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ABSTRACT
The observed low densities of gas giant planets with a high equilibrium temperature (hot
Jupiters) can be simulated in models when a fraction of the surface radiation is deposited
deeper in the interior. Meanwhile migration theories suggest that hot Jupiters formed further
away from their host-star and migrated inward. We incorporate disk migration in simulations
of the evolving interior of hot Jupiters to determine whether migration has a long lasting effect
on the inflation of planets. We quantify the difference between the radius of a migrated planet
and the radius of a planet that formed in situ as the radius discrepancy. We remain agnostic
about the physical mechanism behind interior heating, but assume it scales with the received
stellar flux by a certain fraction.
We find that the change in irradiation received from the host-star while the planet is migrating
can affect the inflation and final radius of the planet. Models with a high fraction of energy
deposited in the interior ( > 5%) show a significant radius discrepancy when the deposit is at
higher pressures than P = 1 bar . For a smaller fraction of 1%, there is no radius discrepancy
for any deposit depth. We show that a uniform heating mechanism can cause different rates of
inflation, depending on themigration history. If the forthcoming observations onmean densities
and atmospheres of gas giants give a better indication of a potential heating mechanism, this
could help to constrain the prior migration of such planets.

Key words: planets and satellites: formation, planets and satellites: gaseous planets, planets
and satellites: interiors

1 INTRODUCTION

In the last 25 years we have seen the hot Jupiter grow from one
anomalous discovery into a distinct population of detected exo-
planets. In this timespan they have taken up an important role in
exoplanet science. Because they are massive planets at short peri-
ods, they are relatively easier to detect by radial velocity and transit
photometry, making this a big population. They further encompass
a majority of the planetary mass in a system and they can inter-
act strongly with other objects in the system. To achieve a better
understanding of planetary systems, it is therefore necessary to un-
derstand the origin, formation and evolution of these planets.
One unexplained observed feature of hot Jupiters is their inflation.
Their measured density is lower than simulations can reproduce,
even when surface radiation from the host star is considered. Sim-
ulations of hot Jupiters start with a high-entropy, inflated planet.
During the evolution this inflation is expected to recede as the
planet looses it’s formation heat by cooling and contracting. To
some extend the application of surface radiation can slow down the
contraction, but this is insufficient to reproduce the observed infla-
tion (Baraffe et al. 2003). Therefore, in order to reproduce inflation
of hot Jupiters, alternative or additional physical mechanisms need
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to be considered.
There is an empirical trend between the equilibrium temperature
of the planet and the rate of inflation. For planets with equilibrium
temperature above 1200 K , the radius anomaly (difference between
the observed radius and the one that results from evolution models)
increases as a powerlaw R ∝ T1.4

eq , while planets with an equilib-
rium temperature below 1000 K are deflated (Laughlin et al. 2011;
Miller & Fortney 2011; Demory & Seager 2011; Laughlin & Lis-
sauer 2015).When simulating the rate of inflation of warm, hot and
ultra-hot jupiters with a known mass and radius, there is a relation
between the planet’s effective temperature and the necessary rate
of incident flux converted to interior heat. This rate peaks (2.5%)
at an effective temperature of T = 1500 while for gas giants with
a higher or lower effective temperature this rate decreases (Thorn-
gren & Fortney 2018). Figure 1 shows the decrease in density for an
increasing equilibrium temperature. Due to this relation a potential
heating mechanism is likely based on an interaction with the host
star.
There are physical arguments for such heating mechanisms. One of
them is Hydrodynamical dissipation. According to this theory heat
gets transported into the interior of the planet. Such a mechanism
could be based on vertical winds pushing down kinetic energy that is
subsequently dissipated into heat (Guillot & Showman 2002; Show-
man&Guillot 2002), heat moving downward by turbulent mixing in
the radiative zone (Youdin & Mitchell 2010) or a vertical advection
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Figure 1. Exoplanets with 0.3 MJup < M < 10 MJup and a period
shorter than 10 days.

The data is obtained from http://exoplanet.eu/catalog/. Most planets that fit
the definition of hot Jupiter have a density significantly below the density of
Jupiter. The radius of these planets increases for their effective temperature.

of potential temperature (Tremblin et al. 2017; Sainsbury-Martinez
et al. 2019). The second radiation dependent mechanism is Ohmic
dissipation, in which electric currents move from the atmosphere to
the interior (Batygin & Stevenson 2010; Perna et al. 2010; Huang &
Cumming 2012; Rauscher & Menou 2013; Wu & Lithwick 2013;
Rogers & Showman 2014; Ginzburg & Sari 2016). These currents
could theoretically be present in planets that have an equilibrium
temperature of Teq > 1200 K . Either of these mechanisms can be
simulated in interior models by taking a fraction of the received
stellar radiation and depositing it deeper in the interior.
Previous studies have reproduced the observed inflation inmodels of
giant planets when incorporating this extra interior heating.Without
specifying a certain mechanism behind the extra heat deposit, but
basing it on the stellar irradiation, Baraffe et al. (2003) found that
when 1% of the received flux is transferred to internal heat in the
planets layer that contains 2 · 10−5 of it’s total mass, the inflation of
HD209458b can be reproduced. Komacek&Youdin (2017) showed
that transferring the same fraction to a depth of 102 bars suffices
for the case of HD 209458b. Furthermore they showed that heating
in deeper layers increases inflation up to a depth of 104 bars. A
deeper deposit than Pdep = 104 bars does not increase inflation. A
similar study by Ginzburg & Sari (2015) deposited extra radiation
at different optical depths to induce an extra convective layer and
radiative layer, which pushed the RCB deeper in the interior, delay-
ing cooling and resulting in enough inflation to match observations.
These models were under the assumption that the planet received a
constant amount of stellar radiation throughout the evolution. More
recent simulations by Komacek et al. (2020) applied the same inte-
rior heating deposit at planets which were already contracted, caus-
ing reinflation. These simulations showed that reinflation within the
host-stars main-sequence timescale requires deeper deposits than
was the case for inflation due to inhibited cooling.
The hot jupiter reinflation of Komacek et al. (2020) was based on an
increase of stellar radiation as it evolves on the main-sequence, and
applied on completely cooled planets. These simulations assumed
that the planets did not change their semimajor axis with respect to
the star, but rather that they formed in situ.

In this work, the authors did not consider the change in irradiation
from the star or evolution of the planet prior to the main sequence
stage. In this paper, we evaluate how the migration history and
change in stellar irradiation during planet formation might affect
the planet inflation. Formation theories of hot Jupiters favour the
planet being created at a distance further away from the host star
and migrating inward after the formation. Disk migration specifi-
cally involves the planet moving in along with the dust and gas of
the protoplanetary disk during the accreting phase of the star. This
implies a change in received radiation that could have a significant
and long lasting effect on the evolution of the planet. Since the ratio
of inflation is scattered for a given equilibrium temperature (see fig-
ure 1), this scatter could be caused by different migration histories
of the planets.
The aim of this study is to determine if the migration of hot Jupiters
early in their evolution can have a lasting effect on their observed
inflation. This paper will commence with the method in section
2. Here the interior model will be discussed and how the interior
heating and migration are applied. The results are presented and
discussed in section 3. In the conclusion, section 4, the results are
summarized. This is followed by a brief outlook for potential im-
provements for future research.

2 METHOD

2.1 Interior Model

The hot Jupiter interior evolution is simulated by using the code
MESA. This code creates a one-dimensional stellar interior model
and evolves it by solving the stellar structure equations. A MESA
model of a gas giant planet underwent a few alternations from the
stellar variant. The first two used equations describe the mechanical
structure of the planet:

dm
dr
= 4πr2ρ(r) (1)

∂P
∂m
= − Gm

4πr4 (2)

Equation 1 relates a shell with infinitesimal thickness dr and mass
dm to the density ρ(r) at a radial distance r . Equation 2 uses hy-
drostatic equilibrium to relate the pressure P in this shell to the
enclosed mass m, with G the gravitational constant.

∂l
∂m
= εgrav + εextra (3)

∂T
∂m
= − GmT

4πr4P
∇ (4)

Evolution of the model is calculated by energy conservation (equa-
tion 3) and energy transport (equation 4). Shell dm radiates energy
dl based on the local change in gravitational energy εgrav and ex-
tra interior energy εextra . This extra energy is based on received
stellar radiation and deposited in the interior, following Komacek
& Youdin (2017). A star with nuclear burning would have an extra
term for the change in local energy, but this is not applicable in the
planetary models. In the equations T is the temperature and ∇ is
the logarithmic temperature gradient (d lnP/d lnT) , that could be
either radiative or adiabatic, following the Schwarzschild criterion.

MNRAS 000, 1–9 (2020)

http://exoplanet.eu/catalog/


Inflation of Migrated Hot Jupiters 3

To solve this set of equations an equation-of-state is used that is
designed for hydrogen and helium in giant planets and low mass
stars (Saumon et al. 1995). The implemented opacities are from
Freedman et al. (2008).
Based on the core accretion model for giant planet formation, the
model starts by creating a 10 M⊕ core of heavy material. Subse-
quently an envelope of H/He is added, resulting in a model with
a total mass of 1 MJup and radius of 2 RJup . We assume that the
planet accretes all it’s mass before the start of migration.
The initial radius, 2 RJup in our simulations, would not be relevant
for a solely cooling model. A model with a larger initial radius and
thus a higher entropy model, would have a higher luminosity in the
early stage of the evolution and thus cool down more rapidly. How-
ever, since the migration is initiated before such models converge,
the initial radius might determine at what evolution the planet start
to receive the radiation, which could influence the outcome.

2.2 Classic type II Migration

We simulate the planet to undergo classic type II migration. During
formation, when a planet accretes a certain critical mass, it can open
up a gap in the protoplanetary disk. This is the expected case for a
Jupiter-sized planet (Crida et al. 2006; Baruteau et al. 2014). The
consequence is that the planet exerts a larger torque on the disk
than the viscous torque of the disk itself. The disk is then split up:
an inner- and outer disk are formed, with a planet in between. The
torque of the inner disk pushes the planet outwards, while the outer
disk pushes it in, leaving the planet stuck in the gap. During the
accreting phase of the star, both gas and planet will move to closer
orbits.
In this situation the migrating planet will have a radial speed that is
identical to the gas accretion speed, which is (Shakura & Sunyaev
1973):(

da
dt

)
visc

= −3
2
ανh2√GM?/a (5)

This speed depends on the stellar mass M?, the semimajor axis a
and parameters of the protoplanetary disk. The unitless parameter
αν characterizes the viscosity. The parameter h is the scale height
of the disk, defined as approximately the sound speed divided by
the Kepler frequency, locally in the disk. By integrating equation 5,
the timescale for a planet to migrate from an initial semi-major axis
a0 to a final semi-major axis aend is:

τmigr =
4
(
a3/2

0 − a3/2
end

)
9ανh2√GM?

(6)

Using equation 6 we can estimate the timescale of migration for a
Jupiter-sized planet around a solar-mass star, migrating from 10 AU
to 0.05 AU. For this we assume a common value of αν = 0.003 and
take into account that h is between ∼ 0.09 and ∼ 0.02 for a semi
major axis between 10 and 0.05 AU. Approximating h as 0.05 we
obtain a timescale of around ∼ 3 · 105 years
The actual timescale of migration, however, can be expected to
deviate from this significantly. The radial variation of disk properties
is not simple and transitions in temperature and surface density
profiles, among other factors, can affect the migration timescales
(Cridland et al. 2016). In addition, the disk parameters αν and
h can have a range of values that result in different timescales.

The estimated αν values are broadly distributed between orders of
magnitude (1e−4 to 1e−2) and there is not yet a correlation found
with global properties of the disk or star (Rafikov 2017; Ansdell
et al. 2018). The value does seem correlated with the disk’s rate
of ionization, which implies that αν is not a constant but changes
during the evolution of the disk (Martin et al. 2019). This would
induce an extra time variability in the accretion speed of equation
5. Another reason to expect deviating timescales of migration is
that classic type II migration probably assumes a too ideal case
in which the gap opened up by a planet is completely clear of
gas and dust. Hydrodynamical simulations show that a planet can
create a gap with a much lower density, but still a fraction of gas
remains passing this gap. This would result in a decoupled planetary
migration that can differ from the viscous accretion speed (Duffell
et al. 2014; Dürmann & Kley 2015). Simulations can even have
a planet migrating through a stationary disk (Robert et al. 2018).
A more realistic representation of migration speeds might be the
empirical results of such simulations (Kanagawa et al. 2018; Ida
et al. 2018).
Since amore detailed description of planetarymigration is out of the
scope of this paper, we explore the possibility of different timescales
by introducing an extra variable C, that will be referred as to the
delay constant. The migration speed and timescale from equation 5
including this constant becomes:

da(t)
dt
= −3

2
C ανh2√GM?/a (7)

The semi-major axis at a given time t > t0 will then be:

a(t) =
(
a

3
2
0 − C

9
4
ανh2√G M?(t − t0)

) 2
3

(8)

With a corresponding migration timescale of,

τmigr =
1
C

4
(
a3/2

0 − a3/2
end

)
9ανh2√GM?

(9)

Once a(t) = aend is reached the semi-major axis remains constant.
For inward migration C needs to be a positive number. Another
constraint is that the disk migration needs to be completed before
the disappearance of the gas disk, which can take up to 10 million
years (Haisch et al. 2001; Ribas et al. 2015). This implies a lower
limit of C ≈ 0.05.

2.3 Applying received flux as a variable

In addition to the changing semi-major axis, the received flux is
varied based on an evolving stellar luminosity. We simulate the
luminosity using a model of the sun by Bahcall et al. (2001) as it
evolves on the Main Sequence. This luminosity evolution is shown
in figure 2. The star has an almost constant luminosity of ∼ 0.72 L�
during the first ∼ 108 years. Luminosity evolution of the star has
therefore little influence on the evolution of the planet during the
migration. It will become relevant after disk migration is finished,
as is shown in section 3.
We use two methods to insert extra energy in the model based
on the calculated received radiation. The first is surface radiation.
Applying this in MESA requires the assignment of two variables:
received flux Frec and column-depth Σp . The surface radiation
gets uniformly distributed over the outer layers of the model where

MNRAS 000, 1–9 (2020)



4 M. Mol Lous and Y. Miguel

Figure 2. Left: Evolution of bolometric luminosity by Bahcall et al. (2001).
Planets are evolved to an age of 5 billion years, when the luminosity is that
of the current sun. Right: the received flux applied in the models based
on Classic migration as detailed in table 1 (solid line) compared to in
situ formation (dashed line). The effect of the stars luminosity evolution is
negligible compared to the change in flux due to migration.

Σ ≤ Σp . The extra energy per unit mass εirr then is:

εirr =
Frec
4Σp

(10)

Values from 150 to 300 g/cm2 are in agreement with commonly
used opacities in the visible (Fortney et al. 2008; Guillot 2010;
Owen & Wu 2016). In these simulations Σp = 220 g/cm2 was
used, which corresponds to an opacity of κν = 0.005 cm2 g−1.
In addition to surface radiation, extra interior heat is applied
deeper in the model. The subroutine used to insert this extra
heat was taken from MESA Summerschool material1. An interior
heating mechanism is assumed for which a fraction of the received
radiation gets converted to extra heat: Eexta = Frec · πR2

pl
· fint ,

with fint << 1. This fraction gets deposited around a chosen
depth in the model as a Gaussian distribution. The Gaussian
peaks at the depth of deposit, Pdep , similar to prior simulations
by Komacek & Youdin (2017). The interior heating is much
smaller than the surface radiation in terms of energy. However,
due to the deep deposit it can have a significant effect on the cool-
ing efficiency of the planet and consequently on the rate of inflation.

2.4 Chosen Parameters

Table 1 summarizes the default values of classic disk migration.
Migration starts after the formation of the planet, which will be the
zero-age in our simulations.
Because observations on protoplanetary disks show that these
disks last between 1 and 10 million of years (Ribas et al. 2015), we
pick the timescale of migration, τmigr , as 7 million years, to also
take into account the time for forming the planet . We assume this
formation time is t0 = 3 million years (Alibert et al. 2018) and the
end of migration is at t = 1e7 years. To match this timescale the
delay constant is chosen as C = 0.05 in these calculations.
The migration will stop at 0.05 AU since this is the orbit at which
hot jupiters are relatively often found, even when a detection bias

1 Made by Jonathan Fortney in 2017 and available at: co-
cocubed.asu.edu/mesa_market/education.html

Figure 3. Migrating planet with internal heating at depth Pdep = 103 and
fractions of extra internal heat fint = 0.1. Migrations starting from 5, 10
or 20 AU. The delay constant C in equation 9 is adjusted so that the planet
arrives at a = 0.05 AU after 1e7 years. (a): The received flux during the
evolution. (b): The radius evolution, which is the same for all migration
paths.

Classic Model Migr parameter Source

a0 10 AU X Dawson & Johnson (2018)
aend 0.05 AU X Heller (2018)
t0 3e6 yrs X Alibert et al. (2018)
C 0.05 a X Ribas et al. (2015)
Σp 220 g cm−2 × Paxton et al. (2013)
fint 1% × Komacek & Youdin (2017)
Pdep 103 bar × Komacek & Youdin (2017)

a This delay constant is chosen to end migration at t = 1e7 yrs.

Table 1. The default parameters used in the simulations. If other values
are used this will be specified. Migration parameters are those parameters
that determine the semi-major axis of the planet over time. Non-migration
parameters determine the application of radiation, which depends on the
received flux.

is subtracted (Heller 2018). The equilibrium temperature that
corresponds to this distance, assuming a sun-like star is 1254 K .
The planet is formed at 10 AU, which is chosen to have formation
outside of the snowline where core accretion is more likely due
to a large feeding zone (Dawson & Johnson 2018). Hot Jupiter
formation theory implies that they formed around ∼ 5 AU. In
our calculations the location of formation has little effect on the
evolution, since we constrain the arrival time at t = 1e7 years
by adjusting the delay constant. This makes the a0 and C two
degenerate variables. Figure 3 shows simulations where formation
starts at 5, 10, and 20 AU. In order to have migration end at t = 1e7
years, the delay constant is chosen as C = 0.05, 0.14, 0.4.
The values fint = 1% and Pdep = 103 bar were found by Komacek
& Youdin (2017) as sufficient to reproduce inflation. After the
migration is finished, we continue the evolution of the planet to an
age of 5 Gyr, which is a typical age of a main sequence star. Once
this age is reached, the radius is calculated at which the optical
depth τ ≈ 1, approximately the radius measureable by transit
measurements.

MNRAS 000, 1–9 (2020)
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Inflation of Migrated Hot Jupiters 5

Figure 4. The radius evolution of models when 1% (a), 5% (b) or 10% (c) of the received flux is deposited at different pressure-depths in the interior. A higher
fraction of interior heating increases the eventual radius. When 5% and 10% are inserted deeper than 10 bar there is a discrepancy between migrated and
constantly radiated models.

Figure 5. Radius discrepancy of hot Jupiter models that migrated and those
that evolved in situ: Rmigr /Rconst . The depth of internal heat deposit
is fixed at Pdep = 103 bar and fractions of extra internal heat vary. For
low fractions fint , there is no discrepancy while there is some for fractions
above 1 %.

3 RESULTS AND DISCUSSION

In this paper we take into account the change in the irradiation
received by the planet due to two effects: 1) the evolution of the
stellar luminosity with time and 2) the change in semimajor axis
as a consequence of planetary migration. Figure 2 (right) shows
that both effects are relevant at a different timescales: up to 10 Myr
planetary migration has a large impact in the received flux, while
the increase of stellar luminosity affects the long term evolution up
to the Gyrs.

Figure 4, (a, b, c), show the evolution of the transit radii of
classically migrating models (solid lines) compared to models that
evolve in situ (dashed lines). The extra interior energy is applied as
1% (a), 5% (b) and 10% (c). For each of these fractions, the energy
is injected at a depths of 10, 100, 103, 104, 105 or 106 bar .
The plots show that larger energy deposits result in larger radii. It
is furthermore shown that a deeper deposit results in a larger radius
discrepancy up to a depth of 104 bar . This is in line with previous
results by Komacek & Youdin (2017), and due to the depth of the
energy determining the size of the radiative zone of the planet.
The size of this zone can constrain the efficiency of cooling and
contraction (Fortney et al. 2010; Thorngren et al. 2019)
Figure 4 shows that planets that migrated have a smaller final
radius than those that were formed in situ. This difference in radii
can be expressed as the ratio Rmig/Rconst, which we call the
radius discrepancy. This is because those formed in situ received
high irradiation during their entire lives, while those that migrated
received lower irradiation at the beginning of their formation
history. Only after migrating they were more exposed to high
irradiation from the central star.
A difference in eventual radius between a migrated and a constantly
irradiated model is present for higher fractions of 5% and 10% and
when the depth is 100 bars or deeper. For a lower fraction of 1%
the radii of both models are the same after 5 Gyr. For this interior
heating mechanism migration does not influence the eventual
observed radii.
Figure 5 and 6 show the radius discrepancy (Rmig/Rconst) for
different models. As seen in figure 5, when the depth is constant at
Pdep = 103 bar , there is a growing radius discrepancy for fractions
above 1%. In figure 6 the fraction of deposited energy is kept
constant while the depths are varied. For a constant deposited of 1%
(a), the ratio remains around one, an expected result considering
figure 4. The fractions 5% (b) and 10% (c) have a growing radius
discrepancy for deeper deposits, up to a maximum around 104 bar .
As a consequence of the re-inflation of planets exposed at a
varying luminosity with time, deposits at higher pressures result

MNRAS 000, 1–9 (2020)



6 M. Mol Lous and Y. Miguel

Figure 6. Radius discrepancy of hot Jupiter models that migrated and those that evolved in situ: Rmigr /Rconst . The fraction is fixed while the depths of
deposit vary. For a fraction of 1%, none of the depths cause a discrepancy. For a fraction of 5% or 10%, a deeper injection increases the discrepancy up to a
depth of ∼ 104 bar . For injections at higher pressures, the discrepancy decreases slightly.

in a smaller discrepancy. This figure shows that in the case of
an interior heating mechanism which is strongly related to the
incident flux, migration will influence the degree of inflation. Up
to now a certain migration is assumed, where different interior
heating parameters in combination with this migration determine
the eventual radius. Alternatively, there can be a fixed interior
heating, so that different migrations will lead to different radii. For
six different combinations of fint and Pdep , the radii of models
after different migrations are shown in figure 7. The migration can
vary in timescale τmigr or starting time t0. The timescale is varied
by using different constants C in equation 8.
Once again there is no discrepancy for a 1% injection. The uniform
color demonstrates that any combination of τmigr and t0 leads
to the same radius. The higher fractions of 5% and 10% already
proved to lead to a discrepancy in combination with a depth of 100
or 103 bar . Figure 7 shows that this discrepancy depends on the
start and duration of migration as well. A fraction of 10% leads
to significantly a higher radius than 5% when the timescale of
migration is short. Changing the depth from 100 bar to 103 bar
also leads to larger radii in the case of fast migration. Migration
with longer timescales lead to the same radii, independent of the
fraction or depth of the extra heat.
Since the received flux scales with ∝ a−2, the time spend at close-in
orbits could be more significant for the evolution than the start of
migration. Considering this, and the fact that the speed of migration
increases as the semi-major axis decreases, a more characteristic
parameter of migration could be the time it reaches the final orbit
aend . This happens at tend = t0 + τmigr .
Figure 8 shows the radii of evolved planets for different tend . The
value of tend in this figure range from 1 Myr to 60 Myr. While
the figure shows that longer arrival times result in less inflation, it
should be noted that the longer arrival times would be long after the
disappearance of the protoplanetary disk at ∼ 10 Myr (Ribas et al.
2015). Alternative migration mechanisms, such as eccentricity
scattering or tidal dissipation, could work on longer timescales as
they are applicable after the disk has disappeared.
The dashed lines indicate the radius of models that evolved in situ.
For migrated models that have the radius on this line the inflation
is not related to the migration history. This is the case for the
fraction of 1%, at least for migrations within the disks lifetime. A
relation between radius and arrival at aend starts to show at arrival

timescales beyond disk migration. Larger energy deposits give a
steeper relationship between arrival time and radius. This shows
once again that for more injected energy, the eventual radius is
more sensitive to the migration.
The final radii from 1% deposits follow a line with little dispersion.
This indicates that the inflation is closely related to the time the
planet arrives at the final orbit, but not to the duration of migration.
For larger deposits, there is a scatter in radius for a certain tend .
In this case inflation does depend on the combination of start and
duration of migration.
To compare the different eventual radius of models with
different migration histories to the observed scatter in infla-
tion we use figure 9. Like figure 1, it shows the observed
hot jupiters. The inflation is shown using the density as(
ρ / ρJup

)−1/3
=

(
M /MJup

)−1/3 ·
(
R / RJup

)
. Since all the

simulated models assume a constant mass of 1 MJup , the scatter
on the y-axis of figures 8 and 9 can be compared.
The observed scatter in hot jupiter inflation is much bigger than
the different radii resulting from the simulations. The models in
figure 8 have an equilibrium temperature of 1254 K . Assuming
that the arrival time of type II migration can range between 2 to
10 million years and applying an interior heating based on 10 %
of the incident flux can result in a radius difference of 0.05 RJup .
In the case of 5 %, this difference can be 0.02 RJup . Meanwhile
the observed densities at Teq = 1254 K in figure 9 corresponds
to a much bigger spread in radii. Therefore, while migration is a
relevant mechanism that affects the inflation history of the planets,
a variation in disk migration arrival times alone is not sufficient to
reproduce the scatter in observed inflation.

The conditions under which migration can have a lasting ef-
fect on the observed inflation of hot jupiters favour a high fraction
of stellar flux being deposited in the interior. This fraction is
somewhat higher than what is estimated for the theoretical interior
heating mechanisms that depends on the incident stellar flux. The
interior heating parameters of Ohmic dissipation are estimated as
up to fint . 5% (Perna et al. 2010; Rauscher & Menou 2013).
In terms of depth this mechanisms will loose most of the heat in
the atmosphere. Only a small fraction of the deposited energy will
reach the interior, where it can significantly influence the radius
evolution (Rauscher & Menou 2013). Tidal dissipation can result

MNRAS 000, 1–9 (2020)



Inflation of Migrated Hot Jupiters 7

Figure 7. The radii of evolved hot Jupiter models, varying the fraction ( fint = 0.1, 0.5, 0.1) of received flux that is applied as interior heating and the depth
(Pdep = 102 , 103 bar) at which it is deposited. When a small fraction is applied, migration does not influence the rate on inflation. For energy deposits of
5% or 10%, the eventual radius does depend on the start of migration t0 (x-axis) and the duration of migration τmigr (y-axis).

Figure 8. The radii of migrated hot Jupiter models after evolving to 5 Gyrs.
tend = t0 + τmigr indicates when the planet reached the inner radius of
0.05 AU . Different colors indicate different parameters (fraction, depth) for
the extra interior heating. Dashed lines are the radii of models that evolved
in situ.

Figure 9. Exoplanets with 0.3 MJup < M < 10 MJup and a period
shorter than 10 days, obtained from http://exoplanet.eu/catalog/.

in a higher fraction of fint ≈ 10% (Arras & Socrates 2010), but
can also be on the order of 0.1% (Bodenheimer et al. 2001).

4 CONCLUSION

In this paper we performed simulations of planetary evolution to
study the influence of inward migration on the observed planetary
radius. Our models explore different migration timescales, take a

MNRAS 000, 1–9 (2020)
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8 M. Mol Lous and Y. Miguel

stellar flux into account that varies with time and consider different
inflation mechanisms by adding extra energy at different pressures
in the planet interior. Our results show that migration can influence
the observed radius of the planet in the case of a strong, stellar flux
dependent, interior heating.
The inflation of hot Jupiters could be a reflection of the amount
of radiation received at earlier stages in the planet’s formation.
Particularly the time at which the planet reaches the inner orbit is
related to the rate of inflation. Planets that arrive at their observed
close orbital distances at a later stage can be significantly less
inflated, even though they are subjected to the same heating
mechanism. However, we find that while migration most likely
played a role in the final inflation history of the planets, it is not the
main and only cause of the scatter in inflation.
This relation furthermore requires that the deposited energy is
based on a large fraction (& 5%) of the incident flux. For smaller
fractions of energy deposit, the migrating planet evolves to the
same radius as a planet that evolves under constant, high radiation.
Furthermore the depth of the deposit needs to be beyond 10 bar.
We found an evident relation between the amount of extra energy
and the discrepancy in radius between migrated and non-migrated
models.
Our simulations migrated planets to a distance of 0.05 AU around
a sun-like star. This corresponds to an equilibrium temperature
of Teq = 1245 K . The radius discrepancy will probably be larger
for planets that reach a higher equilibrium temperature, as the
different migration arrival times result in a larger difference in
received flux. We did not consider migration timescales beyond a
few ∼ 10 Myrs, since those are beyond the estimated timescales
of disk migration. Larger timescales could, however, be the result
of alternative mechanisms which can migrate the planet after the
disk has disappeared. High-eccentricity tidal migration can work
on planets when they are perturbed into a high-eccentricity orbit,
by mechanisms such as planet-planet scattering (Rasio et al. 1996;
Weidenschilling & Marzari 1996; Chatterjee et al. 2008) or the
Kozai-Lidov mechanism (Kozai 1962; Lidov 1962; Naoz 2016),
followed by a tidal migration inwards.

The simulated interior heating is not based on a specific
physical mechanism and therefore there is a lot of freedom in the
parameters. A better understanding of the heating mechanisms that
acts on inflation inflation would constrain these parameters. We
would have a better understanding of the depth at which the energy
is deposited and of whether this deposit is related to the stellar flux.
This would lead to a better understanding of the influence of planet
migration and its imprint in the planetary radius.
Current and future observations could improve this understanding.
TESS is expected to add many warm jupiters to the discovered
sample, which might help understand the relation between
effective temperature and inflation (Grunblatt et al. 2019). The
recently launched CHEOPS will accurately measure the radii
of sub-Neptunes and super-Earths of which the mass is already
know from radial-velocity measurements (Broeg et al. 2013). This
should result in a better mass-radius relationship of such planets.
A statistical analysis of Neptune-sized planets would show if they
are inflated to any extend. PLATO will aim at improving the
mass-radius relationship of hot Jupiters in combination with stellar
parameters. This will broaden the potential statistical relationships
with inflation and could lead to a better understanding of the nature
of this phenomenon (Rauer et al. 2014). Finally ARIEL, planned
to launch in 2028, will measure the atmospheric composition
of known exoplanets. More information on the atmospheric

composition could also lead to a better insight in potential heating
mechanisms.

ACKNOWLEDGEMENTS

The authors thank the anonymous referee for the insightful com-
ments which improved the paper. We furthermore thank J. Fort-
ney for providing the subroutine to include internal heating in the
planet’s interior. We thank the Exoplanet Group at Leiden Observa-
tory for useful discussions that help improving this paper.

REFERENCES

Alibert Y., et al., 2018, Nature Astronomy, 2, 873
Ansdell M., et al., 2018, ApJ, 859, 21
Arras P., Socrates A., 2010, ApJ, 714, 1
Bahcall J. N., Pinsonneault M. H., Basu S., 2001, The Astrophysical Journal,

555, 990
Baraffe I., Chabrier G., Barman T. S., Allard F., Hauschildt P. H., 2003,

A&A, 402, 701
Baruteau C., et al., 2014, in Beuther H., Klessen R. S., Dullemond C. P.,

Henning T., eds, Protostars and Planets VI. p. 667 (arXiv:1312.4293),
doi:10.2458/azu_uapress_9780816531240-ch029

Batygin K., Stevenson D. J., 2010, The Astrophysical Journal, 714, L238
Bodenheimer P., Lin D. N. C., Mardling R. A., 2001, ApJ, 548, 466
Broeg C., et al., 2013, in European Physical Journal Web of Conferences. p.

03005 (arXiv:1305.2270), doi:10.1051/epjconf/20134703005
Chatterjee S., Ford E. B., Matsumura S., Rasio F. A., 2008, ApJ, 686, 580
Crida A., Morbidelli A., Masset F., 2006, Icarus, 181, 587
Cridland A. J., Pudritz R. E., Alessi M., 2016, MNRAS, 461, 3274
Dawson R. I., Johnson J. A., 2018, ARA&A, 56, 175
Demory B.-O., Seager S., 2011, The Astrophysical Journal Supplement

Series, 197, 12
Duffell P. C., Haiman Z., MacFadyen A. I., D’Orazio D. J., Farris B. D.,

2014, ApJ, 792, L10
Dürmann C., Kley W., 2015, A&A, 574, A52
Fortney J. J., Lodders K., Marley M. S., Freedman R. S., 2008, ApJ, 678,

1419
Fortney J. J., Baraffe I., Militzer B., 2010, Giant Planet Interior Structure

and Thermal Evolution. pp 397–418
Freedman R. S., Marley M. S., Lodders K., 2008, ApJS, 174, 504
Ginzburg S., Sari R., 2015, ApJ, 803, 111
Ginzburg S., Sari R., 2016, ApJ, 819, 116
Grunblatt S. K., Huber D., Gaidos E., Hon M., Zinn J. C., Stello D., 2019,

AJ, 158, 227
Guillot T., 2010, A&A, 520, A27
Guillot T., Showman A. P., 2002, A&A, 385, 156
Haisch Karl E. J., Lada E. A., Lada C. J., 2001, ApJ, 553, L153
Heller R., 2018, arXiv e-prints, p. arXiv:1806.06601
Huang X., Cumming A., 2012, The Astrophysical Journal, 757, 47
Ida S., Tanaka H., Johansen A., Kanagawa K. D., Tanigawa T., 2018, ApJ,

864, 77
Kanagawa K. D., Tanaka H., Szuszkiewicz E., 2018, ApJ, 861, 140
Komacek T. D., Youdin A. N., 2017, The Astrophysical Journal, 844, 94
Komacek T. D., Thorngren D. P., Lopez E. D., Ginzburg S., 2020, arXiv

e-prints, p. arXiv:2003.04877
Kozai Y., 1962, AJ, 67, 591
Laughlin G., Lissauer J. J., 2015, arXiv e-prints, p. arXiv:1501.05685
Laughlin G., Crismani M., Adams F. C., 2011, ApJ, 729, L7
Lidov M. L., 1962, Planet. Space Sci., 9, 719
Martin R. G., Nixon C. J., Pringle J. E., Livio M., 2019, New Astron., 70, 7
Miller N., Fortney J. J., 2011, The Astrophysical Journal, 736, L29
Naoz S., 2016, ARA&A, 54, 441
Owen J. E., Wu Y., 2016, ApJ, 817, 107
Paxton B., et al., 2013, ApJS, 208, 4

MNRAS 000, 1–9 (2020)

http://dx.doi.org/10.1038/s41550-018-0557-2
https://ui.adsabs.harvard.edu/abs/2018NatAs...2..873A
http://dx.doi.org/10.3847/1538-4357/aab890
https://ui.adsabs.harvard.edu/abs/2018ApJ...859...21A
http://dx.doi.org/10.1088/0004-637X/714/1/1
https://ui.adsabs.harvard.edu/abs/2010ApJ...714....1A
http://dx.doi.org/10.1086/321493
http://dx.doi.org/10.1051/0004-6361:20030252
https://ui.adsabs.harvard.edu/abs/2003A&A...402..701B
http://arxiv.org/abs/1312.4293
http://dx.doi.org/10.2458/azu_uapress_9780816531240-ch029
http://dx.doi.org/10.1088/2041-8205/714/2/l238
http://dx.doi.org/10.1086/318667
https://ui.adsabs.harvard.edu/abs/2001ApJ...548..466B
http://arxiv.org/abs/1305.2270
http://dx.doi.org/10.1051/epjconf/20134703005
http://dx.doi.org/10.1086/590227
https://ui.adsabs.harvard.edu/abs/2008ApJ...686..580C
http://dx.doi.org/10.1016/j.icarus.2005.10.007
https://ui.adsabs.harvard.edu/abs/2006Icar..181..587C
http://dx.doi.org/10.1093/mnras/stw1511
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461.3274C
http://dx.doi.org/10.1146/annurev-astro-081817-051853
https://ui.adsabs.harvard.edu/abs/2018ARA&A..56..175D
http://dx.doi.org/10.1088/0067-0049/197/1/12
http://dx.doi.org/10.1088/0067-0049/197/1/12
http://dx.doi.org/10.1088/2041-8205/792/1/L10
https://ui.adsabs.harvard.edu/abs/2014ApJ...792L..10D
http://dx.doi.org/10.1051/0004-6361/201424837
https://ui.adsabs.harvard.edu/abs/2015A&A...574A..52D
http://dx.doi.org/10.1086/528370
https://ui.adsabs.harvard.edu/abs/2008ApJ...678.1419F
https://ui.adsabs.harvard.edu/abs/2008ApJ...678.1419F
http://dx.doi.org/10.1086/521793
https://ui.adsabs.harvard.edu/abs/2008ApJS..174..504F
http://dx.doi.org/10.1088/0004-637X/803/2/111
https://ui.adsabs.harvard.edu/abs/2015ApJ...803..111G
http://dx.doi.org/10.3847/0004-637X/819/2/116
https://ui.adsabs.harvard.edu/abs/2016ApJ...819..116G
http://dx.doi.org/10.3847/1538-3881/ab4c35
https://ui.adsabs.harvard.edu/abs/2019AJ....158..227G
http://dx.doi.org/10.1051/0004-6361/200913396
https://ui.adsabs.harvard.edu/abs/2010A&A...520A..27G
http://dx.doi.org/10.1051/0004-6361:20011624
https://ui.adsabs.harvard.edu/abs/2002A&A...385..156G
http://dx.doi.org/10.1086/320685
https://ui.adsabs.harvard.edu/abs/2001ApJ...553L.153H
https://ui.adsabs.harvard.edu/abs/2018arXiv180606601H
http://dx.doi.org/10.1088/0004-637x/757/1/47
http://dx.doi.org/10.3847/1538-4357/aad69c
https://ui.adsabs.harvard.edu/abs/2018ApJ...864...77I
http://dx.doi.org/10.3847/1538-4357/aac8d9
https://ui.adsabs.harvard.edu/abs/2018ApJ...861..140K
http://dx.doi.org/10.3847/1538-4357/aa7b75
https://ui.adsabs.harvard.edu/abs/2020arXiv200304877K
http://dx.doi.org/10.1086/108790
https://ui.adsabs.harvard.edu/abs/1962AJ.....67..591K
https://ui.adsabs.harvard.edu/abs/2015arXiv150105685L
http://dx.doi.org/10.1088/2041-8205/729/1/L7
https://ui.adsabs.harvard.edu/abs/2011ApJ...729L...7L
http://dx.doi.org/10.1016/0032-0633(62)90129-0
https://ui.adsabs.harvard.edu/abs/1962P&SS....9..719L
http://dx.doi.org/10.1016/j.newast.2019.01.001
https://ui.adsabs.harvard.edu/abs/2019NewA...70....7M
http://dx.doi.org/10.1088/2041-8205/736/2/l29
http://dx.doi.org/10.1146/annurev-astro-081915-023315
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..441N
http://dx.doi.org/10.3847/0004-637X/817/2/107
https://ui.adsabs.harvard.edu/abs/2016ApJ...817..107O
http://dx.doi.org/10.1088/0067-0049/208/1/4
https://ui.adsabs.harvard.edu/abs/2013ApJS..208....4P


Inflation of Migrated Hot Jupiters 9

Perna R., Menou K., Rauscher E., 2010, ApJ, 724, 313
Rafikov R. R., 2017, ApJ, 837, 163
Rasio F. A., Tout C. A., Lubow S. H., Livio M., 1996, ApJ, 470, 1187
Rauer H., et al., 2014, Experimental Astronomy, 38, 249
Rauscher E., Menou K., 2013, ApJ, 764, 103
Ribas Á., Bouy H., Merín B., 2015, A&A, 576, A52
Robert C. M. T., Crida A., Lega E., Méheut H., Morbidelli A., 2018, A&A,

617, A98
Rogers T. M., Showman A. P., 2014, ApJ, 782, L4
Sainsbury-Martinez F., et al., 2019, A&A, 632, A114
Saumon D., Chabrier G., van Horn H. M., 1995, ApJS, 99, 713
Shakura N. I., Sunyaev R. A., 1973, A&A, 500, 33
Showman A. P., Guillot T., 2002, A&A, 385, 166
Thorngren D. P., Fortney J. J., 2018, AJ, 155, 214
Thorngren D., Gao P., Fortney J. J., 2019, ApJ, 884, L6
Tremblin P., et al., 2017, ApJ, 841, 30
Weidenschilling S. J., Marzari F., 1996, Nature, 384, 619
Wu Y., Lithwick Y., 2013, ApJ, 763, 13
Youdin A. N., Mitchell J. L., 2010, ApJ, 721, 1113

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–9 (2020)

http://dx.doi.org/10.1088/0004-637X/724/1/313
https://ui.adsabs.harvard.edu/abs/2010ApJ...724..313P
http://dx.doi.org/10.3847/1538-4357/aa6249
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..163R
http://dx.doi.org/10.1086/177941
https://ui.adsabs.harvard.edu/abs/1996ApJ...470.1187R
http://dx.doi.org/10.1007/s10686-014-9383-4
https://ui.adsabs.harvard.edu/abs/2014ExA....38..249R
http://dx.doi.org/10.1088/0004-637X/764/1/103
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..103R
http://dx.doi.org/10.1051/0004-6361/201424846
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..52R
http://dx.doi.org/10.1051/0004-6361/201833539
https://ui.adsabs.harvard.edu/abs/2018A&A...617A..98R
http://dx.doi.org/10.1088/2041-8205/782/1/L4
https://ui.adsabs.harvard.edu/abs/2014ApJ...782L...4R
http://dx.doi.org/10.1051/0004-6361/201936445
https://ui.adsabs.harvard.edu/abs/2019A&A...632A.114S
http://dx.doi.org/10.1086/192204
https://ui.adsabs.harvard.edu/abs/1995ApJS...99..713S
https://ui.adsabs.harvard.edu/abs/1973A&A....24..337S
http://dx.doi.org/10.1051/0004-6361:20020101
https://ui.adsabs.harvard.edu/abs/2002A&A...385..166S
http://dx.doi.org/10.3847/1538-3881/aaba13
https://ui.adsabs.harvard.edu/abs/2018AJ....155..214T
http://dx.doi.org/10.3847/2041-8213/ab43d0
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L...6T
http://dx.doi.org/10.3847/1538-4357/aa6e57
https://ui.adsabs.harvard.edu/abs/2017ApJ...841...30T
http://dx.doi.org/10.1038/384619a0
https://ui.adsabs.harvard.edu/abs/1996Natur.384..619W
http://dx.doi.org/10.1088/0004-637X/763/1/13
https://ui.adsabs.harvard.edu/abs/2013ApJ...763...13W
http://dx.doi.org/10.1088/0004-637X/721/2/1113
https://ui.adsabs.harvard.edu/abs/2010ApJ...721.1113Y

	1 Introduction
	2 Method
	2.1 Interior Model
	2.2 Classic type II Migration
	2.3 Applying received flux as a variable
	2.4 Chosen Parameters

	3 Results and Discussion
	4 Conclusion

