
Radial evolution of a gap-opening planet within a protoplanetary disk

Kazuhiro D. Kanagawa (1), Hidekazu Tanaka (2), Ewa Szuszkiewicz (3)
(1) Research Center for the Early Universe, Graduate School of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo
113-0033, Japan (kazuhiro.kanagawa@utap.phys.s.u-tokyo.ac.jp)
(2) Astronomical Institute, Tohoku University, Sendai, Miyagi 980-8578, Japan
(3) Institute of Physics and CASA∗, Faculty of Mathematics and Physics, University of Szczecin, Wielkopolska 15,
PL-70-451 Szczecin, Poland

Abstract
A large planet such as Jupiter in a protoplanetary disk
opens a density gap along its orbit due to the strong
disk–planet interaction. It is expected that in the ideal
case, a gap-opening planet migrates at the viscous drift
speed (type II migration). However, recent hydrody-
namic simulations have shown that in general, the gap-
opening planet is not locked to the viscous disk evolu-
tion. A new physical model is required to explain the
migration speed of the gap-opening planet. For this
reason, we re-examined the migration of a planet in
the disk, by carrying out the two-dimensional hydro-
dynamic simulations in a wide parameter range [1].
We have found that the torque exerted on the gap-
opening planet depends on the surface density at the
bottom of the gap. The planet migration slows down as
the surface density of the bottom of the gap decreases.
Using the gap model developed in our previous stud-
ies, we have constructed an empirical formula of the
migration speed of the gap-opening planets, which is
consistent with the results given by the hydrodynamic
simulations.

1. Introduction
When the planet is sufficiently large, the planet forms a
density gap along with its orbit due to the strong disk–
planet interaction. If the gap is clean, the migration
of the gap-opening planet is referred to as the type II
migration, in which the planet is locked within the
gap [2]. However, recent hydrodynamic simulations
of the migration of the gap-opening planet [3, 4] have
shown that gas can easily cross the gap and the planet
is not locked to the viscous disk evolution. More-
over, these hydrodynamic simulations have demon-
strated that the migration speed of the gap-opening
planet can be faster than the speed of the viscous gas
accretion, which cannot be explained by the ’classical’
picture. In order to understand the migration of the

gap-opening planet, a new physical model is required.

2. Methods
By using the two-dimensional hydrodynamic simu-
lations, we explore the migration timescale of the
planet by varying the mass of the planet (5 × 10−6 <
Mp/M∗ < 1 × 10−3), the disk aspect ratio (0.03 <
H0 < 0.07), and viscosity (10−2 < α < 10−3) (98
runs).

3. Results

Figure 1: The torque as a function of the surface den-
sity at the bottom of the gap.

In Figure 1, we show the torque exerted on the
planet when the gap is relatively deep. As can be seen
in the figure, the torque is roughly proportional to the
surface density at the bottom of the gap (Σmin) and
might be expressed as follows,

Γ = −c
Σmin

Σun,p
Γ0(Rp), (1)

where c is a proportionality coefficient, Rp is the or-
bital radius of the planet, Σun,p is the unpertubed sur-
face density at R = Rp, and Γ0 is the characteristic
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torque. In the type I regime, the torque exerted on the
planet can be given by Γ ∼ −Γ0. This result indicates
that the decrease in the torque exerted on the planet is
simply because of the decrease of the surface density
at the bottom of the gap.

Figure 2: Migration timescales versus K.

By using the empirical relation of Equation (1),
we may express the migration timescale of the gap-
opening planet τ II

a as

τ II
a =

(
Σmin

Σun,p

)−1

τ I
a, (2)

where τ I
a denotes the migration timescale of the type I

migration. The relation between Σmin and the planet
mass, the disk aspect ratio, and the viscosity are inves-
tigated by the work of [5] as

Σmin

Σun,p
=

1
1 + 0.04K

, (3)

where K = (Mp/M∗)2(hp/Rp)−5α−1 and hp the
disk scale height at R = Rp. As can be seen in Fig-
ure 2, Equation (2) with Equation (3) can reasonably
reproduce the migration timescales given by our nu-
merical simulations.

4. Summary
We have investigated the migration of the planet in
the protoplanetary disk by performing over hundred
runs of two-dimensional hydrodynamic simulations.
We found that the torque exerted on the gap-opening
planet is proportional (with some scatter) to the sur-
face density at the bottom of the gap. Considering
the reduction of the torque due to the gap formation,
we present the simple model of the planetary migra-
tion, which can reasonably well reproduce the migra-
tion speed given by the hydrodynamic simulations.
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