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ABSTRACT

Tidal interactions play a crucial role in the orbital evolution of close-in star-planet systems. There are numerous manifestations of
tides, including planetary orbital migration, breaking resonant chains, tidal heating, orbital circularization, spin-orbit alignment,
and stellar and planetary spin synchronization. In the present study, we focus on the dissipation of internal gravity waves within
stars. We examine two mechanisms: wave breaking in stars with radiative cores and magnetic wave conversion in stars with
convective cores. Applying tidal prescriptions modelling these processes, we demonstrate that the enhanced stellar rotation of
both TOI-2458 and GJ 504 can be explained by the previous engulfment of a hot Jupiter caused by gravity wave damping.
Furthermore, we show that the observed population of hot Jupiters can be divided into two distinct subsamples: those that are
too young for gravity wave dissipation and those where it is ongoing. These subsamples exhibit qualitatively different orbital
period distributions: young systems have a uniform distribution, while older systems show a steep decline at short orbital periods.
Using a population synthesis approach, we successfully reproduce the main features of the older hot Jupiter sample based on the
distribution of the younger systems. According to our estimates, up to 13% of the main-sequence stars within the mass range
[0.7,1.5] M, that once hosted a hot Jupiter may have since engulfed it. Our results highlight the key role of internal gravity wave
dissipation in shaping the orbital architectures of hot Jupiter systems.

Key words: planet-star interactions — planetary systems — planets and satellites: interiors — planets and satellites: physical

evolution

1 INTRODUCTION

Gravitational tidal interactions play an important role in driving both
spin and orbital evolution in planetary systems and binary stars. The
tidal gravity of one body (such as a star or planet) deforms and excites
time-dependent flows inside another, and the dissipation of these
flows results in tidal torques and spin-orbit evolution. In planetary
systems, tidal dissipation inside stars is thought to cause planetary
orbital migration for the closest-in planets, and in particular to be
responsible for shrinking the semi-major axes of planets orbiting
with periods shorter than the stellar rotation (e.g. Rasio et al. 1996;
Jackson et al. 2009; Lazovik 2021). Young stars that rotate more
rapidly than their planet orbits them can potentially drive outward
migration (e.g. Barker & Ogilvie 2009; Bolmont & Mathis 2016;
Lazovik 2021). Tidal dissipation inside stars and planets can also
modify the eccentricities of planetary orbits, typically driving orbital
circularisation for hot Jupiters (HJs) (e.g. Jackson et al. 2008; Hansen
2010; Mahmud et al. 2023; Lazovik et al. 2024). It is also believed
to modify stellar and planetary rotations (e.g. Maxted et al. 2015;
Penev et al. 2018; Tejada Arevalo et al. 2021; Ili¢ et al. 2024) and
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stellar and planetary obliquities (Barker & Ogilvie 2009; Albrecht
et al. 2012; Lin & Ogilvie 2017; Zanazzi et al. 2024).

The mechanisms of tidal dissipation in stars and planets are incom-
pletely understood, though much progress has been made in recent
decades (e.g. Ogilvie 2014; Mathis 2019; Barker 2025). Various at-
tempts have been made to constrain efficiencies of tidal dissipation
in stars from the observed populations of HJs around main-sequence
(Jackson et al. 2008, 2009; Hansen 2010, 2012; Collier Cameron &
Jardine 2018; Hamer & Schlaufman 2019, 2020; Miyazaki & Ma-
suda 2023; Chen et al. 2023; Banerjee et al. 2024; Millholland et al.
2025) and subgiant stars (Schlaufman & Winn 2013). Other studies
have constrained these efficiencies from the inferred stellar spin-up
of main-sequence (MS) stars that would have been expected to rotate
more slowly in the absence of tides (Maxted et al. 2015; Penev et al.
2018; Ili¢ et al. 2024). There have also been attempts to constrain
the efficiencies of tidal dissipation in binary stars (e.g. Patel & Penev
2022) and giant planets (e.g. Jackson et al. 2008; Mahmud et al.
2023; Lazovik et al. 2024).

Theoretically, various mechanisms of tidal dissipation have been
proposed to operate in low-mass planet-hosting stars. Classically,
convective damping of large-scale equilibrium tides has been hy-
pothesized to be important (e.g. Zahn 1977; Goldreich & Nicholson
1977; Zahn 1989), but recent hydrodynamical simulations have in-
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dicated that this mechanism is unlikely to be effective in MS stars
(in the so-called “fast tides” regime, which is likely to be relevant
for the energetically dominant convective eddies e.g. Penev et al.
2009; Ogilvie & Lesur 2012; Duguid et al. 2020; Vidal & Barker
2020; Terquem 2021; Barker & Astoul 2021; de Vries et al. 2023).
Instead, the tidal excitation and dissipation of various kinds of waves,
including inertial waves in convection zones of sufficiently rapidly
rotating stellar hosts (Ogilvie & Lin 2007; Bolmont & Mathis 2016;
Barker 2020; Wu et al. 2024), and internal gravity waves (IGWs,
or g-modes, or inertia-gravity/gravito-inertial waves when rotation
is non-negligible) in radiative zones (Goodman & Dickson 1998;
Terquem et al. 1998; Ogilvie & Lin 2007; Barker & Ogilvie 2010;
Ivanov et al. 2013; Barker 2020; Ahuir et al. 2021; Guo et al. 2023;
Esseldeurs et al. 2024). Resonance locking of the latter has also
been proposed (Ma & Fuller 2021), which involves tidal and g-mode
frequencies evolving in such a way that they can remain locked in
resonance with the tidal forcing, leading to enhanced dissipation (as
first proposed and studied by Witte & Savonije 1999).

Recently, tidal dissipation mechanisms are beginning to be con-
strained via transit timing analysis of HJs (e.g. Birkby et al. 2014;
Maciejewski et al. 2016; Wilkins et al. 2017; Patra et al. 2020; Yee
et al. 2020; Vissapragada et al. 2022; Barker et al. 2024; Adams
et al. 2024; Bagtiirk et al. 2025). The idea is that the gradual or-
bital evolution of short-period planets can be detected by shifts in
the arrival times of HJs, potentially allowing us to constrain stellar
tidal dissipation if other processes can be excluded from causing
any observed changes. Such more direct detections of stellar tidal
dissipation complement statistical and population-wide approaches
to constraining tidal mechanisms and their efficiencies in stars (and
planets). In this study, both the analysis of individual systems and a
study of the population of HJs as a whole are of interest to us.

Tidal interactions have been explored extensively in studies dedi-
cated to the evolution of the HJ population. Based on an equilibrium
tide model, Collier Cameron & Jardine (2018) attempted to explain
the upper-left boundary in the mass—separation diagram. Similar re-
sults were obtained by Rao et al. (2021), whose model incorporates
both equilibrium tide and inertial wave dissipation. Using the same
tidal prescriptions, Bolmont et al. (2017) earlier examined the in-
fluence of metallicity on the populations of HJs orbiting stars with
different initial spin rates. Inertial waves were also utilized by Heller
(2019) to investigate the formation of the HJ pile-up at approxi-
mately 0.05 AU. Applying crude equilibrium tide and stellar wind
models, Ferraz-Mello & Beaugé (2023) successfully reproduced the
distribution of HJ systems in the orbital period—rotation period dia-
gram. Furthermore, Ahuir et al. (2021) employed tidal and magnetic
star—planet interactions within their synthetic populations to repro-
duce the observed rotation period distribution of HJ hosts and the
orbital period distribution of HJs. Beyond these studies, some aspects
of tidal interactions have also been integrated into global population
synthesis models designed to trace the formation and subsequent
evolution of planets, including HJs (Emsenhuber et al. 2021).

Despite the aforementioned advancements, IGWs have yet to be
thoroughly explored in the context of star-planet orbital evolution
and its effects on the planetary population until recently. In Lazovik
(2021, 2023), we demonstrated that IGW dissipation via strongly
nonlinear wave breaking can significantly influence the orbital archi-
tectures of HJ systems. However, our population synthesis analysis
was restricted by underlying assumptions regarding the initial hot
Jupiter population. In the present work, we aim to address these
limitations.

Our primary focus is on two key mechanisms: wave breaking in
stars with radiative cores (e.g. Barker & Ogilvie 2010) and magnetic
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wave conversion (e.g. Duguid et al. 2024) in stars with convective
cores. These processes are expected to provide rapid dissipation rates
during the second half of the host stars’ main-sequence lifetimes,
creating a stark contrast between the orbital period distributions of
planets in younger and older systems. The paper is organized as
follows. Sec. 2 details our tidal prescriptions and planetary migration
model. In Sec. 3, we use this model to investigate tidally-driven
engulfment as a potential cause for the enhanced rotation rates of
TOI-2458 and GJ 504. In Sec. 4, we conduct a population synthesis
analysis to assess the effect of IGW dissipation on the evolution of
observed HJs. Our results are discussed in Sec. 5 and summarised in
Sec. 6.

2 METHODS

In this section, we present the theoretical framework used to model
planetary migration due to IGW dissipation. In tidal theory, a funda-
mental quantity for modelling tidal dissipation is the stellar modified
tidal quality factor, Q. It is defined as being proportional to the ratio
of the maximum potential energy stored in the tide (E() to the energy
dissipated over one tidal period, according to:

3 2nEg
2kz 4 (—%—‘IE dt)
where k is the second-order potential Love number (which is thought
to take the value ky = 0.0351 for the Sun). Although this quantity
is not a constant parameter, and in general it depends upon stellar
mass, rotation, age, and metallicity, as well as on the tidal amplitude
and frequency (e.g. Ogilvie 2014; Barker 2025), it remains a helpful
quantity because it appears in tidal evolutionary equations. In this
work, we focus on circular planetary orbits in the equatorial plane of
a star, in which the relevant tidal component is the quadrupolar one
with spherical harmonic degree [ = 2 and azimuthal wavenumber
m = 2, which has tidal frequency wge = 2(n — Q). Here Q. is the
A IG(Mpl + My)/a3 is the orbital
frequency (mean motion), where Mp, is the planetary mass, My is
the stellar mass, G is the gravitational constant and a is the orbital
Semi-major axis.

Q' = (1)

stellar rotation frequency and n =

2.1 Dissipation mechanisms

In the present study, we focus on two processes responsible for the
dissipation of tidally excited IGWs: wave breaking and conversion
to magnetic waves. These are thought to be relevant for stars with
radiative and convective cores, respectively. They are expected to
provide the most efficient dissipation of IGWs when they operate
unless tidal forcing can resonantly excite a global g-mode oscillation
for a sustained period of time, in which case it is in principle possible
for the dissipation to be stronger (at least in linear theory, e.g. Terquem
etal. 1998; Goodman & Dickson 1998; Witte & Savonije 1999; Ma &
Fuller 2021). However, nonlinear effects and evolution of the internal
rotation of a star may prevent resonances from being maintained or
locked into in many cases (e.g. Barker & Ogilvie 2010; Ma & Fuller
2021; Guo et al. 2023). Hence, the two mechanisms above are likely
to be the most efficient ones because they lead to the deposition
and subsequent dissipation of all of the energy stored in the tidal
waves inside the star after their excitation. The corresponding tidal
quality factor Q’, characterizing the efficiency of tidal dissipation
in this “fully damped regime”, in which IGWs are launched from



the boundary between the convective envelope and radiation zone as
“travelling waves”, can be expressed as (e.g. Barker 2020):

1 2r)P R,
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The parameter G is calculated following equation (42) of Barker
(2020).

While equation (2) in principle applies if the waves are fully
damped according to any mechanism (such as radiative diffusion
of low frequency waves), we will apply it only when either the
waves have large enough amplitudes to become strongly nonlinear
and break, or via the linear process of magnetic wave conversion. We
do not consider additional linear and weakly non-linear processes
explicitly, such as those involving weaker radiative damping of IGWs
(the neglect of which is more appropriate here than in more massive
stars with radiative envelopes, e.g. Zahn 1975, 1977; Savonije &
Papaloizou 1983; Goldreich & Nicholson 1989) or global g-modes
(Goodman & Dickson 1998), and we also ignore excitation of sec-
ondary waves by weakly nonlinear interactions (Essick & Weinberg
2016; Weinberg et al. 2024), which have been explored in some
works in the literature. Studying their impact on star-planet orbital
evolution is left to future work. Furthermore, equation (2) assumes
that the squared buoyancy frequency N2 at the radiative/convective
boundary depends linearly upon the distance from the boundary. As
demonstrated by Barker (2011), accounting for deviations from this
linear profile may introduce a factor of ~ 2 variation in Q’. However,
such differences would be insufficient to alter the primary results of
this paper.

In order to isolate the implications of IGW dissipation from the
action of inertial waves in convection zones, in Section 4 we im-
pose age restrictions, filtering out the young systems where the host
star can be a rapid rotator and could be subject to efficient inertial
wave dissipation. We also neglect the contribution from equilibrium
tides, which are expected to be ineffective in all stars considered here
due to the reduction in turbulent viscosity for fast tides (e.g. Gol-
dreich & Nicholson 1977; Ogilvie & Lesur 2012; Vidal & Barker
2020; Duguid et al. 2020). We also do not take into account non-
tidal mechanisms driving the planetary orbital migration, such as
star-planet magnetic interactions (e.g. Lai 2012; Strugarek 2016;
Strugarek et al. 2017; Ahuir et al. 2021; Wei & Lin 2024; De Colle
etal. 2025). The latter is justified during the later stages of MS evolu-
tion because the magnetic fields of both solar-type stars (Ahuir et al.
2020) and HJs (Hori 2021; Kilmetis et al. 2024) weaken with age,
thereby reducing the significance of magnetic interactions.

As aresult of our choice to neglect the processes just described, we
assume that the planetary orbit is static until the conditions required
for IGW dissipation, outlined below, are satisfied.

2.1.1 Wave breaking in cooler stars with radiative cores

In stars with radiative cores, IGWs are excited at the interface between
the radiative core and the convective envelope. While approaching the
stellar centre, the amplitudes of these waves increase due to geomet-
rical focussing, such that they may become non-linear there. Once a
critical amplitude is exceeded, these waves overturn the background
stratification, leading to wave breaking (Barker & Ogilvie 2010).
We assume that wave breaking occurs if the following condition is
satisfied (see e.g., Barker 2020):

Az_wg_@(@)z(&)ﬁlw 521 @
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with pg the central stellar density, G the stellar structural parameter
relating to the radiative/convective interface described above, and C
the slope of the buoyancy frequency profile near the centre of the
star (such that the buoyancy frequency N = Cr there, where r is
the distance from the centre). C(¢) evolves with stellar age ¢, and
increases substantially with time for ages older than 1 Gyr, e.g. see
Fig. 10 in Barker (2020). For a given system, the condition Aﬁl =1
(in equation 3) can then be used to define the age at which # = tgy,
corresponding to the onset of IGW breaking.

We also note that other processes responsible for IGW damping,
such as viscous and thermal dissipation, or resonant excitation of g-
modes leading to wave breaking for smaller amplitudes than predicted
by equation (3), can modify stellar rotation and lead to the formation
of a critical layer, where incoming waves are effectively absorbed
(Barker & Ogilvie 2010; Guo et al. 2023). Consequently, we expect
that the condition (3) defines a conservative condition for the efficient
dissipation of IGWs.

2.1.2 Conversion to magnetic waves in hotter stars with convective
cores

IGWs cannot propagate within convective layers such as the convec-
tive cores of F-type stars. This prevents the waves from reaching the
stellar centre in these stars, and hence IGWs are unlikely to achieve
sufficiently large amplitudes to cause them to break when they are
excited by planetary mass companions (see Fig. 9 of Barker 2020).
However, wave breaking is not the only mechanism that can lead to
efficient dissipation of IGWs. Based on observations of depressed
dipole (I = 2) oscillation modes in red giant branch (RGB) stars,
Fuller et al. (2015) proposed that inwardly propagating IGWs may
be converted into outwardly propagating magnetic (Alfvénic or slow
magnetosonic) waves in regions where the radial wavenumbers of
each of these waves become comparable. This picture is based on
an unmagnetised or weakly magnetised envelope in which IGWs are
excited and propagate inwards until they reach a region of sufficiently
strong magnetic field where the above-mentioned condition is sat-
isfied. These magnetic waves are likely to subsequently dissipate
as they propagate outward into unmagnetized regions of the star,
partly because they typically have much shorter wavelengths than
the ingoing wave. This is therefore a mechanism for dissipating in-
wardly propagating IGWs. This process has been further investigated
in Lecoanet et al. (2017) and Rui & Fuller (2023), which generally
support the suggestion of Fuller et al. (2015) (though see Loi &
Papaloizou 2017, 2018).

The impact of IGW conversion into magnetic waves on tidal dissi-
pation and for the orbital evolution of star-planet systems has begun
to be studied in Duguid et al. (2024), where its potentially significant
role for HJs and ultra-short period planets (USPs) was highlighted.
They found that the conditions necessary for wave conversion to oc-
cur are typically met in stars with convective cores during the second
half of the main sequence when the convective core retreats. This
allows a strong magnetic field to exist in their inner radiative layers,
which was originally produced by a convective core dynamo prior to
the core retreating. Following Duguid et al. (2024), we assume that
IGWs are fully converted into magnetic waves when the radial mag-
netic field strength, with magnitude |B; |, exceeds the critical value
B_it, at any point within the region Re < r < R¢ + 0.2R4, where

6Vr [ Re [
By (1) = \/3_/. r? p”gonvdr’ )
R Jo
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and

2
Ber(r,1) = “2 NP )
N

Here, R is the radius of the convective core, p(r) is the local density,
ucony(r) is the convective velocity, and N(r) is the Brunt—Viiséld
(buoyancy) frequency (the latter three depend upon the distance from
the stellar centre, 7). By imposing the constraint Rc < r < Rc+0.2Ry,
we aim to exclude the upper layers of the radiative envelope, where
the global minimum of B, is located during the early stages of MS
evolution (see Duguid et al. 2024), and to focus on the core-envelope
boundary. The condition |B,| > B determines the onset of IGW
dissipation in stars possessing convective cores in our models. Un-
like the wave-breaking criterion discussed in subsection 2.1.1, this
condition does not depend on the planetary mass (except through its
very weak influence on wyjge)-

As a planet migrates inward, its orbital period decreases (hence
wyide increases). This decrease can cause the critical magnetic field
strength to rise above B, in cases where magnetic wave conversion
has previously occurred. In these cases, we assume that inwardly
propagating IGWs continue to be fully dissipated after magnetic
wave conversion has started, and hence the resulting tidal dissipation
is determined by equation (2) even after the criterion B, > Bt
is no longer satisfied. Currently, there are many unsolved problems
relating to the propagation and dissipation of IGWs in regions with
strong magnetic fields, so the validity of this approach is ultimately
uncertain, though we come back to this point later in Section 5.2.

Finally, we note that although there are two separate underlying
processes responsible for IGW dissipation in stars with radiative and
convective cores, here we use the same notation fgyw to represent
the age at which efficient IGW dissipation (governed by equation 2)
begins. The mechanism involved that leads to this regime is deter-
mined by the stellar type, particularly whether it has a convective or
radiative core.

2.2 Orbital evolution

In the present paper, we assume that by the time efficient dissipation of
IGWs onsets, the planetary orbit is circular and aligned with the stellar
equatorial plane. The evolution of the semi-major axis is determined
by:

lda  Q.—n 9n (Mp\(R.\ 1
Ea‘uh—mi(MJ(_)ET

Hereafter, we assume M, > Mpl as Mpl/M* < 2% 107 in our
work.

The transfer of angular momentum between the host star and the
planetary orbit also changes the stellar rotation rate. We consider
magnetic braking, quantified by wind torque I'y;,q, to be the only
source of total angular momentum loss from the star-planet system
(note that I'yinq is negative in the present study). Accordingly, we
have:

dL. dLy
o+ 3 = Pwind: )

(6)

a

where L. = I,Q, and L, = M, a®n are the stellar spin and plan-
etary orbital angular momenta, respectively, and I, is the stellar
moment of inertia (computed as described in e.g. Barker 2020; La-
zovik 2021). Accordingly, the evolution of the stellar rotation rate
can be computed by the following equation:

dQ. 1 d/, 1 GM, da
= — |Tyind = Qe = — =My 22 8
dr L | Wi TR TN Ty dz) ®)
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As in Lazovik (2021, 2023), we implement the braking law by Matt
etal. (2015) and Amard et al. (2019) with the coeflicients parametriz-
ing the wind torque, I'yinq, adopted from Gossage et al. (2021).

When examining the impact of planetary engulfment on stellar
rotation in Section 3, we assume that the planet instantaneously
transfers all of its orbital momentum to the star’s rotation once its
semi-major axis equals the Roche limit agr, which is evaluated as
follows:

M*)3. 9)

ar = fpRpl (Mpl

The parameter fp, depends on the planetary structure and constitution.
In the present study, fp, is fixed at 2.4, which is approximately valid
for a homogeneous fluid body. This value is higher than the value
Jp = 2.16 in e.g. Faber et al. (2005); Ford & Rasio (2006); Nelson
et al. (2017), but lower than the value f, = 2.7 inferred from the
three-dimensional hydrodynamical simulations of Guillochon et al.
(2011). Although this work assumes tidal disruption upon filling the
Roche lobe, another possibility is the stable accretion scenario pro-
posed by Valsecchi et al. (2014) and further investigated by Lazovik
(2023). According to this scenario, HJs can avoid immediate tidal
disruption by continuously adjusting their radii to fill their Roche
lobes while gradually losing mass, eventually transforming into hot
Neptunes with thin envelopes, or Super-Earths. However, the validity
of this scenario relies on an efficient mechanism to return the angular
momentum of the transferred mass back to the planet’s orbit. The ex-
istence of such a mechanism was questioned by Jia & Spruit (2017),
who argued that the star acts as a sink for the angular momentum,
preventing orbital expansion and instead accelerating runaway mass
transfer, which in the end causes tidal disruption. Recently, Hallatt
& Millholland (2026) proposed an impulsive mass-loss regime, ac-
cording to which a small return of angular momentum (~ 5—10%) is
able to prevent engulfment, leading to the rapid shedding of most of
the planet’s envelope. Nevertheless, even if a planet can survive the
mass loss following Roche lobe overflow, we expect IGW dissipation
to be sufficiently strong to subsequently drive inspiral into the star
within a short timescale.

Throughout our work, we assume that the star rotates as a solid
body. Hence we neglect any possible diftferential rotation (or “core-
envelope decoupling") between convection and radiation zones, and
also within convective or radiative regions. It is important to note that
the considered mechanisms of IGW dissipation will alter the rotation
profile preferentially within the radiation zone where these waves are
damped, and hence where the tidal torque will apply, which is most
likely to occur deep within the star. At the same time, planetary en-
gulfment, occurring at the final stage of tidal decay, primarily spins
up the outermost stellar layers. The timescales required to transport
angular momentum between and within stellar zones (both radiative
and convective) are currently very uncertain. In their work, Gallet
& Bouvier (2015) constrained core-envelope coupling timescales to
the range 107 — 108 yrs to match the observed distribution of stel-
lar rotation at ZAMS, which is shorter than most of the timescales
relevant to this study. Nevertheless, exploring the effects of differen-
tial rotation and its coupled interaction with tidal dissipation is an
important topic for future studies.

2.3 Stellar models

In this study, we compute our stellar models using the evolution code
MESA r11701 (Paxton et al. 2011, 2013, 2015, 2018, 2019) and
inlist files from Gossage et al. (2021) based on the MIST frame-
work (Dotter 2016; Choi et al. 2016). The models account for stellar
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Figure 1. Evolution of the critical magnetic field strength, B, fora 1.2 Mo
solar-metallicity model and tidal period of 0.5 days. Each color represents
a different grid resolution, defined by the parameter mesh_delta_coeff,
given in the legend. B, is evaluated as a local minimum within the region
[R¢, Rc +0.2R,]

. Solid (dotted) lines correspond to models without (with) element diffusion.
Gray dashed line shows the radial magnetic field strength of the convective
core, B;-.

rotation, parameterized according to the magnetic braking law of
Matt et al. (2015); Amard et al. (2019). The initial rotation period
following disc dissipation is set to 5.5 days, consistent with typical
rotation rates observed in NGC 2362 (Irwin et al. 2008). The disc
dissipation timescale is fixed at 6 Myr, based on Tu et al. (2015).
Since the star-planet systems explored in this paper are older than
100 Myr, their present-day rotation rates are insensitive to the initial
conditions; the same is true for rotation rates at the onset of IGW
dissipation. We find that the critical magnetic field strength required
for wave conversion, Bgj, is sensitive to the grid resolution, which
is determined by the parameter mesh_delta_coeff. Increasing the
resolution (by decreasing mesh_delta_coeff) allows B to con-
verge at mesh_delta_coeff < 0.5, as we show in Fig.1. Therefore,
we select mesh_delta_coeff = (.5 to balance computational effi-
ciency and accuracy.

Furthermore, Fig.1 demonstrates that the evolution of B is qual-
itatively and quantitatively different depending on whether element
diffusion is considered. In particular, implementing diffusion elimi-
nates the bump in the N 2 profile near the inner edge of the radiative
layer, which is present in models computed without element diffusion
at late ages (see e.g. Fig. 2 in Duguid et al. 2024). This bump causes
a drop in the evolution of B and thus enables the conversion of
IGWs over a wide range of tidal forcing periods. We note that current
understanding of the efficiency of element diffusion and its impact
on the evolution at the interface between the convective core and the
radiative envelope remains uncertain. Additionally, calculating B,
based on the assumption of equipartition between magnetic and con-
vective kinetic energy densities may lead to an underestimate of the
radial magnetic field strength (compared to, for example, the mag-
netostrophic scaling as in Table 1 of Astoul et al. 2019). Given these
considerations, we have decided to disable element diffusion for the
remainder of this work to ensure that our estimates are consistent
with the models considered by Duguid et al. (2024). However, this
issue remains a substantial uncertainty in our models.
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Figure 2. Critical planetary mass for wave breaking as a function of age for
TOI-2458 and tidal period of 0.5 days. Stellar mass and metallicity are M, =
1.05 Mo, [Fe/H] = -0.11. Blue vertical dashed line illustrates the TAMS age.
Gray region indicates the age constraint from Subjak et al. (2025). Orange
region indicates HJ mass range.

3 STELLAR SPIN-UP AS A RESULT OF PLANETARY
ENGULFMENT

Before examining how IGW dissipation affects the overall HJ pop-
ulation, we will focus on two particular cases where tidally driven
migration leading to planetary engulfment of a hypothetical HJ can
plausibly explain the observed increase in stellar rotation rates com-
pared with expectations for single stars. Specifically, we will study
the stars TOI-2458 and GJ 504, which have either a radiative or a
convective core, respectively. We will demonstrate that IGW dissi-
pation is a plausible mechanism capable of driving the migration of
a hypothetical HJ at later ages, ultimately causing planetary engulf-
ment. Importantly, our analysis will enable us to accurately reproduce
the current ages and rotation rates of these stars without the need to
finely tune the parameters of the engulfed planets. This supports IGW
dissipation as a key process in the evolution of close-in exoplanetary
systems and their host stars.

3.1 TOI-2458

TOI-2458 is a 1.05 M main-sequence star with sub-solar metallicity
([Fe/H] = -0.11), hosting a hot Neptune, TOI-2458 b, with an orbital
period Py = 3.74 days and a mass Mp = 13.3Mg (Subjak et al.
2025). The rapid rotation rate (Prot = 8.9 days; Prot is the rotation
period, whereas we would expect Prot ~ 20 days without tidal spin-
up) for its age of 5.7f%‘98 Gyr suggests that the host star may have
been spun up due to tidal interactions with another massive planet
before it was engulfed by the star. Given the presence of the close-in
planets TOI-2458 b and c, the hypothetical planet that was engulfed
most likely formed via disk migration — or potentially in situ — rather
than by a more violent high-eccentricity migration scenario. The es-
timated age of TOI-2458 is close to the terminal-age main-sequence
(TAMS). This allows wave breaking to operate for a broad range
of planetary masses, as we show in Fig. 2, which shows the critical
planetary mass required to initiate wave breaking as a function of
age in the core of TOI-2458, assuming a tidal period of 0.5 days
(approximately valid for a hypothetical planet with Py ~ 1 d).

Our hypothesis that IGW dissipation can explain the star’s anoma-
lously fast rotation is supported by Fig. 3, illustrating the orbital
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Figure 3. Evolution of stellar rotation (top panel) and planetary orbital (bot-
tom panel) periods for four star-planet systems with Py = 1, 1.5, 2.5, 2.5
days and My, = 10, 0.7, 2, and 4 Mj, shown in red, orange, blue, and pur-
ple, respectively. The black dotted line depicts the rotation period evolution
of a solitary star. Circles and crosses denote the onset of IGW breaking
and Roche-lobe overflow (and planetary engulfment), respectively. The green
square with error bars shows TOI-2458’s observed rotation period and age,
along with their uncertainties from Subjak et al. (2025).

evolution of four hypothetical HJs around TOI-2458, with planetary
masses of 0.7, 2, 4, and 10 Jovian masses, and initial orbital periods
of 1.5, 2.5, 2.5, and 1 day, respectively. These initial orbital peri-
ods represent the range of possible separations between the engulfed
planet and its host star, considering the proximity of the hot Neptune
TOI-2458 b. For the least massive HJs, such as those with masses as
small as 0.3 M, the smaller initial separations above would place
them below the Roche limit (for M, = 0.3 My and Ry = 1.5 Ry,
equation (9) yields ar ~ 0.026 AU, which corresponds to an orbital
period of ~ 1.5 days). Conversely, a planet with a larger initial sep-
aration would be too close to TOI-2458 b, as the mutual separation
between the two planets would fall below 4 mutual Hill radii, which
is the stability threshold for two-planet systems proposed by Wu et al.
(2019). The mutual Hill radius Ay in the units of mutual planetary
separation is determined by:

1
Ag _art+ap (Mpl,l "'jupl,2)3

Aa  2(ay—ay) 3My
2 2
3 3 1 1
o Poma tPorva (Mpl,1 + Mpi2\3 ( My |73
~3.4%x10 > > - ,
P§ _ Pj IMJ M@
orb,2 orb, 1

(10

where a1 and ap (Pog,,1 and Py, 2) are the semi-major axes (or-
bital periods) of neighboring planets with masses Mp) ;| and Mp 7,
respectively. For Poy, | = 2.5 days, Mpj,1 = My, Pop,2 = 3.74 days,
My 2 = 0.042 My, and My = 1.05 Mo (the latter three are the pa-
rameters of TOI-2458 b and TOI-2458, respectively), equation (10)
gives Ay /Aa = 1/4.

Rapid orbital migration, triggered by IGW breaking (the onset of
which is shown by the black circles), modifies the stellar rotation
period compared to that of a solitary star (shown with a black dotted
line), as depicted in the top panel of Fig. 3. The bottom left panel
reveals that the engulfment of planets with My = 0.7 and 10 My
occurs almost instantaneously after the onset of wave breaking. In
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Figure 4. Mass of the engulfed planet as a function of “lookback” time. Black
lines represent the mass of the planet required to spin-up the host star to the
observed present-day rotation (Mpin—yp)- Red lines indicate the mass of the
planet that completes its orbital decay as a result of IGW breaking (M gecay)-
Solid (dashed) lines correspond to the initial orbital period of 1.5 (2.5) days.
Grey and red shaded regions correspond to the uncertainties in Mgpin—yp and
M gecay for a 1.5-day planet due to the uncertainties in TOI-2458’s measured
rotation rate and age, respectively.

contrast, 2.0 and 4.0 Mj planets undergo a prolonged phase of orbital
migration that lasts more than 700 Myr.

A comparison between the migration of planets with My = 0.7
and 4 Mj is particularly insightful. Despite the more massive planet
depositing more angular momentum into stellar rotation, its orbital
decay completes earlier, leaving more time for magnetic braking to
erase the tidally enhanced rotation. Eventually, the rotation periods
in both simulations converge, and at TOI-2458’s age, they reach
values consistent with observations. The other two simulations shown
in red and blue also allow the star to match the rotation period
measurements. However, this time, the stellar rotation period equals
its observed value at ages corresponding to either the lower limit
from Subjak et al. (2025) or an upper limit based on the TAMS age
(which exceeds the upper age limit from Subjak et al. (2025); given
that other parameters such as T and log g suggest that TOI-2458 is
an MS star, here we use TAMS as the upper age limit).

Having verified that TOI-2458’s present-day rotation and age can
be explained by a model in which a hypothetical HJ underwent plan-
etary orbital migration driven by IGW breaking, we now explore the
parameter space of the problem further. Our four examples, illus-
trated in Fig. 3, demonstrate that a planet with higher initial orbital
angular momentum must undergo coalescence earlier to allow its host
star to spin down to the observed angular velocity at its inferred age.
Building on this concept, we compute the mass of the engulfed planet
Mipin—up, required to reproduce TOI-2458’s observations (hereafter,
spin-up mass), as a function of the “look-back” time (the time before
the present at which the orbital decay finished with the engulfment
event) and initial orbital period. In Fig. 4, the spin-up mass is repre-
sented by solid and dashed black lines for fixed initial orbital periods
of 1.5 and 2.5 days, respectively. A planet undergoing orbital decay
from the shorter periods retains most of its initial orbital momentum
until Roche-lobe overflow occurs, which explains the close proximity
of these two lines (i.e., the solid and black dashed lines).

Moving to earlier ages (longer look-back times), the spin-up mass



monotonically increases. As shown in Fig. 2, the critical mass re-
quired for wave breaking also increases with time before the present.
The close relation of these trends makes IGW dissipation a promis-
ing mechanism for explaining TOI-2458’s observed properties. To
study this case in more detail, we calculate Myecay, the mass of a
planet that completes orbital decay (to engulfment) as a function of
age. As we discussed previously, for an initial orbital period of 1.5
days, the orbital decay occurs very rapidly and the planet is engulfed
shortly after the onset of IGW breaking. Therefore, in this case,
Mgecay & Merit, Where My is the critical planetary mass required
for wave breaking, derived by solving A, = 1 with A obtained
from equation (2). In Fig. 4, this quantity is shown as a solid red line.
From the direct comparison between the solid black and red lines, we
find that Mgecay and Mgpin—yp almost overlap within the range [0.3,
1] My. In contrast, for longer orbital periods, Myecay and Mcyj¢ do not
coincide, as the planet requires a longer time to reach the Roche limit.
Consequently, the mass of the decaying planet that started its orbital
migration from an orbital period of 2.5 days, shown as the dashed
red line, equals the spin-up mass at Mp| ~ 4 My. In summary, IGW
dissipation is capable of explaining the enhanced spin of TOI-2458
through the previous engulfment of a hypothetical HJ with a mass
above 0.3 My and an initial orbital period below 2.5 days.

Given the current uncertainties in Mypiy—yp and Myecay, associated
with the precision of rotation rate measurements and age estimates,
which are represented by the grey and red shading around the solid
lines in Fig. 4, we cannot derive more definitive constraints on the
engulfed HJ. Improved age and rotation rate measurements would
be required for us to constrain the properties of this planet further
under this scenario. Nevertheless, TOI-2458 and its possible past
dynamical evolution constitute an excellent system to constrain IGW
dissipation and its implications for spin-orbit evolution.

The dependence of the critical mass on the system’s age is a key
advantage of the wave breaking scenario. It eliminates the need for
precise fine-tuning of the initial orbital period and planetary mass
to reproduce the current rotation rate of TOI-2458. Unlike weakly
nonlinear processes (e.g. Weinberg et al. 2024) or radiative damping
leading to critical layer formation (e.g. Guo et al. 2023), which would
both cause planetary engulfment to occur too early unless the inner-
most planet’s initial orbital period exceeds the stability threshold
for TOI-2458 b, wave breaking initiates sufficiently late so that the
tidally enhanced spin-up is observable. This allows us to reproduce
the rotation period of TOI-2458 with a previously engulfed planet
spanning the entire HJ mass range.

3.2 GJ504

Another intriguing example of a star with enhanced rotation — com-
pared with expectations for solitary stars — in the late stages of its MS
lifetime is GJ 504. This is a ~ 1.22 Mg star that hosts a wide com-
panion, which is potentially a brown dwarf or a cold Jupiter (D’Orazi
etal. 2017). Its reported rotation period of 3.4 +0.25 days (Di Mauro
et al. 2022) appears remarkably short for its age of ~ 2.5% 5 Gyr
(D’Orazi et al. 2017), suggesting that a recent planetary enguifment
event may have spun up the host star in this system also. This idea was
previously examined by D’Orazi et al. (2017) using a constant tidal
quality factor model. More recently, Pezzotti et al. (2025) advanced
this work by implementing a more realistic tidal prescription, which
accounts for the dissipation of equilibrium tides and inertial waves.
In this subsection, we focus on the conversion of IGWs to magnetic
waves as a possible mechanism enabling rapid planetary migration
instead.

Before examining this case in detail, it is important to stress that
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Figure 5. Evolution of stellar rotation period as a function of age for a 1.22
M, solitary star. Solid black line corresponds to the metallicity from D’Orazi
etal. (2017); dashed red line represents metallicity from Baburaj et al. (2025).
Green square depicts GJ 504’s observed rotation rate (from Di Mauro et al.
2022) and age (from D’Orazi et al. 2017).

stellar rotational evolution near the Kraft break is strongly metallic-
ity dependent, as reported by Amard et al. (2020). This dependence
arises because the magnetic braking rate, which controls stellar ro-
tation, is determined by the thickness of the convective envelope. In
stars as massive as GJ 504, the latter is highly sensitive to the star’s
chemical composition. According to D’Orazi et al. (2017), GJ 504
has a supersolar metallicity, with [Fe/H] = 0.22. However, more re-
cent research by Baburaj et al. (2025) suggests a lower value, [Fe/H]
= 0.015 and [M/H] = 0.012. Although seemingly small, this differ-
ence significantly affects our models’ rotational evolution, as shown
in Fig. 5, where a metal-poor model rotates about 1.4 times faster at
GJ 504’s current age. Therefore, our results for the mass and initial
orbital period of the engulfed planet, discussed below, will depend
on the adopted stellar metallicity.

Fig. 6 compares the radial magnetic field strength, B,., with the
critical magnetic field strength, B, as a function of age for GJ 504
with a metallicity Z = 0.022, which corresponds to [Fe/H] = 0.22.
The black solid and grey dash-dotted lines represent tidal periods for
which B, equals B;- at the current inferred age of GJ 504, and at the
age limits obtained by D’Orazi et al. (2017), respectively. The age
limits are shown by the grey shaded region. For the lowest stellar age
compatible with observations, only planets with Pge > 2.71 days
can excite IGWs capable of being efficiently dissipated by magnetic
wave conversion (i.e., when B, exceeds Bgj). In contrast, for the
oldest possible age, the critical tidal period is 1.08 days. For a model
with Z = 0.018, the aforementioned critical tidal periods are instead
2.37 and 0.78 days, corresponding to the lowest and highest age
inferred for GJ 504, respectively. Therefore, in the metal-poor model,
inward migration is permitted in more compact systems. At the same
time, as shown in Lazovik (2021), the tidal quality factor and the
metallicity are anti-correlated, resulting in a faster migration rate for
the metal-rich model.

These trends are illustrated in Fig. 7, where we compare the orbital
evolution of hot Jupiters around GJ 504 for Z = 0.018 (“metal-
poor”, left panel) and Z = 0.022 (“metal-rich”, right panel). This
shows both the stellar rotation period (top) and the planetary orbital
period (bottom) for both models as a function of age for two different
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Figure 6. Evolution of the radial magnetic field strength of the convective
core (dashed red line) and the critical magnetic field strength (dark solid and
dash-dotted grey lines) for GJ 504. Shaded grey region represents the age
estimate from D’Orazi et al. (2017). Tidal period values used to calculate the
critical field strength are given beside the corresponding line.

planetary masses. For a 2 Mj planet with an initial orbital period
of 1.8 days (red lines), the onset of IGW dissipation is significantly
delayed in the metal-rich model. This results in planetary engulfment
occurring just too late to account for GJ 504’s observed rotation —
and the absence of the planet — at its present age. Conversely, for
the metal-poor model, planetary migration begins early enough to
align with the observations, despite its slower rate. The impact of
the decay timescale becomes crucial for a 4 Mj planet with an initial
orbital period of 2.5 days (blue lines). As shown in the left panels,
the HJ is unable to merge with the metal-poor star before the present
day because of the relatively lower dissipation rates in this model. In
contrast, the coalescence with the metal-rich star occurs early enough
to be consistent with observations. These differences suggest that the
region of the initial star-planet separation, for which it is possible
to reproduce the age and rotation of GJ 504, varies greatly with
metallicity, shifting farther away from the star when moving from a
metal-poor to a metal-rich stellar model.

To examine the case of GJ 504 in greater detail, we performed a
series of numerical simulations across a grid of initial orbital periods
and planetary masses. The grid consists of 300300 points, uniformly
distributed within the ranges Py, = 1 to 3 days and My, = 0.5 to 10
Mj. The results of the simulations are presented in Fig. 8. As before,
our simulations begin at the onset of IGW dissipation, ignoring any
migration that occurred prior to this point. The parameters that allow
us to reproduce GJ 504°s present-day rotation following engulfment
are represented by the hatched green area. This region of compat-
ibility varies from Py ~ 1.5 = 2.25 days, My, > 0.66 My for the
metal-poor model to Poyy, ~ 1.65 —2.75 days, M > 0.95 My for the
metal-rich model of GJ 504. This indicates the significant impact of
stellar metallicity on the tidally driven migration. The yellow region,
located on either side of the compatibility region, represents scenar-
ios where the planet is also engulfed before 3.5 Gyr, the maximum
possible age of GJ 504. However, for the corresponding planets, the
engulfment happens too late for the star to spin down sufficiently to
match the observed rotation rate. The region shown in purple repre-
sents planets with masses that are too low to spin up their host star to
GJ 504’s observed rotation rate. As demonstrated in Fig. 5, solitary
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stars with higher metallicity tend to rotate more slowly than their
metal-poor counterparts. This explains why, for Z = 0.022, the en-
gulfment of a higher-mass planet is required to align the stellar spin
with observations. The blue region represents planets that merge with
their host stars after 3.5 Gyr. Consequently, with parameters in this
region, a close-in planet would still be observed around GJ 504 at
its current age, contrary to observations. As mentioned previously,
the orbital decay timescale is longer for a lower-metallicity model,
which explains why the blue region in the top panel is more extended
than it is in the bottom panel. Finally, for planets initially located in
the red region, the onset of wave conversion occurs after 3.5 Gyr,
meaning that no significant migration occurs in these systems before
the present day. This region is larger for the higher-metallicity model,
which is attributed to the dependence of the critical magnetic field
strength, B, on metallicity.

In summary, the results obtained for both lower- and higher-
metallicity stellar models indicate that IGW conversion can success-
fully account for the enhanced rotation observed for GJ 504 across
a wide range of planetary masses and initial separations. Compared
to the findings of Pezzotti et al. (2025), who used a migration model
based on equilibrium tides and inertial waves, our region of compat-
ibility extends to higher orbital periods and lower planetary masses.
However, it should be noted that Pezzotti et al. (2025) assumed
slightly different parameters for GJ 504.

TOI-2458 and GJ 504 represent two possible examples where ef-
ficient IGW dissipation leading to the HJ engulfment can explain the
faster rotation rates of their host stars over expectations for single
stars. They thus provide possible evidence for both the wave break-
ing scenario in a solar-type star (for TOI-2458) and for the magnetic
wave conversion scenario in a hotter star with a convective core (GJ
504). Our hypothesis can be reinforced by exploring the presence
of additional observational imprints of planetary engulfment. These
signposts of planetary ingestion include, but are not limited to, metal
enrichment of the stellar photosphere (e.g., Behmard et al. 2023; Liu
etal. 2024; Soares et al. 2025; Lane et al. 2026, although see Soliman
& Hopkins 2025; Sun et al. 2025 for alternative explanations), stel-
lar spin misalignment relative to remaining planets (Tokuno 2025),
enhanced magnetic activity (Gehan 2025), and increased luminosity
(Montesinos et al. 2026).

It is important to note that the initial orbital periods discussed in
this section are intended to be determined by the relevant formation
scenario as well as by any possible inertial wave dissipation during
the first 100 million years of stellar evolution. This early phase of the
orbital evolution is strongly dependent on the star’s initial spin rate.
As demonstrated by Lazovik (2021), planets orbiting slowly rotating
stars exhibit only minor orbital migration until the onset of IGW
dissipation. Conversely, in systems with rapidly rotating stars, inertial
wave dissipation plays a substantial role, driving planets inside the
corotation radius to much shorter orbital periods. Magnetic braking
eventually erases any memory of the initial stellar rotation, preventing
us from obtaining an unambiguous picture of the orbital evolution
during the earliest stages of the system’s lifetime. Nonetheless, we
expect inertial waves to significantly influence the orbital evolution of
the hypothetical planets discussed in this section, especially around
GJ 504. Their action will allow planets with sufficiently long orbital
periods to undergo migration prior to the onset of IGW dissipation.
Investigating the effects of inertial waves will be a vital aspect of
future research.

Finally, the results obtained in this section rely on the robustness
of the adopted magnetic braking model from Matt et al. (2015). We
note that the more recent magnetic wind parametrization by Spada
& Lanzafame (2025) couples the braking torque to the moment of
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Figure 7. Same as Fig. 3, but for GJ 504’s model at two metallicities: lower metallicity (left panel) and higher metallicity (right panel).

inertia of the convective envelope. Their parametrization suggests a
weaker spin-down torque for stars in the mass range of TOI-2458.
For stars with masses similar to GJ 504, however, both studies yield
comparable estimates (see their Fig. 8). A reduction in magnetic
wind braking for TOI-2458 would shift the black lines in Fig. 4
to the right, permitting convergence with the present-day rotation
for more massive HJs at short orbital periods that finish their tidal
decay earlier. At the same time, lower-mass planets would need to
be initially located closer to the star, as their late engulfment would
not leave the host enough time to spin down to the observed rotation
rates (for instance, the 2 Mj planet shown in Fig. 3 will not be able
to reproduce observations). Nevertheless, the uncertainties in the
age of TOI-2458 exceed the differences between the wind models,
precluding a detailed exploration of how this effect influences the
size and shape of the parameter space region consistent with the
present-day rotation.

4 IMPACT OF INTERNAL GRAVITY WAVES ON THE
EVOLUTION OF HOT JUPITER POPULATION

Evidence for orbital decay has been found for only a handful of
HJ systems (e.g. Korth & Parviainen 2023; Yeh et al. 2024; Adams
et al. 2024), and WASP-12 b remains the only planet whose inward
migration has been confirmed by multiple studies (e.g. Yee et al.
2020; Turner et al. 2021; Maciejewski et al. 2024; Alvarado et al.
2024), but we can still explore the observational impact of IGW
dissipation on the HJ population as a whole. In this section, we
demonstrate that our models of IGW dissipation (in both solar-type
and hotter stars) can explain key statistical patterns in the distribution
of HJ systems. In the following, we will formulate the main ideas of
our planetary population synthesis approach.

4.1 Main concept of our approach

In Lazovik (2021, 2023), we showed that HJs undergo two migration
phases: an early phase dominated by inertial wave dissipation, which
takes place before and shortly after the zero-age main-sequence
(ZAMS) when the star is rotating more rapidly, followed by a phase
dominated by IGW dissipation throughout the second half of the MS

lifetime. Between these two phases, when the star has spun down suf-
ficiently by magnetic braking, inertial waves are typically no longer
excited, and wave breaking has not yet occurred so that IGW dissi-
pation is not efficient. Tidal migration is then stalled because equi-
librium tide dissipation (the remaining mechanism included in those
calculations) is too weak to affect the planetary orbits during the MS
(due to the frequency-reduction of the effective viscosity in the fast
tides regime, following, e.g. Duguid et al. 2020; Barker 2020; de
Vries et al. 2023). Assuming aligned and circular orbits for HJs and
neglecting magnetic star-planet interactions, these planets therefore
exhibit negligible migration after inertial wave dissipation ceases
prior to the onset of IGW dissipation. For every observed HJ system
with a known age estimate, we can calculate the time when its orbital
dynamics would become unfrozen due to the onset of efficient IGW
dissipation according to § 2.1. Based on these results, we construct
two sub-samples: non-migrating (young) and migrating (old) HIJs,
after removing very young HJs that may not have finished an early
phase of their migration due to inertial waves. Ideally, we would like
these two subsamples to have distinct statistical properties reflecting
their dynamical states, thereby allowing IGW dissipation theories to
be tested. At the same time, these subsamples are necessarily con-
nected, as young (non-migrating) HJs will eventually become old
(migrating) ones.

Furthermore, for every young HJ, we can predict its orbital evo-
lution after the onset of IGW dissipation and determine its orbital
period for any given age using the approach described in § 2.2. Based
on the obtained results, we will attempt to recreate the distribution of
old planets based on the distribution of young ones, which are treated
as the initial population. This approach will require applying the HJ
formation history (HJFH) to reassign systems’ ages. Our first HHJFH
option is based on the star formation history (SFH) in the Galactic
thin disc from Mor et al. (2019) calibrated using the Stilism extinc-
tion map (Lallement et al. 2018). Although HJFH and SFH are not
necessarily equivalent, the model by Mor et al. (2019) was shown
to align with the ages of star-planet systems from the Kepler field
(Bouma et al. 2024), which justifies our choice. The second option
we consider is a uniform HJFH between 0 and 10 Gyr. By utilizing
the adopted HJFH and planetary orbital migration simulations, we
derive the orbital period of a synthetic system. At the same time, the
planetary and stellar masses of our synthetic system are set to the
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Figure 8. Mass-orbital period diagram for GJ 504. The colors indicate the
outcomes of the orbital evolution simulations. The top panel represents the
lower-metallicity stellar model and the bottom panel represents the higher-
metallicity one. The green hatched region displays the parameters that suc-
cessfully reproduce GJ 504’s current rotation and age. The red region iden-
tifies the parameter space where IGW conversion does not occur before a
star reaches 3.5 Gyr, the maximum observed age of GJ 504. Planets initially
located in the blue region survive until 3.5 Gyr. Planets in the yellow region
are engulfed too late for the host star to spin down to GJ 504’s observed
rotation rate. The mass of planets in the purple region is insufficient to spin
up the host star to the required rotation rate.

parameters of the observed parent system. If IGW dissipation is the
dominant mechanism for planetary migration (after 100 Myrs), then
our new population should be a good approximation of the distribu-
tion of old systems. This experiment will serve as a way to test our
current understanding of planetary orbital migration.

4.2 Sample selection

Our HJ sample is primarily constructed using stellar parameters from
Swastik et al. (2024). Their reported host star ages, masses, and
metallicities were derived through an isochrone fitting method uti-
lizing MIST isochrones. To refine our sample, we implemented the
following selection criteria:
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(i) Stellar mass My = 0.7 — 1.5 My, effective temperature Teg =
4500-7000 K, and surface gravity log g > 4.0.

(i) Planetary mass Mp = 0.2 — 10 My, and orbital period Py, <
5 days.

(iii) The lower limit on stellar age is within the range [0.1,10] Gyr.

(iv) For stars with My < 1.15 Mg (Myx > 1.15 Mg), the age
uncertainty is below 3 (1.5) Gyr.

A total of 218 systems satisfy the aforementioned criteria. The
first condition ensures that all host stars are MS stars. The second
condition constrains our sample to include only HJ systems with suf-
ficiently compact orbits to be affected by IGW damping. The third
criterion removes systems that are likely to be undergoing an early
active phase of orbital migration driven by inertial waves. Further-
more, we exclude systems older than 10 Gyr, as our HIFH model has
a maximum age of 10 Gyr. The fourth condition allows us to exclude
systems with poorly constrained ages.

Our sample is further extended by 102 additional systems, whose
parameters, retrieved from the NASA Exoplanet Archive, also satisfy
the above criteria. When multiple data entries are available for a
given system, we select the one corresponding to the smallest age
uncertainty.

4.3 Young and old observed hot Jupiter systems: overall
comparison

For each host star in our sample, we computed a stellar model fol-
lowing the prescriptions given in Section 2.3. Utilizing the systems’
observed parameters and the methods outlined in Section 2.1, we
determined the ages corresponding to the onset of IGW dissipation,
tgw- For stars with My > 1.15 Mg, our models retain a convective
core for most of their MS lifetimes, necessitating the application
of the magnetic wave conversion criterion because wave breaking
is not expected until the emergence of a radiative core later on.
Conversely, for lower-mass stars, we assume that IGW dissipation
proceeds only through wave breaking when equation (3) is satisfied.
Furthermore, we neglect stellar rotation when calculating the tidal
period Pyige & Porp /2.

We refined our sample by excluding the 24 systems where wave
breaking was initiated either before 100 Myr or after 10 Gyr. This
leaves us with a total of 296 systems, which are presented in the
age-orbital period diagram in Fig. 9. In the left panel, the ages are
given in Gyr, while in the right panel they are normalized to fgy.
This normalization allows us to distinguish between non-migrating
and migrating planets, which are located to the left and right of the
dashed red line (in the right panel), respectively.

A striking contrast is immediately visible between planets with
t/tgw < 1 and those with t/tgy > 1. Specifically, in Fig. 9, the
orbital periods of the former are evenly distributed, while higher-
period HJs are more common among the latter. For systems with a
star that has a convective core, this can be explained by the correlation
Bt ~ Pt2i de ~ Pgrb' However, the same shift toward higher orbital
periods is observed for systems with stellar masses below 1.15 Mg,
where fgy is only weakly sensitive to the tidal period (A o P(l)r/]f )
but is much more strongly correlated with the planetary mass and
the system’s age. Looking solely at stars with radiative cores in the
observed sample, we found that none of the 15 systems with an
orbital period of less than 1.5 days permit wave breaking according
to equation (3). The shortest-period system with t/tgy, > 1 and a
stellar mass less than 1.15 My is WASP-36, which has an orbital
period of 1.54 days. These results indicate that IGWs may have had
a substantial effect on the HJ population. Of the 296 HJ systems in
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Figure 10. Orbital period distribution of the observed HJ population. Top
panel: non-migrating (young) HJs. Bottom panel: migrating (old) HJs

our sample, 119 (40%) are predicted to undergo coalescence before
the host star reaches the TAMS or 10 Gyr (whichever comes first).

The same trend is observed in Fig. 10, which compares the orbital
period distributions of both HJ subsamples (with either #/fgy < 1
or t/tgw > 1). Notably, the number of HJs with ¢/tgy > 1 peaks at
an orbital period of 3.5 — 4 days. As shown in Lazovik (2021), this
range separates the inner region of the parameter space, where IGW
dissipation can lead to orbital decay, from the outer region, where
the systems are unable to be tidally engulfed before TAMS.

In Fig. 11, we compare the stellar mass distributions of young
and old HJ hosts. After applying the additional restriction on fgw
described earlier in this subsection, all systems with a stellar mass

Observed systems with t <tgy
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Figure 11. Host star mass distribution of the observed HJ population.

below 0.85 Mo were filtered out. As we discussed previously, IGW
dissipation is more likely to be ongoing for systems with a star
having a convective core than for those with a radiative core. As
a result, systems with M, < 1.15 M dominate the subsample of
young systems. Among the old systems, the numbers of stars with a
radiative core and those with a convective core are comparable.

The impact of planetary mass on the age distribution relative to
tgw is two-fold. First, wave breaking begins earlier for more massive
planets, which would lead to a higher proportion of massive HJs in
the subsample of planets with ¢ > 7gy. However, massive planets
also undergo coalescence earlier due to a faster migration rate once
efficient IGW dissipation occurs. This second effect would shift the
distribution of old HJs toward lower planetary masses. As shown in
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Figure 12. Planetary mass distribution of the observed HJ population. In
contrast to Figs. 10 and 11, planetary mass is shown on a logarithmic scale.

Fig. 12, the decrease in the number of HJs with M) > 1 My is slightly
steeper for systems with ¢ < zgw; however, the overall planetary mass
distributions are comparable between the two subsamples.

4.4 Population synthesis model

In the present work, we aim to recreate the observed decline in the
number of HJs with ¢ > gy at very short orbital periods using a
population synthesis approach. The resulting synthetic population
will comprise systems with orbital periods below 4 days, where
the effect of inward migration is pronounced. Our simulations will
also utilize the observed systems with orbital periods in the range
4 < Py < 5 days. This “supply region" will serve as a source for
planets migrating inwards from larger orbital separations.

Following the approach described in Section 4.1, we generate a
synthetic population in three steps. First, we define the initial model,
which encompasses all young systems as well as some old systems
whose ages, within one o~ (standard deviation), may be located to the
left of the ¢ = tgy line. Each of these systems is assigned a weight
that determines its contribution to the initial population. This weight
is calculated taking into account three factors.

To convert the observed systems to our initial population, we per-
form a bias-free correction by introducing the first factor, C| = Ig—*,
which is the inverse transit probability. As we explained earlier, each
system in our sample is characterized by its fgw. A higher fgy is
equivalent to a higher likelihood of identifying a given system as a
system with ¢ < tgw. Conversely, observing a system with ¢ < fgw
at low #gyw implies a higher number of systems with similar parame-
ters in which IGW dissipation is currently enabled. Thus, the second
factor is:

[0S SER(7) dr

00 Myr
Cr= , (11
flOOMyr SFR(7) dt
where the integration over a lookback time 7 is performed based
on the adopted SFH (or, equivalently, HJFH). The third factor, C3 =

1/2+1/2erf (M ) , with erf the Gauss error function, is introduced

V2o

specifically for systems whose age errorbars cross the ¢ = tgy line.
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This factor determines the probability that the true age of a system is
below 7. The final weight is calculated as Cx = C1C2C3.

Second, for each system in our initial population, we sample its age
N =2 x 10*Cy times from the adopted SFH, retaining only values
less than both the MS lifetime of the corresponding host star and the
adopted upper age limit of 10 Gyr. Before applying our migration
model, we assume a scenario in which the orbits of our synthetic
systems remain fixed and assign each synthetic system belonging
to the same parent system its present-day orbital period. In Fig. 13,
we display the probability density functions corresponding to the
observed (black contour line) and the synthetic (yellow histogram)
population of old HJs based on a no-migration scenario. Without
migration, our synthetic population cannot match the observational
statistics. The two adopted HJFHs produce slightly different shapes
of the orbital period distribution, both appearing too flat compared
to observations. To quantify this divergence, we perform two-sample
Kolmogorov-Smirnov (KS) tests and display the resulting p-values
at the top left of each plot. The cumulative distribution functions,
shown at the bottom of Fig. 13, confirm that the no-migration model
generates systems with orbital periods that are on average shorter
than those in the observed sample.

Third, we simulate the orbital migration of our initial population
and use the obtained results to derive the orbital period at a given
age. The trajectories of the observed young planets, orbiting stars
with radiative and convective cores, are shown in Fig. 14 with grey
and green lines, respectively. After computing a synthetic system’s
orbital period, we estimate its transit probability. We then perform
a transit test and exclude systems that fail, that is, those for which a
random number sampled from a uniform distribution between 0 and
1 is above their transit probability. Planets that fill their Roche lobes
at the simulated age are counted as engulfed. The remaining systems
form our synthetic transiting population.

4.5 Results

Planetary orbital migration can lead to the coalescence of star-planet
systems with the smallest separations, leaving imprints on the orbital
period distribution of the surviving planets. Our primary task is
to determine whether IGW dissipation can reproduce the observed
population of HJs in old systems where wave breaking or wave
conversion are expected.

This question is addressed in Fig. 15, which compares the or-
bital period distributions of the observed old systems (black contour
line) with the synthetic population of old systems created from the
observed distribution of young systems as initial conditions (yellow
histogram). The agreement between the two populations is very good,
as further validated by the results of the KS test, presented in the top
left corner, and the comparison of the cumulative density functions,
shown at the bottom. Both the SFH from Mor et al. (2019) and a
uniform SFH produce synthetic populations whose orbital period
distributions are statistically indistinguishable from the observed HJ
subsample with p > 0.05. Notably, the SFH from Mor et al. (2019)
results in convergence at a higher confidence level. This result pro-
vides new evidence that IGW dissipation is responsible for sculpting
the population of old HJ systems.

Given that planetary migration does not directly affect the distri-
bution of planetary and host star masses, and considering the limited
number of HJs in our observed sample, we should not expect the syn-
thetic and real stellar and planetary mass distributions to be identical.
Nevertheless, it is informative to assess the degree of similarity be-
tween these distributions to highlight areas for further improvement.

A comparison of the stellar mass distributions for the observed
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Figure 13. Top panel: probability density functions of the orbital period for the synthetic populations (yellow histogram) and for the observed systems with
t > tgy (black contour line). The synthetic populations are obtained assuming non-evolving orbits. On the left, we print the KS p-value quantifying the difference
between the two samples. Bottom panel: cumulative distribution functions for the same populations. Left panel: SFH from Mor et al. (2019). Right panel:
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Figure 14. Same as the right panel of Fig. 9, but with the lines illustrating the
migration of young Jupiters.

and synthetic populations, as presented in Fig. 16, suggests that the
uniform SFH provides a superior fit to the observed distribution. In
contrast, the SFH from Mor et al. (2019) underestimates the num-
ber of HJs orbiting stars with radiative cores. This discrepancy is
primarily due to the star formation burst predicted by Mor et al.
(2019) approximately 2-3 Gyr ago. Since this time falls within the
MS lifetimes of stars with masses below 1.5 Mg, the burst leads
to an increased number of stars with convective cores in the syn-
thetic population. The obtained p-values of the KS tests indicate that
the difference between the synthetic population generated with SFH
from Mor et al. (2019) and the observed population is statistically
significant (p < 0.05). However, the distribution based on the uni-
form SFH is relatively close to matching the observed distribution
with p = 0.065.

The same is true for the planetary mass distributions, as demon-
strated in Fig. 17. Again, both synthetic populations diverge from
the observed one, with the uniform SFH providing a better fit to the
observational statistics.

According to our synthetic populations, 12 — 13% of stars that once
hosted a HJ and have not yet evolved off the MS have engulfed their
HIJ. The above fraction is calculated relative to all synthetic systems,
including young and non-transiting ones. This finding is in good
agreement with Lazovik (2023), although the latter study focused
on solar-mass stars and considered a uniform SFH between 0 and 7
Gyr. The dependence of HJ engulfment probability on stellar mass
is presented in Fig. 18. Furthermore, we can estimate the relative
number of HJs producing transit timing variations detectable with
modern facilities over 10 years of observations. The cumulative shift
in transit times Tpif can be derived from the following (e.g. Wilkins
et al. 2017):

27 (Mpl\ (RN 1,
Tshiﬁ=§” (M_*) (7) aTdur’ (12)

with Ty, the duration of the observations. We use Tgpife = 10 s as a
threshold to highlight systems whose orbital decay can be observed
within a 10-year period.

Our models predict that, on average, 2.1 — 2.4 of every 100 mi-
grating transiting HJs exhibit transit timing variations available for
detection according to this threshold. This prediction is consistent
with current observational data, according to which WASP-12 re-
mains the only star-planet system with orbital decay confirmed by
multiple studies. Note that in the observed sample of systems with
Py < 4 days, there are 110 systems with 7 > fgy.

In summary, the excellent agreement between the orbital period
distributions of the observed and synthetic planets with 7 > fgw
supports the validity of our IGW-driven migration model. However,
the lack of agreement for the planetary and stellar mass distributions
highlights that there are still limitations of our adopted approach.
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Figure 15. The same as Fig. 13, but synthetic populations are generated assuming IGW-driven migration. This shows that IGW-driven migration can reproduce

the observed distribution of HJs.
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contour).

5 DISCUSSION

5.1 Can resonance locking explain observations?

In the previous sections, we did not consider g-mode resonances or
resonance locking, a potentially important mechanism for planetary
migration (e.g. Witte & Savonije 1999; Ma & Fuller 2021). MS
stars develop a dense spectrum of gravity modes whose frequencies
change with stellar evolution, making it highly likely that a planet’s
tidal forcing will achieve resonance with at least one of them at
some point in the system’s lifetime. Subsequently, this resonance
can amplify wave amplitudes, potentially leading to effective tidal
dissipation. Unless the tidal and mode frequencies evolve together
to maintain the resonance, we would expect such a resonance to be
passed through quickly, and so its effects on planetary migration
may be minor and short-lived. The exceptions are if wave breaking
and critical layer formation occur in resonance (in which case we
would expect the fully damped regime described by equation (2)
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to subsequently apply, even if equation (3) would not predict wave
breaking by itself), or if the tidal and mode frequencies can evolve
together to maintain a resonance lock. While a planet is locked in
such a resonance, its orbital migration is governed by the evolution
of the host star’s g-mode eigenfrequencies, potentially allowing for
rapid migration (Ma & Fuller 2021). One of the most prominent
features of this resonance locking scenario is the positive correlation
between the tidal dissipation rate and the orbital period, in contrast
to other proposed mechanisms for tidally driven planetary migration
(e.g., equation 2 predicts that dissipation scales with an inverse power
of the orbital period). This correlation has been proposed to align
with the observed distribution of orbital decay timescales for planets
(Millholland et al. 2025), as well as the enhanced rotation rates of
HJ hosts (Penev et al. 2018). Nevertheless, the resonance locking
scenario has been challenged theoretically by Guo et al. (2023),
who demonstrated that IGWs can modify the background rotation
of a star’s central regions through nonlinear feedback, even if wave
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SFH from Mor et al. (2019). Black contour line: uniform SFH.

breaking is not predicted. This effect could significantly alter the
conditions required for resonance locking, particularly in stars with
radiative cores (see also the discussion in Ma & Fuller 2021).

To investigate the resonance-locking scenario in this work, we
utilized a grid of stellar models with a metallicity of [Fe/H]= +
0.2 and masses ranging from 0.8 to 1.1 My (specifically, My =
0.8,0.9,0.95,1.0,1.05 and 1.1M¢). For these models, we employed
the GYRE code (Townsend & Teitler 2013) to compute the non-
adiabatic free oscillation modes. We intentionally focus on stars
possessing radiative cores, as the feasibility of resonance locking
in stars with convective cores is problematic for two reasons. First,
magnetic braking is weaker in higher-mass stars, which would cause
planets orbiting them to remain outside their corotation radii for an
extended time (where tidal migration would be outward). Second, the
g-mode frequencies in stars with convective cores tend to decrease
for a significant fraction of their main-sequence lifetimes, which
would preclude inward migration due to resonance locking. This is
because resonance locking requires the increase in tidal frequency
with orbital decay to be balanced by a similar increase in the mode
frequencies for a resonance lock to be maintained.

Additionally, we extended our sample of observed planets by in-
creasing the upper limit of the supply region from 5 to 10 days. This

is necessary to account for the rapid migration rates predicted by the
resonance-locking scenario for planets with longer orbital periods.

For every HJ in our sample, we identify the mode whose resonance
location is closest to the observed star-planet separation. We then
treat this mode as the one in which the planet is trapped in resonance.
Following equation (13) from Ma & Fuller (2021) (we note that
in their equation (13), 7o needs to be replaced with #qe), we also
neglect the stellar rotation by setting Pijge = Porh /2. In the left panel
of Fig. 19 we display the orbital trajectories of planets subject to
resonance locking. For the sake of visibility, only the migration of
planets with #, < fgw is shown. It is clear that the pure resonance
locking scenario inverts the HJ orbital period distribution, resulting in
the overabundance of the shortest-period planets, in contrast with the
observations. Hence, such a naive application of resonance locking
is incompatible with observations.

To align the synthetic population with the observations, wave
breaking needs to be taken into account. When a planet is trapped
in resonance, non-linear effects are expected to become important
earlier than they would have done outside of resonance, i.e., for
smaller tidal amplitudes. To model the onset of IGW breaking within
aresonance locking scenario, we adopt the prescriptions from Fuller
(2017) (equations (13) and (42)-(43)) to determine the mode ampli-
tude. In the right panel of Fig. 19, which demonstrates the orbital
migration according to the combined resonance locking and wave
breaking model, the initiation of wave breaking is shown with red
crosses. It is important to note that gy still marks the onset of wave
breaking if resonance locking is neglected for a given system. For a
significant fraction of HJs with #, < tgw, whose present-day loca-
tions are shown by black squares and overlaid by red crosses, IGW
breaking is expected to have taken place if the planet has been trapped
in resonance. Specifically, this applies to the planets with Py > 3
d, as for resonantly locked planets, nonlinear effects increase more
strongly with the tidal forcing period.

Incorporating wave breaking into the resonance locking model
restores the convergence between the orbital period distributions of
the observed and synthetic populations, as shown in the right panel
of Fig. 20, with the KS test p—value exceeding 0.05. Nevertheless,
the orbital period distribution of the population generated using the
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Figure 19. Distribution of the observed HJ systems around stars with radiative cores in the age—orbital period diagram. The lines show the migration of the
planets with ¢ < tgy. Left panel: pure resonance locking model. Right panel: resonance locking coupled with wave breaking in resonance. Black crosses indicate
Roche-lobe overflow; red crosses indicate the onset of wave breaking in resonance.

non-resonant wave breaking model, shown in the left panel, appears
to align better with the observations.

Our analysis of resonance locking here has a few limitations that
should be noted. First, our assumption of zero stellar spin remains
valid as long as the planets become trapped in resonance after 1 Gyr;
otherwise, neglecting rotation could lead to misidentifying the exact
mode a planet is trapped in resonance with. Second, as previously
discussed, wave breaking begins earlier for planets with a larger or-
bital period. Consequently, even if a system’s current parameters
(orbital period, mass, and age) suggest the resonance-locking cri-
terion should still hold, the planet may have already initiated wave
breaking at a larger orbital separation and subsequently migrated
inward. A similar effect may occur with wave conversion in stars
that possess convective cores, as discussed in detail in Section 5.2.
Despite these complexities, in this work we consider planets to be
trapped in resonance if the system’s present-day properties do not
indicate that wave breaking should have been induced. Although this
approach is an oversimplification, it is not expected to substantially
affect the results of our calculations.

In summary, our results suggest that the ‘pure’ application of the
resonance locking mechanism — without considering non-linear ef-
fects — overestimates the migration rates of HJs, leading to an excess
of short-period planets that is not seen in the data. The discrepancy
between our conclusions and those of Millholland et al. (2025) likely
stems from the limitations associated with fitting a universal scaling
law for Q’ in their study. We posit that this approach is likely insuf-
ficient to capture the complexity of the HJ population; instead, any
robust empirical constraint on tidal theory must account for multiple
migration regimes. Our findings imply that, while resonance locking
may dominate during early stages or at larger separations, it must
eventually transition into a wave-breaking regime to remain con-
sistent with the observed orbital period distribution. This transition,
particularly relevant during the later stages of the MS lifetime, under-
scores the necessity of testing future tidal models against both orbital
period distributions and measured decay timescales simultaneously.
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5.2 Uncertainties in dissipation mechanisms

In the present study, we explore a strongly non-linear regime of IGW
dissipation in stars with radiative cores, which is governed by the
wave-breaking criterion from Barker (2020) (see also Goodman &
Dickson 1998; Ogilvie & Lin 2007; Barker & Ogilvie 2010). How-
ever, as shown in Barker & Ogilvie (2010); Guo et al. (2023), at
smaller tidal amplitudes, efficient wave dissipation can still occur
through a gradual spin-up of the central stellar regions. This process
leads to the formation of critical layers, where the fluid’s angular
velocity matches the orbital frequency of a planet. Close to these
layers, IGWs are effectively absorbed, allowing the system to enter a
travelling-wave regime (see also Alvan et al. 2013). Guo et al. (2023)
reported that for the small Prandtl numbers (the ratio of kinematic
viscosity to thermal diffusivity) expected in stellar interiors, subcrit-
ical (non-breaking according to equation 3) waves can more easily
modify the rotational profile of the central stellar region, thus pro-
ducing a critical layer. In our formalism, this would be equivalent to
the critical mass being several orders of magnitude smaller than that
predicted by equation (3). To understand the importance of this effect,
we performed two additional sets of simulations, assuming that M
is reduced by factors of 10 and 100, respectively. We find that this
reduction weakens the agreement between our synthetic population
and the observed old HJs. Hence, on purely observational grounds,
these prescriptions are disfavoured compared with the wave breaking
criterion in equation (3). This could potentially be explained theo-
retically by the action of strong, large-scale magnetic fields that can
slow down or even prevent the gradual formation of critical layers
in this way (compared to the rapid deposition of angular momentum
by wave breaking) by damping differential rotation (e.g. Mestel &
Weiss 1987; Astoul & Barker 2025; Skoutnev & Beloborodov 2025)
or potentially via (magneto-)hydrodynamic turbulent transport pro-
cesses.

Stars with convective cores are known to rotate fast due to less
effective magnetic braking compared with stars with radiative cores.
Consequently, neglecting stellar rotation when calculating the tidal
period may be a significant oversimplification. Prograde rotation
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Figure 20. Same as Fig. 15, but only for systems with M, < 1.15 M. HIFH is modelled based on SFH from Mor et al. (2019). Left panel: the synthetic
population is generated using an out-of-resonance wave breaking model (equation 3) Right panel: the synthetic population is generated using a resonance locking

model coupled with wave breaking.

tends to decrease the tidal frequencies, which would mean that weaker
magnetic fields are required for wave conversion, potentially leading
to an earlier onset of IGW dissipation (smaller #gw). Conversely, for
planets orbiting hot stars, which are known to have a wide range of
obliquities and a high fraction of retrograde orbits (e.g. Winn et al.
2010; Albrecht et al. 2012; Knudstrup et al. 2024), assuming zero
stellar spin may be a better approximation than considering realistic
rotation with aligned orbits. We address the impact of stellar spin in
Appendix A, where we show that accounting for stellar rotation in
Pyge requires a more restrictive IGW conversion criterion to main-
tain the convergence between the observed HJs and our synthetic
population.

In addition, non-circularity and non-zero obliquities will qualita-
tively modify the picture, as various tidal components are excited
beyond the one with [ = m = 2, each with a different tidal frequency.
As obliquity measurements are currently available for only a small
sample of planets, this effect cannot be explored further in this work.

When calculating planetary orbital migration around stars with
convective cores, we assume that efficient damping of IGWs does not
cease even if the radial magnetic field strength subsequently drops
below the critical value due to a decreasing tidal period. This is
based on assuming that once a “fully damped regime” is established,
tidal torques will effectively spin up the central regions of the star
(outside the convective core) near to where the waves are converted
(if they damp nearby). Even without sufficient spin-up to form a
critical layer, the resulting partial spin-up would still increase the
tidal period in these inner regions relative to a non-rotating scenario,
and thus increase the prospects of their subsequent magnetic wave
conversion or linear radiative (or Ohmic) damping. Consequently,
it is plausible that this self-regulating regime of IGW dissipation
could persist under realistic conditions, though we cannot validate
this hypothesis because we assume solid-body rotation throughout
our work. Further work should explore these aspects.

Due to the dependence of the critical magnetic field strength on the
tidal period, using the parameters of the observed orbital period to
calculate gy has some limitations. In particular, for several planets
initially located close enough to their host stars (Pyp < 2.5 days),
the ratio #/tgyw can decrease over time as a result of planetary inward

migration, reaching values as low as 0.8. Thus, the dynamical state of
7 HJs with 0.8 < t/tgw < 1.0 and Py, < 2.5 days orbiting stars with
masses above 1.15 M remains ambiguous. They could be either non-
migrating planets that have not yet reached ¢/tgw = 1.0 or migrating
planets that have reduced their #/tgy, below unity. These planets are
HATS-35 b, HATS-42 b, HD 86081 b, WASP-12 b, WASP-74 b,
WASP-92 b and WASP-103 b. Notably, WASP-12 b, for which our
prescriptions coupled with the data from Swastik et al. (2024) yield,
t/tgw = 0.87 + 0.03, remains the only planet with confirmed orbital
decay (e.g. Yee et al. 2020), which heightens our concern about the
correct identification of planets into migrating and non-migrating
populations.

To clarify which of the HJs mentioned above may be migrating
planets that have re-entered the /tgy < 1 region, we simulated
their orbital evolution backward in time and tested their variation in
t/tgw as if they were migrating. Our results indicate that only HD
86081, WASP-12, and WASP-103 could have had a higher ¢/ tow in
the past, with only HD 86081 b and WASP-103 b reaching #/fgw = 1.
However, for WASP-103 b, IGW-driven migration remains unlikely,
as its orbital decay timescale is more than three orders of magni-
tude lower than the time preceding the onset of IGW dissipation.
This makes it statistically more probable to observe this planet in
a non-migrating state. The absence of transit-timing variations of
WASP-103 b, reported by Alvarado et al. (2024), confirms this idea.
In the case of WASP-12 b, the maximal #/fgy is 0.92, which remains
below unity even when age uncertainties are considered. Neverthe-
less, given the uncertainties in IGW conversion and age determination
using isochrone fitting, the observed migration of WASP-12 b is con-
sistent with our theoretical framework. The fact that its ¢/tgy value
is neither significantly below nor significantly above unity supports
this consistency. Finally, for HATS-35 b, HATS-42 b, and WASP-92
b, the upper limits on their ages from observations allow the planets
to be older than the time when IGW conversion begins.

If we were to switch off IGW dissipation when B, equals B,
the orbital migration of HJs would be governed by the timescale of
evolution of B rather than the tidally driven decay timescale for
a given Q’. Consequently, this could lead to a pile-up of migrating
HJs with Py, ~ 2 days and #/tgw ~ 1. Due to the limited sample
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size and uncertainties in age determinations, we can neither confirm
nor rule out the presence of this pile-up based on the distribution of
observed planets in the age—orbital period diagram. The absence of
a detected HJ pile-up in the observed period distribution, as shown
in Fig. A1, tentatively suggests that orbital migration does not slow
down when B reaches B,. However, only a handful of observed
systems would experience significant deviations in their expected
orbital decay timescales due to this effect, making it likely that its
overall impact on the evolution of the HJ population would be neg-
ligible.

Finally, we recall that our stellar models do not include element
diffusion, which constitutes another significant simplification. As
shown in Fig. 1, this omission leads to an underestimation of the crit-
ical magnetic field strength at late stellar ages compared to models
that incorporate element diffusion. Consequently, including element
diffusion would increase tgyw, particularly for systems where wave
conversion is expected to occur toward the end of the MS lifetime,
such as systems with Py, ~ 1 days. Therefore, it would render the
observed orbital decay of WASP-12 b inexplicable within the frame-
work of IGW dissipation through wave conversion. When applied
to our synthetic populations, accounting for element diffusion would
reduce the predicted fraction of HJs that undergo engulfment before
TAMS.

5.3 Other caveats

The analysis in Section 4 is based on using a single HJ formation his-
tory (HJFH) for every planet in our sample. This approach simplifies
the complex problem of planet formation by assuming that the pro-
cess of HJ formation is uniform and does not depend on the specific
stellar or orbital parameters of each system. While three possible
scenarios have been proposed to explain their origin — in-situ forma-
tion, primordial disk migration, and high-eccentricity migration (e.g.
Dawson & Johnson 2018) — multiple mechanisms likely contribute
to the observed population. The relative importance of each pathway
is likely influenced by factors such as the final star-planet separation,
stellar mass, and metallicity. Given this complexity, adopting a single
HJFH may be an oversimplification. The problem of HJ formation
remains a subject of ongoing debate. The proposed bimodal nature of
the HJ population, supported by the findings of Nelson et al. (2017);
Hamer & Schlaufman (2022); Wu et al. (2023), has been called into
question by Yee & Winn (2023). Their finding of no dependence of
the orbital period distribution of close-in Jovian planets on the metal-
licity of their host stars suggests a single, dominant formation channel
across the entire range of parameters considered in the present work.
Another source of uncertainty is the contribution of planets that
arrive at their present-day locations via high-eccentricity migration
at late ages (¢ > tgw), which we refer to as ‘late-travelers’. Because
our approach is designed to show a connection between the popu-
lations of young and old HlJs, the late-stage implantation of planets
would decrease the convergence between our synthetic and observed
populations. Nevertheless, neglecting the contribution of these late-
travelers is a reasonable simplification, as the dynamical instabilities
that drive high-eccentricity migration are expected to take place rela-
tively early in a system’s evolution. This is supported by observations
of hot Neptunes, which were found to be more abundant in systems
with ages between 100 Myr and 1 Gyr (Fernandes et al. 2025). It is
possible, though, that a fraction of HJs are formed through secular
interactions between planets on longer timescales, as discussed in
e.g. Hamer & Schlaufman (2022); Schmidt & Schlaufman (2026).
Our observed sample of HJs with Py, < 4 days has a higher
fraction of old systems than our models predict. Specifically, 49% of
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these planets are old (z > tgw, which exceeds the predictions of our
synthetic models (44% for the SFH from Mor et al. 2019 and only
33% for a uniform SFH). The observed sample’s median age of 2.81
Gyr is also higher than the median ages of our synthetic populations,
which are 2.69 and 2.72 Gyr, respectively. The primary source of
this mismatch is the population of HJs orbiting stars with radiative
cores. In our observed sample, which contains 120 such stars, wave
breaking is expected in 44 systems (37%). In contrast, our synthetic
models show that these systems are much rarer, comprising only 17%
and 19% of the populations generated using the SFH from Mor et al.
(2019) and a uniform SFH, respectively. Overall, the observed HJs
are older compared with the predictions of the Galactic SFH. Our
finding appears to contradict recent studies showing that HJ hosts are
kinematically younger and colder than other stars (Hamer & Schlauf-
man 2019; Chen et al. 2023; Swastik et al. 2024; Banerjee et al. 2024;
Kamulali et al. 2025). This tension can be reconciled by adopting a
different SFH model from Mor et al. (2019), based on the extinction
map from Marshall et al. (2006). The corresponding model (model
G12NP-M), which has a more pronounced decreasing trend in SFR at
7 > 7 Gyr and a smaller star formation burst at T ~ 3 Gyr, would lead
to a higher median age of synthetic systems (2.84 Gyr) and a higher
fraction of HJs engulfed before the TAMS (25%). Accordingly, the
fraction of migrating HJs would rise to 47%, which is in close agree-
ment with our observed sample. However, the relative number of
migrating HJs among systems with stars possessing radiative cores
would only increase to 24%, still significantly below the observed
value. Finally, adopting a slightly different version of the SFH will
not affect the convergence in the orbital period distribution between
the synthetic and observed old populations.

While the ages for the majority of our systems were computed us-
ing isochrone fitting based on the homogeneous grid by Swastik
et al. (2024), the subsample taken from the NASA Exoplanet
Archive includes an admixture of different isochrone models and
age-determination techniques. This diversity could potentially in-
troduce systematic biases into our analysis. Nevertheless, typical age
uncertainties in our sample likely exceed these possible biases, which
is why we expect their impact on our overall conclusions to remain
small. Future studies would benefit from repeating this procedure as
larger samples of HJ systems with homogeneously determined ages
become available.

5.4 Orbital decay candidates

Based on our analysis of the observed HJ population, we have iden-
tified planets whose estimated ages exceed fgy within a 1-0- con-
fidence interval. We then filtered this sample to include only those
whose orbital migration would result in a cumulative transit timing
shift greater than 1 second over a 10-year observation period. These
planets are listed in Table 1.

The most promising systems for upcoming observations are
HATS-9 and KELT-14, whose estimated 1-0- age ranges exceed fgw;
these are highlighted in green. The planets HATS-9 b and KELT-14
b have been observed for 9 and 10 years, respectively. Our findings
underscore the importance of further studying these orbital decay
candidates to better constrain IGW breaking and conversion pro-
cesses. Among the remaining planets, WASP-173 A b, Kepler-17
b, WASP-36 b, and WASP-46 b should be considered prime targets
for detecting transit-timing variations. If efficient IGW dissipation is
occurring in these systems, their cumulative transit timing shifts are
expected to exceed 10 seconds.
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Table 1. Planets with the largest predicted transit-timing variations after 10 years
of observations

Planet Py My M, t/tgw Ta Tinift
(days) | (My) | (Mo) Myn) | (5
TOI-1937Ab | 095 | 201 | 1.07 | 0.7979% | 054 | 420
OGLE-TR-56b | 121 | 330 | 123 | 0.75*92 | 150 | 151
WASP-173 Ab | 139 | 347 | 1.09 | 0.87%947 | 466 | 48
KELT-14 b 171 | 1.28 | 124 | 1.29"%2 | 486 | 46
HATS-9 b 192 | 082 | 110 | 1.56'%% | 7.73 | 29
Kepler-17 b 149 | 245 | 1.02 | 095704 | 101 | 22
WASP-36 b 154 | 230 | 092 | 117993} | 175 13
WASP-46 b 143 | 190 | 090 | 0.96%02L | 19.1 | 12
HATS-15b 175 | 217 | 093 | 11600 | 342 | 66
TOI-564 b 165 | 146 | 1.00 | 0.81%0°2 | 3438 6.5
CoRoT-18 b 190 | 347 | 088 | 1.407042 | 406 | 56
WASP-164b | 1.78 | 213 | 095 | 0.67*93% | 752 | 3.0
Kepler-41 b 186 | 057 | 1.3 | 1.247046 | 760 | 3.0
TOL-1181b | 210 | 118 | 147 | 25310 | 126 | 18
HD 86081 b 214 | 148 | 121 | 089021 | 134 | 17
HATS-23 b 216 | 147 | 105 | 1.05*03% | 157 | 14
HAT-P-53 b 196 | 148 | 1.05 | 1.09%02 | 177 | 13
HAT-P-65b | 2.60 | 055 | 119 | 1.60*015 | 202 | 11
TOI-2977 b 235 | 168 | 094 | 1.44%9% | 202 | 11

The rows highlighted in green indicate the planets where the estimated 1-o
age range exceeds fgw. The rows highlighted in grey indicate the planets whose
estimated age exceeds fgy. The planet HD 86081 b is a notable exception, as
its 7/tgw value is able to decrease due to planetary inward migration (see
Section 5.2).

6 CONCLUSIONS

The effects of stellar internal gravity waves (IGWs) on the tidal
evolution of star-planet systems have been incompletely explored to
date. However, their influence on planetary orbital migration can be
crucial, particularly for older stars in the latter half of their main-
sequence evolution, for which the HJ occurrence rate was found
to decrease with age according to Miyazaki & Masuda (2023). In
this work, we apply prescriptions for tidal dissipation due to inter-
nal gravity waves in stellar radiative zones of approximately solar
mass stars with either radiative (stellar types G and K) or convective
cores (type F), to investigate the implications of IGW dissipation for
planetary systems. We focused on two mechanisms: wave breaking,
which is relevant for stars with radiative cores (Barker & Ogilvie
2010; Barker 2020), and conversion to magnetic waves in stars with
convective cores (Duguid et al. 2024).

Using simple (but physically-motivated) prescriptions for these
mechanisms, we have managed to explain the enhanced rotation of
both TOI-2458 and GJ 504 by the previous engulfment of a hypo-
thetical HJ driven by IGW dissipation. For TOI-2458, a ~ 1.05 Mg
star with a radiative core, we accounted for the presence of its hot
Neptune, TOI-2458 b, to constrain the orbital period of the engulfed
HIJ. Our simulations invoking IGW breaking successfully reproduced
the age and rotation period reported by Subjak et al. (2025) provided

that the engulfed planet has a mass exceeding 0.3 My and an orbital
period below 2.5 days. In the case of GJ 504, a ~ 1.22 Mg star with
a convective core, the parameters of the engulfed planet strongly de-
pend on stellar metallicity. For a metal-poor model with Z = 0.018,
our simulations invoking magnetic wave conversion reproduce the
observed characteristics of GJ 504 following its coalescence with a
planet exceeding 0.66 Mj with an initial orbital period between 1.5
and 2.25 days. For a metal-rich model with Z = 0.022, the minimum
required planetary mass increases to 0.95 Mj, and its initial orbital
period range changes to 1.65 —2.75 days.

To investigate the impact of IGW dissipation on the planetary pop-
ulation as a whole, we examined a sample of HJ systems with age
estimates from Swastik et al. (2024). This sample was supplemented
by systems with ages taken from the NASA Exoplanet Archive. Based
on our analysis, we separated our sample into two groups: systems
that are too young to facilitate efficient IGW dissipation, and old sys-
tems where efficient wave dissipation is active. These two subsamples
show qualitatively different orbital period distributions. Young sys-
tems are characterized by a uniform distribution, while old systems
exhibit a steep decline at short orbital periods, which is indicative of
effective tidally-driven orbital decay.

To explore the connection between young and old HJs, we con-
ducted a population synthesis study where tidal migration is driven
by IGW dissipation. We found that the distribution of old planets
can be recreated based on the distribution of young ones, which are
treated as the initial population. Our analysis has demonstrated:

e Our synthetic populations of old HJs generated using the uni-
form HJ Formation History (HJFH) and the HJFH based on the
fiducial Star Formation History (SFH) from Mor et al. (2019) suc-
cessfully reproduce the orbital period distribution of the observed
sample.

o A uniform HJFH yields a reasonable agreement between the
stellar and planetary mass distributions of our synthetic and observed
populations. However, HIFH from Mor et al. (2019) underestimates
the number of HJs orbiting stars with radiative cores.

e Both synthetic populations underestimate the median age of HJ
systems and the fraction of non-migrating HJs, particularly in systems
with low-mass host stars. This discrepancy is partially resolved in a
third synthetic population generated using a SFH model G12NP-M
from Mor et al. (2019).

o Upto 13% of stars that once hosted a HJ and have not yet evolved
off the MS have engulfed their planet.

e Outof every 100 HJ systems with active IGW dissipation and an
orbital period below 4 days, 2.1-2.4 systems are expected to exhibit a
cumulative transit timing shift exceeding 10 seconds within 10 years
of observations.

Finally, to guide future observations, we have compiled a list of the
most promising candidates for the detection of tidally-driven orbital
decay. According to our estimates, HATS-9 b and KELT-14 b are
likely to exhibit significant transit-timing variations. This is because
their ages, within the 1-0- range, are above the age for onset of efficient
IGW dissipation. Moreover, their cumulative transit timing shifts over
a 10-year baseline exceed 10 seconds, making them ideal targets
for upcoming observations. Other promising candidates for future
observations include WASP-173 A b, Kepler-17 b, WASP-36 b, and
WASP-46 b. These planets have a non-zero probability of undergoing
inward migration with an orbital decay timescale sufficiently short
to potentially be detected.
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APPENDIX A: STELLAR ROTATION AND WAVE
CONVERSION IN STARS WITH CONVECTIVE CORES

In Section 4, our calculations of #gw neglected stellar rotation, which
implies Pgge = Porp/2. This simplification primarily affects stars
with convective cores, as they are expected to sustain rapid rotation
for longer periods of their evolution. Furthermore, the minimal mag-
netic field strength (given by equation 5) scales with the square of the
tidal forcing frequency, wyjqe. Therefore, any reduction in wyjge, such
as when the planetary orbital period and the star’s rotational period
are comparable, may facilitate an earlier onset of wave conversion.

Fig. Al compares the orbital period distributions of the observed
and synthetic samples of HJs around stars with M, > 1.15M¢ and
t > tgw. Asin Section 4, stellar rotation is neglected. When the SFH
is taken from Mor et al. (2019), there is good agreement between
the observed and synthetic distributions, as confirmed by a high KS
p-value (greater than 0.05).

Next, we generate another pair of synthetic populations, this time
taking into account non-zero stellar spin and assuming that the orbits
of HJs are all aligned and prograde. Fig. A2 shows that including
rotation reduces the agreement between the synthetic distribution
based on the SFH from Mor et al. (2019) and the observed distri-
bution, causing the p—value to fall below the significance threshold
of 0.05. On the other hand, better agreement between the synthetic
distribution based on the uniform SFH is observed in the right panel
of Fig. A2.

To improve the agreement when incorporating non-zero stellar
spin, we explore imposing a more stringent wave conversion criterion.
Specifically, we require the condition | B,-| > B to be satisfied over
aradial extent greater than the IGW radial wavelength A,- for magnetic
wave conversion to occur. The wavelength derived from the WKB
dispersion relation for IGWs is given by:

A, = 2nr ’ (A

1(1+1)(N22 —1)

Wiige

with / = 2. For our modified wave conversion criterion, we take the
minimal value of A, over the region where |B,-| > B to provide
a more conservative estimate. It is unclear which condition is most
appropriate, although it would be important to explore theoretically
in future work (building upon, e.g., Lecoanet et al. 2017; Rui & Fuller
2023).

Fig. A3 shows that incorporating this modified wave conversion
criterion together with stellar rotation increases the KS p-value. The
synthetic population based on the uniform SFH provides a better
match to the observed sample, although in both synthetic popula-
tions, HJs with the shortest orbital periods (Pyy < 2 days) are
overrepresented.

Overall, the limited number of hot Jupiters orbiting stars with con-
vective cores reduces the statistical power of these tests, preventing
us from drawing definitive conclusions about the impact of stellar
rotation on the agreement between observed and synthetic samples.
Our results tentatively suggest, though, that the incorporation of stel-
lar spin effects should be accompanied by the adoption of a more
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Zero spin, original criterion, SFH from Mor et al.(2019)
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Figure A1. Same as Fig. 15, but only for systems with M, > 1.15 M.
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Figure A2. Same as Fig. A1, but assuming non-zero stellar spin when calculating Pyge.

stringent magnetic wave conversion criterion than the one proposed
by (Duguid et al. 2024).
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Non-zero spin, modified criterion, SFH from Mor et al.(2019)
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Non-zero spin, modified criterion, uniform SFH
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Figure A3. Same as Fig. A2, but the onset of wave conversion is determined based on the modified criterion.
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