likely
o be the dominant component of tidal forcing in asynchronously
otating bodies, as well as for eccentricity tides in weakly eccentric
ut spin-synchronized bodies – see e.g. equations (4) and (5) in
gilvie & Lin ( 2007 ) or table 1 in Ogilvie ( 2014 ). 
The equilibrium tide is a quasi-static fluid response of a perturbed

ody that is thought to be dissipated through the action of ‘turbulent
iscosity’ in conv ectiv e zones. The corresponding tidal quality factor
s obtained via the expression: 

1 

Q 

′ 
eq 

= 

16 πG 

3(2 l + 1) R 

2 l+ 1 
pl | A | 2 

D v 

| ω t | , (1) 

here G is the gravitational constant, D v is the rate of viscous
issipation of the equilibrium tide, and A is the amplitude of the tidal
otential component (this will not be specified further as it cancels
ecause D v ∝ | A | 2 in linear theory). The tidal forcing frequency is ω t 

 2 π / P tide (where P tide is the tidal period), which is ω t = 2( n − �pl )
or a circular, aligned orbit, where n and �pl are the orbital mean
otion and planetary spin, respectiv ely. F or an eccentric orbit with

ynchronized 1 (and aligned) spin, we instead have | ω t | = n . 
The viscous dissipation rate D v is computed using equations (20)–

22) in B20 . This quantity depends on the equilibrium tidal dis-
lacement vector (defined in section 2 of B20 ) and the turbulent
f fecti ve viscosity νE at each radius. The latter is assumed to be
 function of radius and to act like an isotropic shear viscosity,
inked to the crude mixing-length theory expectation νMLT ∝ u c l c ,
ith u c the conv ectiv e v elocity and l c = αH p the mixing-length

 α is mixing-length parameter and H p is pressure scale height). As
emonstrated in hydrodynamical simulations (e.g. Ogilvie & Lesur
012 ; Duguid, Barker & Jones 2020b ; Vidal & Barker 2020a ) and as
reviously hypothesized using phenomenological arguments (Zahn
966 ; Goldreich & Nicholson 1977 , even if the arguments of both
re not supported by simulations, despite agreement regarding the
nal result with the latter), νE is reduced for fast tides (where ω t 

 ω c , with the conv ectiv e frequenc y ω c = u c / l c ) in a frequency-
ependent manner. This can be accounted for using a piecewise
ontinuous correction factor depending on the ratio ω t / ω c (for which
e employ equation 27 of B20 , inferred from detailed numerical

imulations) at each radius in the planet. Moreo v er, the rapid rotation
xpected for giant planets stabilizes convection on large length-
cales, and a steeper temperature gradient is required to sustain a
iven heat flux (e.g. Stevenson 1979 ; Barker, Dempsey & Lithwick
014 ; Currie et al. 2020 ). Mathis et al. ( 2016 ) and de Vries, Barker
 Hollerbach ( 2023 ) have shown that such rapid rotation reduces

E even further (though interestingly the regime with ω t � ω c is
ot modified by rotation). Following these works, and as confirmed
y their simulations, we take into account rapid rotation according
o rotating mixing-length theory (RMLT), by multiplying l c and
 c at each radius by Ro 3 / 5 and Ro 1 / 5 , respectively, where Ro is
he conv ectiv e Rossby number (Ro = ω c / �pl , based on the non-
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otating conv ectiv e frequenc y). We demonstrate in Section 3 that the
issipation of equilibrium tides is insufficient to provide significant 
rbital or spin evolution compared with w avelik e tides. 
Moti v ated by results from the (albeit very idealized), numeri- 

al simulations described abo v e, we assume equilibrium tides are 
amped by their interaction with convection in a way that can be
odelled as a local (frequency-dependent) ef fecti ve viscosity that 

s positive at each radial location in the planet (and is isotropic
or simplicity). Ne gativ e values for νE – corresponding to tidal 
ntidissipation – have been found to occur, particularly at very high 
idal frequencies (Ogilvie & Lesur 2012 ; Duguid, Barker & Jones
020a ; Vidal & Barker 2020a ), but these are typically negligibly
mall in magnitude so we neglect their contribution here. On the other
and, we ignore possible contributions to the tidal energy transfer 
rom Reynolds stresses involving tide–tide correlations and gradients 
f the conv ectiv e flow (as proposed to be the only important term
or fast tides by Terquem 2021 , even if this interpretation is a drastic
 v ersimplification). This is because we believe that it is not currently
ossible to estimate contributions from this term without detailed 
umerical simulations (e.g. Barker & Astoul 2021 , suggesting our 
 v erall conclusions re garding the inef fecti veness of equilibrium tides
re likely to hold). 

Turning to w avelik e tides, the tidal quality f actor representing IW
issipation is computed following the (low frequency) frequency- 
veraged formalism of Ogilvie ( 2013 ), and is calculated according 
o: 

1 

Q 

′ 
iw 

= 

32 π2 G 

3(2 l + 1) R 

2 l+ 1 
pl | A | 2 ( E l + E l −1 + E l + 1 ) , (2) 

here the parameters E l , E l − 1 , and E l + 1 , are specified by equa-
ions (31)–(33) in B20 , fully accounting for the planetary structure. 
hese coefficients are proportional to the squared spin rate, implying 

hat IW dissipation is more efficient in rapidly rotating bodies. Note 
hat E l and E l ± 1 involve radial integrals that depend to some extent
n the assumed core size (inner boundary of the fluid envelope). This
ependence on core size is found to be weak in our realistic models
hough (which is consistent with fig. 10 of Ogilvie 2013 , notably
howing compressible polytropic models with indices between 1 and 
.5), unlike results obtained for incompressible models. We adopt 
mpenetrable boundary conditions (with vanishing radial velocity) 
or IWs ( not the total tide) at the core-envelope boundary and
lanetary surface, which is appropriate at low frequencies, and 
ollows Ogilvie ( 2013 ) and Barker ( 2020 ). We do neglect the
ossibility of very large stably stratified cores in this work though 
ue to the uncertainties in such planetary models. 
This is a simple measure to represent the typical level of dissipation

ue to IWs o v er the full range of propagation of these waves, which
s straightforward to compute in a given planetary or stellar model 
e.g. Mathis 2015 ). Note that this quantity is independent of the
pecific damping mechanism, and is computed in a model assuming 
n impulsive encounter to excite all IWs, which are then assumed 
o be subsequently fully dissipated. Modelling tidal evolution of 
early circular or aligned orbits using this quantity involves making 
ssumptions, since this is not rigorously valid (despite its wide usage 
n this context e.g. Bolmont & Mathis 2016 ), but it is believed to be
 representati ve v alue for IW dissipation. We choose to adopt this
pproach (following Mathis 2015 ; Bolmont & Mathis 2016 ; Barker
020 , 2022 , and many others) because this measure is both simpler
nd much faster to compute (hence amenable to evolutionary studies), 
nd it is also much more robust to the incorporation of additional (or
ariation in) model physics than the direct linear (or non-linear) 
esponse at a particular frequency. 
It should be remembered ho we ver that the actual dissipation due
o IWs at a given ω t could differ substantially from this value (e.g.
gilvie 2013 ; Astoul & Barker 2022 , 2023 ). In particular, predictions

or IW dissipation find substantial deviations (potentially by orders 
f magnitude, either larger or smaller) at a particular frequency 
and between the frequenc y-av eraged measure and the response 

t a particular frequency – depending on the degree of density 
tratification (Ogilvie 2013 ), the presence of magnetic fields (Lin &
gilvie 2018 ; Wei 2018 ), differential rotation (Baruteau & Rieutord
013 ; Guenel et al. 2016 ; Astoul & Barker 2022 , 2023 ), non-linearity
Favier et al. 2014 ; Barker 2016 ; Astoul & Barker 2022 , 2023 ),
onvection, varying the microscopic diffusivities (Ogilvie & Lin 
004 ; Ogilvie 2009 ), and the presence of stably stratified (or different
ensity) inner fluid layers (as opposed to a rigid core) (Ogilvie 2013 ;
ontin 2022 ; Dewberry 2023 ; Lin 2023 ; Pontin, Barker & Hollerbach
023a ). Ho we v er, the frequenc y-av eraged measure has been found
o be much more robust regarding the incorporation of magnetic 
elds (Lin & Ogilvie 2018 ), non-linearity, and to a limited extent
ifferential rotation (Astoul & Barker 2023 ). It is an open question
ow reliable this approach will be at modelling a population of
ndividual systems that are each forced at a particular tidal frequency
or range of these) at a given epoch. 

We assume that upward propagating GWs are excited (adiabat- 
cally) at the base of the radiative envelope and are fully damped
e.g. by radiati ve dif fusion or wave breaking) before propagating
ack to their launching sites (e.g. Zahn 1975 ; Lubow, Tout & Livio
997 ; Goodman & Dickson 1998 ). The corresponding tidal quality
actor is then given by B20 : 

1 

Q 

′ 
gw 

= 

2 
[
� 

(
1 
3 

)]2 

3 
1 
3 (2 l + 1)( l( l + 1)) 

4 
3 

R pl 

GM 

2 
pl 

G| ω t | 8 3 . (3) 

he quantity G depends on the planetary conditions at the radia-
iv e/conv ectiv e interface: 

 = σ 2 
b ρb r 

5 
b 

∣∣∣∣ d N 

2 

d ln r 

∣∣∣∣
− 1 

3 

r= r b 

. (4) 

ubscript b denotes the base of the radiative envelope, so r b and ρb are
he corresponding radius and density , respectively , N is the Brunt–
 ̈ais ̈al ̈a frequency, and the parameter σ b is determined numerically
y the deri v ati ve of the dynamical tide radial displacement (see
quation 43 in B20 ). This is the simplest measure of GW dissipation
hat applies if the waves are fully damped – regardless of the
pecific damping mechanism. Whether or not this is valid is an open
uestion. This estimate is the simplest one to estimate the effects
f GWs and was the one adopted in many prior works (e.g. Lubow,
out & Livio 1997 ; Ogilvie & Lin 2004 ), but future work should
xplore in detail the validity of this assumption in thin envelopes.
e omit the influence of Coriolis forces here, partly for simplicity,

nd partly because the typical level of dissipation due to gravity
or gra vito-inertial) wa ves is unlikely to differ substantially in this
ully damped regime (e.g. Ogilvie & Lin 2004 ; Ivano v, P apaloizou
 Chernov 2013 , though will likely differ to a greater extent for

ertain tidal frequencies involving resonances with inertial modes in 
eighbouring conv ectiv e re gions). 
When a planet possesses multiple radiative and conv ectiv e en-

elopes, the total dissipation rates (not tidal quality factors) are 
erived by summing up the contribution from each layer where the
issipation takes place. 
MNRAS 527, 8245–8256 (2024) 
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.2 Planetary model 

e compute planetary models using the MESA code (version r11701;
axton et al. 2011 , 2013 , 2015 , 2018 , 2019 ). Most parameters

n our inlist files are adopted from the make planets test
uit. We set initial Y and initial Z to 0.2804 and 0.02131,
espectively, to reproduce the high average metallicity of hot Jupiter
osts ( < [Fe/H] > = + 0.19 dex, see Petigura et al. 2018 ). According
o our exploration of parameter space, the tidal quality factors
btained with metallicities in the range between −0.5 and + 0.5 dex
re similar within an order of magnitude for any given age (consistent
ith findings for the lowest mass stars considered in Bolmont et al.
017 ). Given that abundances do not seem to play a major role in any
f our results, the effects of chemical composition will not be reported
urther in this paper. The planetary mass is varied between 0.1 and
0 M J , where M J is the mass of Jupiter and we fix the initial radius
o 2 R J (increasing to 4 R J for ‘hot-start’ models with higher initial
ntropy does produce substantial differences in Q 

′ ). The core mass is
0 M ⊕, where the subscript ⊕ refers to Earth units, and its density is
 g cm 

−3 , giving a fixed core radius of approximately 0.2 R J . Note that
he core radius, when normalized by R pl , varies because the planetary
adius (rather than the core size) evolves in time. The fiducial value of
he incident flux is 1000 F ⊕ and we use the canonical mixing-length
alue α = 2, though we hav e e xplored smaller α values and found
inimal differences in our results. The column depth for irradiation

s fixed at 330 g cm 

−2 to reproduce the mean opacity from Guillot
 2010 ). The control use dedt form of energy eqn is set to
false. to a v oid convergence issues at late ages. We found that,

or lower planetary masses, the default spatial resolution is too low
o provide accurate solutions for the tidal response. Therefore, we
hoose a higher resolution by setting max dq = 1d-3 if there are
o convergence issues at the beginning of the MESA run. Otherwise,
he parameter max dq is gradually increased until convergence
ssues are a v oided. 

Our planetary models generate a neutrally (adiabatically) stratified
nterior, as we might e xpect in conv ectiv e re gions, with only the
urface layers being stably stratified (radiati ve). Ho we ver, observ a-
ional inferences from the Solar system’s gas giants suggest that this
ssumption may not be valid due to interior compositional gradients,
nd Jupiter or Saturn could possess extended dilute stably stratified
uid cores (e.g. Mankovich & Fuller 2021 ; Howard et al. 2023 ).
he consequences of interior stably stratified layers are outside the
cope of this paper, and are currently a major uncertainty in planetary
odels (but see e.g. Dewberry 2023 ; Dhouib et al. 2023 ; Lin 2023 ;
ontin, Barker & Hollerbach 2023a , b ). 

 RESULTS  

.1 Evolution of tidal quality factors 

e now turn to present our results for Q 

′ computed in planetary
odels. We begin by showing the dependence of the tidal quality

actors for each mechanism on the tidal forcing period P tide in Fig. 1
or a range of planetary masses, ages, and instellations. Here, the
op, middle, and bottom rows show planets with M pl = 0.3, 1.0, and
0 M J , respectively. The left column corresponds to models of young
upiters ( t = 10 Myr) and the right column represents models of old
upiters ( t = 3 Gyr). The fiducial hot planets ( F = 1000 F ⊕) are shown
ith solid lines and cold planets ( F = F ⊕) are shown with dashed

ines. These panels show a wide range of tidal frequencies, and hence
ur results can be applied to model spin–orbit synchronization, the
NRAS 527, 8245–8256 (2024) 
ominant component driving orbital circularization, and aspects of
idal obliquity evolution. 

As reported previously, equilibrium tide dissipation is very weak
n all cases displayed according to our assumptions outlined in
ection 2 , with the minimum Q 

′ 
eq ∼ 10 9 . At low tidal periods, the

otationally modified tidal quality factor Q 

′ 
eq , RMLT , FIT , shown in blue,

s the same as the one obtained based on non-rotating convection
 

′ 
eq , FIT (black, where subscript FIT refers to a fit from numerical

imulations). This is because, in the high-frequenc y re gime, νE ∝
MLT 

(
ω c 
ω t 

)2 
∝ 

u 3 c 
l c 

1 
ω 2 t 

, and the adopted rotationally induced scalings

or the conv ectiv e v elocity and length-scale counteract each other
de Vries, Barker & Hollerbach 2023 ). In the fast tides regime
with or without rotational inhibition of convection) – which is
ypically the most rele v ant one in giant planets (see e.g. de Vries,
arker & Hollerbach 2023 ) – we thus have Q 

′ 
eq ∝ P 

−1 
tide because

 ω t | /Q 

′ 
eq ∝ D v ∝ ω 

2 
t νE ∝ ω 

0 
t . Thus, the slowness of conv ectiv e

o ws relati ve to tides leads to substantial reductions in equilibrium
ide damping. 

With our chosen rotation period of 10 h adopted for illustration
results for different P rot can be obtained simply by rescaling since
 

′ 
iw ∝ P 

2 
rot , so if P rot = 1 d, Q 

′ 
iw should be a factor of 5.76 larger), IW

issipation is the dominant tidal mechanism ( Q 

′ 
iw is smallest) o v er

he full range of tidal periods considered, except for the ‘old’ model
f 0.3 M J planet, for which GWs begin to pre v ail at low P tide (i.e.
 

′ 
gw < Q 

′ 
iw ). Note that Q 

′ 
iw only strictly operates if the tidal period

 tide > P rot /2, otherwise IWs are not (linearly) excited and we should
ot employ Q 

′ 
iw to model tidal evolution. This is independent of

requency because we have adopted the frequenc y-av eraged measure
ere – in reality, IW dissipation is expected to be strongly frequency-
ependent, though this value is thought to be a representative one for
idal modelling of planetary populations as discussed in Section 2 .
n this short tidal period regime (left region compared to the dotted
ine), Q 

′ 
gw should be used instead according to Fig. 1 . 

The prediction for Q 

′ 
iw is similar in all models since they have

he same rotation period and a similar internal structure. Indeed,
ach model has a structure for all ages that is very similar to a
olytrope with a polytropic index ranging from n = 1 (commonly
hought to be appropriate for Jupiter) to 1.5 (thought to apply to
ully conv ectiv e low-mass stars). As shown in Fig. 2 , where we plot
ensity normalized by the mean density and radius normalized by
he planetary radius, our models are well described by Lane–Emden
olytropes with such a range of n , where n = 1 and n = 1.5 are
epresented by black dotted and dashed lines, respectively. The only
xception is the models of young low-mass planets displayed in red
n the top panel. Nevertheless, as these planets cool down with age,
hey approach the profile of the n = 1 polytrope. Accordingly, the

odels at 3 Gyr, depicted in green, yield flatter density profiles. In
ontrast to the ‘cold’ models, shown with solid lines, highly irradiated
lanets, represented by dash–dotted lines, are characterized by a
teeper density gradient. At the same time, one can see that the
nternal structure of more massive planets, displayed in the bottom
anel, is closer to the n = 1 polytrope and less sensitive to age and
nstellation. We, therefore, conclude that most of our models can be
pproximated by polytropic solutions with n = 1 or n = 1.5 with
ufficient accuracy. 

Adopting a polytropic model with index n = 1 (1.5), we find Q 

′ 
iw =

30 . 22 ω 

2 
dyn /�2 

pl (or 130 . 83 ω 

2 
dyn /�2 

pl ), where ω 

2 
dyn = GM pl /R 

3 
pl is

he squared dynamical frequency, implying a value approximately
558 (1454) for a Jupiter-like model/rotation, similar to the values
hown in Fig. 1 . Hence, Q 

′ 
iw (for a fixed P rot ) varies only modestly

ith planetary mass, age, and instellation within the ranges we
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Figure 1. Tidal quality factors Q 

′ for each mechanism as a function of tidal period P tide . Solid and dashed lines correspond to the hot ( F = 1000 F ⊕) and cold 
( F = F ⊕) models, respectively. The planetary mass, rotation period (fixed here to P rot = 10 h), and age are shown on the top of each plot. Black and blue lines 
represent tidal quality factors due to equilibrium tide damping without and with rotational modification, respectively. Red and magenta lines display tidal quality 
factors due to IWs and GWs, respectively. Grey dotted line illustrates the minimal tidal period required for IW excitation ( P tide = P rot /2). 
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onsider, ultimately because planetary structures al w ays remain very 
imilar (and similar to polytropes) in our models. 

Internal GWs become more dissipative (smaller Q 

′ 
gw ) in planets 

ith thicker radiative envelopes, typically corresponding to higher 
tellar instellations (solid purple lines), lower planetary masses, 
nd older ages (where planets have had time to develop thicker
nvelopes). In all cases Q 

′ 
gw ∝ P 

8 / 3 
tide under the assumptions of our

odel, and thus shorter tidal periods imply more efficient dissipation. 
In Fig. 3 , we show the evolution with planetary age of the tidal

uality factors corresponding to equilibrium tides (first panel), IWs 
MNRAS 527, 8245–8256 (2024) 



8250 Y. A. Lazovik et al. 

M

Figure 2. Density profiles as a function of radius for the planetary gaseous 
envelopes of the models displayed in Fig. 1 . Density is normalized by the 
mean density, and radius is normalized by the planetary radius. Solid (dash–
dotted) lines correspond to the ‘cold’ (hot) models; the red (green) colour 
refer to the age of 10 Myr (3 Gyr). Black dotted and dashed lines correspond 
to the polytropic model with indices n = 1 and n = 1.5, respectively. 
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Figure 3. Evolution of tidal quality factors with planetary age in a range of 
models due to equilibrium tides (first panel), IWs (second panel), and GWs 
(third panel). In the fourth panel, the evolution of the planetary radius is 
shown. Here, we fix tidal period P tide = 1 d, rotation period P rot = 10 h, and 
incident flux F = 1000 F ⊕ (i.e. these are ‘hot’ planets). 
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second panel), and GWs (third panel) for a set of ‘hot’ planetary
odels with different masses. We now fix both the tidal and rotation

eriods at P tide = 1 d and P rot = 10 h, respectively, to focus on the
ge and mass dependence here. The choice of P rot = 10 h is made
or comparison with Jupiter, but we note that for IWs, we predict
 

′ 
iw ∝ P 

2 
rot in general, so our results can be easily scaled for different

otation rates. 
According to the prescriptions we have adopted, the equilibrium

ide is characterized by negligible damping inside the convective
NRAS 527, 8245–8256 (2024) 
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nvelope (using Q 

′ 
eq , RMLT , FIT ), insufficient to cause a significant 

hange in orbital or spin parameters. The rele v ant tidal quality
actor Q 

′ 
eq > 10 10 throughout the evolution of each of these planets.

his is similar to the conclusions in B20 regarding the inefficiency 
f equilibrium tide dissipation in stellar interiors. Note that Q 

′ 
eq 

ncreases with age as the planet cools and shrinks. Due to plane-
ary cooling, the convection slows down, reducing the dissipation 
fficiency. 

In contrast, dissipation of IWs appears to be the most important 
echanism in almost all cases when they are excited, with Q 

′ 
iw 

for this P rot ) ranging between 10 2 and 2 × 10 4 , with higher values
orresponding to higher mass objects. As shown in the second panel 
f Fig. 3 , planets gradually become less dissipative with age. We have
xplored the reason for this, and found that it is primarily not related
o structural changes (consistent with fig. 4 of B20 for low-mass
ully conv ectiv e objects), but is instead explained by the shrinking
adius as the planet cools for a fixed P rot because Q 

′ 
iw ∝ ω 

2 
dyn /�2 

pl ∝
 

−3 
pl . The evolution of planetary radius is displayed in the bottom
anel. Furthermore, given that planetary spin-down is typically the 
atural outcome of long-term tidal and planetary evolution (unless, 
.g. the planet is spiralling into its star while remaining tidally 
ocked), we expect IW damping to become less efficient at later 
pochs. 

On the other hand, the tidal quality factor due to GWs Q 

′ 
gw does

ot exhibit substantial evolution during the planetary lifetime, and 
ts variation for each planetary model is within approximately an 
rder of magnitude for a fixed P tide and planetary mass. In addition
o its strong dependence on P tide ( Q 

′ 
gw ∝ P 

8 / 3 
tide ), GW damping also

trongly depends on the planetary mass, spanning o v er six orders
f magnitude for our mass range characteristic of gas giants. This
s illustrated in the third panel of Fig. 3 . Similar to IWs, GWs
issipate more efficiently (smaller Q 

′ 
gw ) in lower mass objects, 

ith values as small as Q 

′ 
gw ≈ 10 4 , whereas the most massive

bjects we consider are much less dissipati ve. These v alues are
ensitive to the radius r b and density ρb at the launching region, 
hich is manifested through the factor G being proportional to r 5 b 

equation 4 ). 
In Fig. 4 , we explore in more detail the reasons for the substantial

ariation of Q 

′ 
gw with planetary mass in our models. Here, we 

llustrate the evolution of the quantities involved in the expression for
 

′ 
gw , given by equations ( 3 ) and ( 4 ), for the models with M pl = 0.1, 1,

nd 10 M J , depicted in red, green, and blue, respectively. The top-left
nd bottom-left panels display 

∣∣d N 

2 / d ln r 
∣∣
r= r b 

and σ b , while the
op-right and bottom-right panels display r b and ρb as a function of
ge, respecti vely. The v alue of Q 

′ 
gw obtained for planets with M pl 

 10 M J is, on average, 3.5 orders of a magnitude higher than for
upiter-mass planets. These two planets are characterized by similar 
alues of σ b and r b , but there is an order of magnitude difference
ttributable to 

∣∣d N 

2 / d ln r 
∣∣
r= r b 

(note that this quantity is raised to
he power −1/3 in equation 3 ), and half an order of magnitude from
he variation in ρb . The remaining factor of 10 2 results from the
resence of M 

2 
pl in equation ( 3 ). At the same time, decreasing the

lanetary mass from 1 to 0.1 M J reduces Q 

′ 
gw by a factor of ∼50–10 2 .

 factor of ∼4 arises due to differences in 
∣∣d N 

2 / d ln r 
∣∣
r= r b 

. One
an see that σ b is substantially smaller in the case of a lower mass
lanet, leading to a factor of ∼3 in Q 

′ 
gw . An additional factor of ∼4

at t ∼ 1 Gyr) comes from differences in ρb , and one of ∼1.5 arises
rom the combination r 5 b R pl /M 

2 
pl . Combining these (crude) factors

esults in a total reduction of ∼50–10 2 from 1 to 0.1 M J , in agreement
ith the o v erall differences outlined abo v e. Therefore, we conclude

hat differences in several parameters come into play to produce 
he strong dependence on planetary mass exhibited by Q 

′ 
gw in our

odels, rather than any one of these parameters. 

.2 Impact of the incident flux 

he strength of external irradiation affects the locations of the 
nterfaces between conv ectiv e and radiativ e re gions near the surface,
hereby altering the conditions inside the layers where GWs are 
xcited and propagate. This is demonstrated with the example of a
upiter-mass planet in Fig. 5 . The top and middle panels display the
volution of the tidal quality factors of IWs and GWs, respectively.
n the following plots, blue circles correspond to the low incident
ux, characteristic of a ‘cold’ Jupiter ( F = F ⊕), and the red triangles
epresent a typical ‘hot’ Jupiter irradiation ( F = 1000 F ⊕). One can
ee that the enhancement of stellar flux received by a planet slightly
ncreases the IW dissipation rate, which is most noticeable at early
ges, which is primarily because these planets have slightly inflated 
adii (see discussion abo v e). None the less, differences between the
wo models are always within an order of magnitude. On the contrary,
he incident flux plays a crucial role in modifying GW damping for

ost of the planetary lifetime. According to our ‘cold’ model, Q 

′ 
gw 

ises by almost two orders of magnitude up to 10 9 after 30 Myrs.
ventually, the dissipation rates are amplified to the values obtained 

or hot Jupiters after 6 Gyrs. 
As we show in the bottom panel of Fig. 5 , these dramatic changes

n Q 

′ 
gw are directly linked to the location and number of radiative

ones near the surface that arise in these models. Here, we display
he separation of the base of each radiative zone from the planetary
urface. Note that the lower the point is, the closer the corresponding
nterface is to the planetary surface. The prominent feature in the cold
lanetary model is the emergence of a second radiativ e re gion after
 Myr. Thus, the bottom base is depicted by the blue circles, while
he top base, when present, is illustrated by the black circles. As a
esult of the abo v e, both env elopes could contribute to the dissipation
f GWs. The o v erall tidal quality factor due to GWs is computed
crudely) by summing up the dissipation rates associated with each 
adiativ e re gion. As we mentioned previously, the efficiency of GW
amping is determined by the conditions at their launching sites, 
ncluding the local density, characterized by a steep gradient in the
icinity of the planetary surface. Thereby, the occurrence of the 
uter radiative layer does not significantly alter the evolution of the
idal quality factor as long as the bottom layer exists. Ho we ver, at
he planetary age of 30 Myrs, two conv ectiv e env elopes merge into
ne, leaving the top radiative region as the only contributor to GW
amping, which immediately manifests in a sharp increase in Q 

′ 
gw ,

s shown in the middle panel. Finally, after 6 Gyrs, the radiative
nvelope becomes divided into two separate regions again, allowing 
he dissipation rates obtained for cold and hot Jupiters to converge.

e have found that the appearance of multiple radiative layers is
nsensitive to initial-Y and initial-Z in the ranges [0.25, 
.28] and [0.004, 0.03], respectively, and the resulting values of Q 

′ 
gw 

o not differ substantially. It is possible that the emergence of these
ayers would differ with different equations of state to those used in
ur version of MESA . 
The comparison between models with different incident fluxes 

as also provided in Fig. 1 , where solid and dashed lines represent
ot and cold Jupiters, respectively. Contrary to the earlier epoch, 
t late ages, planets with M pl = 1 and 10 M J reveal substantial
ariation in GW dissipation rate with the amount of irradiation, with
ot Jupiters being more dissipativ e. F or 0.3 M J planets, howev er,
he changes in Q 

′ 
gw between cold and hot models are manifested
MNRAS 527, 8245–8256 (2024) 
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Figure 4. Evolution of various quantities that are important in computing tidal quality factor due to GWs Q 

′ 
gw according to equations ( 3 ) and ( 4 ) in hot planetary 

models with P tide = 1 d. 
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t early times. In addition, for lower mass planets, tidal quality
actors due to equilibrium tides are also sensitive to the incident
ux. In contrast to GWs, the dissipation of equilibrium tides is
ome what more ef fecti ve in such lo w-mass cold planets, which have
maller Q 

′ 
eq . 

We have assumed GWs are launched in each layer and are then
ully damped before returning to their launching sites, even when
here are multiple radiativ e re gions. It is uncertain whether this is
ustified, as is the emergence of a second radiative region, which
ay either be the natural outcome of planetary evolution for low

ncident fluxes, or it could be an artefact caused by uncertainties in
he equation of state – or various neglected physics – in current
ersions of MESA . We have discovered that this feature can be
liminated with the introduction of additional interior heating, which
ay arise due to tidal heating or Ohmic dissipation. The fully damped

ssumption can potentially be justified by linear radiative damping,
hough this might only be ef fecti ve in the outer zone, but there are
lternative possibilities (including differential rotation, non-linearity,
nd magnetic fields). These should be explored further in future work,
ut for now we caution that there are potentially large uncertainties
n Q 

′ 
gw , particularly in our cold models. 

To summarize, we find GW damping can be ef fecti ve for highly
rradiated planets with extended stable layers near their surfaces
hat are deeper than one percent of their radii. Otherwise, IWs are
NRAS 527, 8245–8256 (2024) 
redicted to be the most important tidal mechanism when they are
xcited (i.e. for P tide > P rot /2) in almost all models, except perhaps
or the latest ages for low masses when Q 

′ 
iw > Q 

′ 
gw . 

 APPLI CATI ON  TO  STAR–PLANET  A N D  

L A N E T – M O O N  SYSTEMS  

he dissipation of planetary tides can potentially explain an important
spect of the eccentricity distribution in star–planet systems, which
s that hot Jupiters tend to have smaller eccentricities (and a
tronger preference for circularity) than warm and cold Jupiters.
o explore this scenario, we collect data from the NASA Ex-
planet Archiv e ( https://e xoplanetarchiv e.ipac.caltech.edu/) repre-
enting massive close-in planets (0.1 M J < M pl < 10 M J , P orb <

0 d; P orb is the orbital period). In addition, we filter out systems
ontaining another planet with P orb < 100 d to a v oid scenarios
here eccentricity excitation due to planet–planet interactions may
e competing with tidal eccentricity damping. Our main sample
onsists of 162 systems with a known eccentricity, stellar effective
emperature, stellar and planetary mass, and planetary radius. This
ample has been further extended by eight systems, namely HAT-
-2, HAT-P-4, HD 118203, HD 149026, HD 189733, HD 209458,
epler-91, and WASP-8, with no accessible data on the planetary

adii. The radii of the corresponding planets have been derived using

https://exoplanetarchive.ipac.caltech.edu/
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Figure 5. Evolution of Q 

′ due to IWs (top panel) and GWs (middle panel) 
for a Jupiter-mass planet irradiated by low ( F = F ⊕) and high ( F = 1000 F ⊕) 
incident fluxes (blue and red colours, respectively). Bottom panel: radius of 
the base of each radiative envelope with respect to the planetary surface. Blue 
and black circles represent the base of the bottom and top envelopes of a cold 
Jupiter, respectively. Red triangles represent the only radiativ e env elope of a 
hot Jupiter. 
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he mass–radius–flux parametrization from Lazovik ( 2023 ) given 
y his equations (16)–(18), which encompasses the relations from 

alsecchi, Rasio & Steffen ( 2014 ) and Thorngren et al. ( 2021 ). We
lso consider 136 additional planets with an upper bound on the
ccentricity below 0.1. We assume that these planets are on circular
rbits ( e = 0) when calculating the relative number of eccentric
lanets (i.e. the planets with e > 0.1). 
F or ev ery system in our sample, we calculate a corresponding

ircularization time-scale due to planetary tides, τ e,pl , following the 
quation (e.g. Goldreich & Soter 1966 ): 

e , pl = 

4 

63 

Q 

′ 
pl 

n 

M pl 

M ∗

(
a 

R pl 

)5 

. (5) 

ere, the tidal quality factor Q 

′ 
pl is set equal to Q 

′ 
iw since, as

hown in Section 3 , IWs provide the main contribution to the
 v erall tidal dissipation inside the planets in almost all cases in our
odels. Q 

′ 
iw may be represented as the product of two components,

amely the structural tidal quality factor Q 

′ 
iw , s and the parameter 

−2 
� ≡

(
�pl / 

√ 

GM pl /R 

3 
pl 

)−2 
. The first component, Q 

′ 
iw , s , is com- 

uted via linear interpolation between our models of hot planets 
ith the adjacent masses and ages plotted in Fig. 3 (note the large
bservational uncertainties in ages do not lead to large differences 
ccording to this figure), while ε� is inferred using observational 
ata, assuming spin–orbit synchronization ( �pl = n , since this is
xpected to occur more rapidly than circularization). 

Our sample is illustrated in the top panel of Fig. 6 . One can see
hat eccentricities tend to increase with the predicted circularization 
ime-scale. This is especially true for planets orbiting stars abo v e the
raft break ( T eff > 6250 K; Kraft 1967 ), as shown in black. Hot stars
av e thin conv ectiv e env elopes, leading to weaker tidal dissipation
n stellar interiors (see B20 ), suggesting planetary tides may be
ven more important for eccentricity evolution in these systems. 
his weaker stellar tidal dissipation may have several observational 
anifestations. In particular, star–planet systems with a hot star 

ypically sustain higher obliquities, as shown in Spalding & Winn 
 2022 ) and Attia et al. ( 2023 ). Here, we draw similar conclusions
oncerning the eccentricity distribution, which reveals the same 
rend, albeit with caution due to the low numbers involved. Indeed,
mong the systems with e > 0.1, planets orbiting stars abo v e (below)
he Kraft break have an average eccentricity of 0.33 (0.24). Apart
rom this trend, a correlation between eccentricity and eccentricity 
amping time-scale appears to be more pronounced in hot stars, 
hich may imply that stellar tides also contribute to the orbital

ircularization of hot Jupiters, or it could be related to the shorter
ain-sequence ages of hotter stars. 
As re vie wed in Dawson & Johnson ( 2018 ), hot Jupiters might

ave formed via two channels, namely disc migration and high- 
ccentricity migration (e.g. triggered by planet–planet scattering 
r secular/Kozai migration). In contrast to the former channel, the 
atter allows the formation of highly eccentric hot planets. It is still
nknown which channel (if any) dominates within the o v erall hot
upiter population. The presence of almost circular systems with 
e,pl a few orders of magnitude higher than the age of the Universe,
een in Fig. 6 , suggests that disc migration/low eccentricity formation
s likely to be a fa v ourable scenario for some fraction of our sample.
o a v oid the planets which might have formed with low initial
ccentricities, we separate the planets with e > 0.1 (eccentric planets)
nd e < 0.1 (non-eccentric planets). We select bin sizes along the x -
xis to have roughly equal numbers of eccentric planets in each one.
 or ev ery bin, we calculate the average eccentricity of the eccentric
lanets and plot it in the middle panel of Fig. 6 . In addition, we derive
MNRAS 527, 8245–8256 (2024) 
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Figure 6. Top panel: eccentricity distribution for observed planets as a 
function of predicted tidal circularization time-scale from planetary tides due 
to dissipation of IWs. Systems with the star abo v e (below) the Kraft break are 
displayed in black (light blue). Blue dashed and black dotted lines illustrate 
the mean eccentricity among the planets with e > 0.1 (i.e. eccentric planets) 
orbiting stars below and abo v e the Kraft break, respectively. Histogram in 
the middle panel shows the average eccentricity of the eccentric planets. 
Histogram in the bottom panel shows the ratio of the number N e > 0.1 of 
eccentric planets to the number N of planets within each bin. 
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2 These waves can also be excited ‘non-linearly’ by the elliptical instability 
for the hottest (very shortest period) planets, which we do not study here (e.g. 
de Vries, Barker & Hollerbach 2023 ). 
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he fraction of planets per bin with e > 0.1, and we display this in the
ottom panel. Both quantities are found to increase with our predicted
idal circularization time-scale. There is only a handful of eccentric
lanets with τ e,pl < 10 8 yr. This might be expected if planetary tides
ave acted here given that the average age of the observed systems is
f the order of a few Gyr. Another prominent detail is that the mean
ccentricity of the eccentric subsample increases when τ e,pl ∼ 1 Gyr,
.e. when τ e,pl becomes comparable with the systems’ mean age. The
bo v e features strongly suggest that tidal dissipation due to IWs can
lay an important role in shaping the orbital architectures of star–
lanet systems containing giant planets. On the other hand, under the
ssumptions of our models, neither equilibrium tides nor GWs can
xplain tidal circularization time-scales consistent with observations
that are shorter than or comparable to the ages of the systems). GWs
ould circularize only the very closest planets under the assumptions
e have made to model them (neglecting the possibility of resonance

ocking, e.g. Fuller, Luan & Quataert 2016 ). 
From the detailed analysis of astrometric observations of Jupiter’s

nd Saturn’s satellites, Lainey et al. ( 2009 , 2017 ) constrained tidal
issipation rates in our Solar system’s giants. They inferred k 2 / Q =
1.102 ± 0.203) × 10 −5 for Jupiter and k 2 / Q = (1.59 ± 0.54) × 10 −4 

or Saturn, giving approximately Q 

′ = (1.59 ± 0.25) × 10 5 and Q 

′ =
NRAS 527, 8245–8256 (2024) 
9.43 ± 4.39) × 10 3 for these planets, respectively. According to our
odels for evolved planets at the Solar system’s age (Figs 1 and 3 ),
e find 10 3 � Q 

′ 
iw � 10 4 for P rot ≈ 10 h. Hence, IWs are sufficiently

issipative – according to the frequenc y-av eraged measure we hav e
omputed – to explain observ ations. Gi ven that the actual dissipation
ate, and hence Q 

′ value, due to IWs at a given tidal frequency can
ary by orders of magnitude from this ‘typical value’ represented by
he frequenc y av erage (e.g. Ogilvie 2013 ; Astoul & Barker 2022 , in
oth linear and non-linear calculations), this suggests that the orbital
volution of Jupiter’s and Saturn’s moons can be explained by IWs
see also Pontin 2022 ; Dewberry 2023 ; Dhouib et al. 2023 ; de Vries,
arker & Hollerbach 2023 ; Lin 2023 ; Pontin, Barker & Hollerbach
023a ). Ho we ver, further work is required to explore this scenario in
ore detail, and to determine the validity of the frequenc y-av eraged

ormalism in modelling tidal evolution. 
According to Fig. 3 , the abo v e constraints on Jupiter and

aturn can also be obtained via GW damping in the envelope.
or the rotation period of Saturn ( P rot = 0.44 d) and the or-
ital period of Enceladus ( P orb = 1.37 d), our Saturn model
redicts Q 

′ 
gw ∼ 3 × 10 3 (not strongly depending on instellation

or the rele v ant mass and age). In turn, the present-epoch GW
issipation rate calculated for the Jupiter model strongly depends
n the incident flux. Adopting P rot = 0.41 and P orb = 1.77 d
Jupiter’s rotation period and Io’s orbital period, respectively) yields
 

′ 
gw ∼ 4 × 10 4 for a hot Jupiter model and Q 

′ 
gw ∼ 2 × 10 6 for a

old model. Thus, our crude GW dissipation estimates are also
surprisingly) in reasonable agreement with the observations. It
ould be interesting to explore the role of interior stably strat-

fied layers in future work, which we have neglected in our
odels due to the large uncertainties involved (i.e. to build upon
uller, Luan & Quataert 2016 ; Andr ́e, Barker & Mathis 2017 ;
ndr ́e, Mathis & Barker 2019 ; Pontin 2022 ; Dewberry 2023 ;
houib et al. 2023 ; Lin 2023 ; Pontin, Barker & Hollerbach 2023b ,
 ). 

 C O N C L U S I O N S  

e have studied theoretically the evolution of tidal dissipation rates
nd modified quality factors Q 

′ in rotating giant planets following
heir evolution using MESA interior models with masses ranging
rom 0.1 to 10 M J , for various incident stellar fluxes. We compute
he dissipation of equilibrium tides by rotating turbulent convection
assuming an ef fecti ve viscosity consistent with hydrodynamical
imulations), dissipation of GWs in the thin radiative envelope, and
Ws in the conv ectiv e interior. 

Our models indicate that IWs are almost al w ays lik ely to be the
ominant mechanism of tidal dissipation in giant planets whenever
he y are e xcited 2 – i.e. when the tidal period P tide > P rot /2 –
nd are capable of providing Q 

′ 
iw ∼ 10 3 ( P rot / 10h) 2 . This implies

 

′ 
iw ∼ 10 5 –10 6 for orbital periods of the order of 10 d (assuming

pin–orbit synchronism). Note that the frequenc y-av eraged measure
e have adopted can differ by orders of magnitude from the
redictions at a specific tidal frequency according to linear and
on-linear calculations (e.g. Ogilvie 2013 ; Lin & Ogilvie 2018 ;
stoul & Barker 2022 , 2023 , and can depend on magnetic fields

nd differential rotation), but is likely to represent a rather robust
typical value’ of dissipation due to these waves. 
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In hot low-mass planets (approx 0.1 M J ), our models also predict
fficient dissipation of GWs in the radiativ e env elope with Q 

′ 
gw ∼

0 4 ( P tide / 1 d) 8 / 3 (see also Lubow, Tout & Livio 1997 ; Ogilvie & Lin
004 ). This indicates efficient dissipation via this mechanism is also 
ossible, though Q 

′ 
gw values ranging up to six orders of magnitude 

arger are found in the more massive planets we modelled. 
We have shown that our predicted circularization time-scales 

rom the dissipation of IWs correlate well with observed planetary 
ccentricities. This provides evidence that IW dissipation may have 
layed an important role in planetary tidal evolution. 
The values of Q 

′ we have obtained can be compared with the
atest statistical inferences from modelling exoplanetary eccentricity 
amping in Mahmud, Penev & Schussler ( 2023 ). They found Q 

′ =
0 5 ± 0.5 for hot Jupiters with P tide ∈ [0.8, 7] d, with no strong evidence
f any tidal period dependence. For eccentricity tides, assuming spin–
rbit synchronism (hence P tide = P orb = P rot ), we predict Q 

′ 
iw ≈ 10 3 . 5 

or P tide = 0.8 d, and Q 

′ 
iw ≈ 10 5 . 5 for P tide = 7 d, with a value of

 

′ 
iw ≈ 10 4 . 5 for P tide = 2.4 d. Our results are therefore consistent
ith the range they obtained for tidal periods longer than about 
.4 d, and thus we argue that IWs are likely to be able to explain their
esults in these cases. For the shortest tidal periods, we find more
f fecti ve dissipation than they do, though this may be mitigated
hen considering the frequency-dependent tidal dissipation. It is 

lso unclear whether their assumption of a constant planetary radius 
ffects their results. 

Conv ectiv e damping of equilibrium tides is estimated to be 
egligible in giant planets compared with w avelik e tides because of
he strong frequency reduction of the ef fecti ve turbulent viscosity due
o the slow convection (relative to the tide) in these bodies (Goldreich
 Nicholson 1977 ; Ogilvie & Lesur 2012 ; Duguid, Barker & Jones

020b ; Vidal & Barker 2020b ) – though see Terquem ( 2021 ) for an
lternati ve vie wpoint. Rapid rotation minimally af fects the resulting
onv ectiv e turbulent viscosities in the fast tides regime (e.g. de
ries, Barker & Hollerbach 2023 ), though it reduces the ef fecti ve
iscosity even further for slow tides. Further work should explore 
he interaction between tidal flows and convection in more realistic 
umerical models. 
It is essential in future work to study whether the frequency- 

veraged formalism for IW dissipation is appropriate to model 
idal interactions when global inertial modes are excited in real- 
stic density-stratified models of planets, and whether it faithfully 
eproduces o v erall trends resulting from the dynamical evolution in 
 population of planetary systems. The role of interior stably stratified
ayers such as inferred for the dilute cores of Jupiter & Saturn should
lso be explored further, as should the effects of differential rotation 
nd magnetic fields. 

C K N OW L E D G E M E N T S  

e w ould lik e to thank the initial referee, Caroline Terquem, for
eading two versions of our manuscript and for providing critical 
omments each time, even if we disagree with many of them, 
nd our second referee, Jim Fuller, for a constructive report that 
elped us to impro v e the paper. AJB was supported by STFC grants
T/S000275/1 and ST/W000873/1. NBV was supported by EPSRC 

tudentship 2528559. AA was supported by a Leverhulme Trust Early 
areer Fellowship (ECF-2022-362). 
This research has made use of the NASA Exoplanet Archive, 

hich is operated by the California Institute of Technology, under 
ontract with the National Aeronautics and Space Administration 
nder the Exoplanet Exploration Program. 
L
ATA  AVAI LABI LI TY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

huir J. , Strugarek A., Brun A.-S., Mathis S., 2021, A&A, 650, A126 
ndr ́e Q. , Barker A. J., Mathis S., 2017, A&A , 605, A117 
ndr ́e Q. , Mathis S., Barker A. J., 2019, A&A , 626, A82 
stoul A. , Barker A. J., 2022, MNRAS , 516, 2913 
stoul A. , Barker A. J., 2023, ApJ , 955, L23 
ttia O. , Bourrier V., Delisle J.-B., Eggenberger P., 2023, A&A , 674, A120 
arker A. J. , 2016, MNRAS , 459, 939 
arker A. J. , 2020, MNRAS , 498, 2270 (B20) 
arker A. J. , 2022, ApJ , 927, L36 
arker A. J. , Astoul A. A. V., 2021, MNRAS , 506, L69 
arker A. J. , Ogilvie G. I., 2009, MNRAS , 395, 2268 
arker A. J. , Dempsey A. M., Lithwick Y., 2014, ApJ , 791, 13 
aruteau C. , Rieutord M., 2013, J. Fluid Mech. , 719, 47 
eaug ́e C. , Nesvorn ́y D., 2012, ApJ , 751, 119 
olmont E. , Mathis S., 2016, Celest. Mech. Dyn. Astron. , 126, 275 
olmont E. , Raymond S. N., Leconte J., Matt S. P., 2012, A&A , 544, A124 
olmont E. , Gallet F., Mathis S., Charbonnel C., Amard L., Alibert Y., 2017,

A&A , 604, A113 
urrie L. K. , Barker A. J., Lithwick Y., Browning M. K., 2020, MNRAS ,

493, 5233 
andoy V. , Park J., Augustson K., Astoul A., Mathis S., 2023, A&A , 673,

A6 
arwin G. H. , 1879, Phil. Trans. R. Soc. A, 170, 1 
awson R. I. , Johnson J. A., 2018, ARA&A , 56, 175 
ewberry J. W. , 2023, MNRAS , 521, 5991 
houib H. , Baruteau C., Mathis S., Debras F., Astoul A., Rieutord M., 2023,

preprint ( arXiv:2311.03288 ) 
uguid C. D. , Barker A. J., Jones C. A., 2020a, MNRAS , 491, 923 
uguid C. D. , Barker A. J., Jones C. A., 2020b, MNRAS , 497, 3400 
e Vries N. B. , Barker A. J., Hollerbach R., 2023, MNRAS , 524, 2661 
avier B. , Barker A. J., Baruteau C., Ogilvie G. I., 2014, MNRAS , 439, 845 
uller J. , Luan J., Quataert E., 2016, MNRAS , 458, 3867 
allet F. , Delorme P., 2019, A&A , 626, A120 
allet F. , Bolmont E., Mathis S., Charbonnel C., Amard L., 2017, A&A , 604,

A112 
allet F. , Bolmont E., Bouvier J., Mathis S., Charbonnel C., 2018, A&A ,

619, A80 
oldreich P. , 1963, MNRAS , 126, 257 
oldreich P. , Nicholson P. D., 1977, Icarus , 30, 301 
oldreich P. , Soter S., 1966, Icarus , 5, 375 
oodman J. , Dickson E. S., 1998, ApJ , 507, 938 
oodman J. , Lackner C., 2009, ApJ , 696, 2054 
uenel M. , Baruteau C., Mathis S., Rieutord M., 2016, A&A , 589, A22 
uillot T. , 2010, A&A , 520, A27 
amer J. H. , Schlaufman K. C., 2022, AJ , 164, 26 
oward S. et al., 2023, A&A , 672, A33 
ut P. , 1981, A&A, 99, 126 

vanov P. B. , Papaloizou J. C. B., 2004, MNRAS , 353, 1161 
vanov P. B. , Papaloizou J. C. B., 2007, MNRAS , 376, 682 
vanov P. B. , Papaloizou J. C. B., 2010, MNRAS , 407, 1609 
vanov P. B. , Papaloizou J. C. B., Chernov S. V., 2013, MNRAS , 432, 2339 
ackson B. , Greenberg R., Barnes R., 2008, ApJ , 678, 1396 
ackson B. , Jensen E., Peacock S., Arras P., Penev K., 2016, Celest. Mech.

Dyn. Astron. , 126, 227 
raft R. P. , 1967, ApJ , 150, 551 
ai D. , 2012, MNRAS , 423, 486 
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