<BRNE

r Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2025-05-16

Delivery of Gas onto the Circumplanetary Disk
of Giant Planets: Planetary-mass Dependence of
the Source Region of Accreting Gas and Mass
Accretion Rate

Maeda, Natsuho
Ohtsuki, Keiji
Tanigawa, Takayuki
Machida, Masahiro N.
Suetsugu, Ryo

(Citation)
Astrophysical Journal,935(1):56

(Issue Date)
2022-08-01

(Resource Type)
journal article

(Version)
Version of Record

(Rights)

© 2022. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms of the Creative Commons
Attribution 4.0 Llicence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.

(URL)
https://hdl. handle. net/20.500. 14094/0100477359

KOBE
\[1.\]\1:“1‘“ Y
AN




THE ASTROPHYSICAL JOURNAL, 935:56 (12pp), 2022 August 10
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ac7ddf

CrossMark

Delivery of Gas onto the Circumplanetary Disk of Giant Planets: Planetary-mass
Dependence of the Source Region of Accreting Gas and Mass Accretion Rate

Natsuho Maeda' @, Keiji Ohtsuki' @, Takayuki Tanigawa2 , Masahiro N. Machida® ®, and Ryo Suetsugu4
1Department of Planetology, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan; nmaeda@stu.kobe-u.ac.jp
National Institute of Technology, Ichinoseki College, Ichinoseki 021-8511, Japan
3 Department of Earth and Planetary Science, Graduate School of Science, Kyushu University, Fukuoka 819-0395, Japan
4National Institute of Technology, Oshima College, Oshima 742-2193, Japan
Received 2022 February 14, revised 2022 June 21; accepted 2022 June 30; published 2022 August 16

Abstract

Gas accretion onto the circumplanetary disks and the source region of accreting gas are important to reveal dust
accretion that leads to satellite formation around giant planets. We performed local three-dimensional high-
resolution hydrodynamic simulations of an isothermal and inviscid gas flow around a planet to investigate the
planetary-mass dependence of the gas accretion bandwidth and gas accretion rate onto circumplanetary disks. We
examined cases with various planetary masses corresponding to M, = 0.05-1Mj,, at 5.2 au, where My, is the
current Jovian mass. We found that the radial width of the gas accretion band is proportional to Mr} /6 for the low-
mass regime with M, < 0.2M,,, while it is proportional to M,, for the high-mass regime with M, > 0.2Mj,,. We
found that the ratio of the mass accretion rate onto the circumplanetary disk to that into the Hill sphere is about 0.4
regardless of the planetary mass for the cases we examined. Combining our results with the gap model obtained
from global hydrodynamic simulations, we derive a semi-analytical formula of mass accretion rate onto
circumplanetary disks. We found that the mass dependence of our three-dimensional accretion rates is the same as
the previously obtained two-dimensional case, although the qualitative behavior of accretion flow onto the
circumplanetary disk is quite different between the two cases.

Unified Astronomy Thesaurus concepts: Galilean satellites (627); Jovian satellites (872); Planetary system
formation (1257); Planet formation (1241); Planetary science (1255)

1. Introduction

Recent developments of numerical hydrodynamic simulations
have made progress in understanding gas flow around protoplanets.
When a protoplanet accretes gas from the protoplanetary disk
(PPD), a circumplanetary disk (CPD) naturally forms around a
sufficiently massive protoplanet while a spherically symmetric
envelope forms around a small protoplanet (e.g., Tanigawa &
Watanabe 2002; Machida et al. 2008; Ayliffe & Bate 2009;
Machida 2009; Tanigawa et al. 2012; Gressel et al. 2013; Szuldgyi
et al. 2014, 2016, 2017; Fung et al. 2019; Lambrechts et al. 2019;
Schulik et al. 2019, 2020). Whether an envelope or a CPD forms
depends not only on the planetary mass but also on the surface
temperature of the planet and the equation of state (Szulagyi et al.
2016, 2017; Fung et al. 2019). High-resolution three-dimensional
hydrodynamic simulations demonstrate a meridional circulation of
the gas near a gap opened by a giant planet in the PPD: gas flows
into the gap at a high altitude over the CPD, and the planet pushes
the gas back into the PPD while accreting part of the gas (Tanigawa
et al. 2012; Morbidelli et al. 2014; Szulagyi et al. 2014; Fung &
Chiang 2016). Similar circulating flows have also been reported in
simulations around less massive planets corresponding to super-
Earths and sub-Neptunes (Fung et al. 2015; Ormel et al. 2015;
Cimerman et al. 2017; Kurokawa & Tanigawa 2018; Kuwahara
et al. 2019).

Growing giant planets accumulate gas and solid particles via
their CPD, and principal regular satellites, such as the Galilean
satellites and Titan, are thought to be formed in the CPD. Thus,
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accretion of gas and solid particles onto the CPD is important for
both planet and satellite formation. Kilometer-sized or larger
planetesimals can be captured by gas drag from the CPD (Fujita
et al. 2013). Some of the captured planetesimals can be ablated and
become particles with the size of pebbles or dust, and the
remaining part can become satellitesimals (Ronnet & Johansen
2020). However, the capture efficiency of planetesimals signifi-
cantly decreases when a gap in the planetesimal disk forms at the
planet’s orbit and/or the velocity dispersion of the planetesimals is
too large (Fujita et al. 2013; Suetsugu et al. 2016; Suetsugu &
Ohtsuki 2017), unless the planetesimal reservoir exterior to the gap
is perturbed by other planetary embryos (Ronnet et al. 2018). On
the other hand, dust particles accreted with gas are also potential
building blocks of satellites and would become a major contributor
in circumstances where planetesimal capture is inefficient (Canup
& Ward 2002, 2006; Suetsugu & Ohtsuki 2017; Shibaike et al.
2019; Batygin & Morbidelli 2020).

The motion of sufficiently small particles delivered from the
PPD into the CPD is strongly influenced by the gas flow around
the planet, such as the meridional circulation mentioned above.
For example, using high-resolution local three-dimensional
hydrodynamic simulations assuming an isothermal and inviscid
gas around a growing giant planet, Tanigawa et al. (2012) found
that the gas vertically accretes onto the CPD but flows radially
outward in the midplane, while the direction of the radial flow in
the midplane of the CPD would depend on the viscosity of the gas
(Szulagyi et al. 2014). Using orbital integration of particles that
takes account of the gas flow obtained by Tanigawa et al. (2012),
Tanigawa et al. (2014) examined the accretion of particles initially
confined within the midplane of the PPD. They found that
millimeter-sized or smaller particles (i.e., those with the Stokes
number significantly smaller than unity) cannot accrete into the
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CPD because of the strong influence of the outflowing gas in the
midplane. On the other hand, Homma et al. (2020) performed
similar calculations but took account of the vertical motions of the
gas and particles. They found that sufficiently small particles
coupled to the vertically accreting gas can accrete onto the CPD
when they are vertically stirred up in the PPD. However, they also
found that the dust-to-gas ratio in the gas accreting onto the CPD
can become significantly smaller than that in the PPD if the
turbulence in the PPD is weak (corresponding to the turbulence
parameter a ~ 10~%; Shakura & Sunyaev 1973). More recently,
Bi et al. (2021) and Szulagyi et al. (2022) carried out global three-
dimensional hydrodynamic simulations with dust particles. They
found that the dust particles are stirred up vertically well above the
midplane due to the meridional circulation, where the spiral wakes
created by the planet bring up the dust from the midplane.

Thus, to understand satellite formation around gas giants it is
crucial to study the delivery of gas and dust particles onto the
CPD from the PPD using three-dimensional high-resolution
hydrodynamic simulations, such as the one shown in Tanigawa
et al. (2012). However, Tanigawa et al. (2012; and also
Tanigawa et al. 2014 and Homma et al. 2020) examined only
the case of ry/ hg =1, where ry is the planet’s Hill radius, and
hg is the scale height of the gas in the PPD, corresponding to a
planetary mass of 0.4My,, at the current Jovian orbit for the
minimum-mass solar nebula model (MMSN; Hayashi 1981).
As formation of principal regular satellites is likely to occur
during planet formation, it is necessary to understand how the
flow pattern and amount of gas and dust particles delivered
onto the CPD depend on the planetary mass. The dependence
of gas and dust supply on the planetary mass will also help us
understand satellite formation in different planet systems, such
as Jupiter and Saturn, or exoplanet systems.

In a series of papers, we will investigate planetary-mass
dependence of delivery of gas and dust particles onto CPDs. As
the first step of understanding planetary-mass dependence of dust
supply onto CPDs, we focus on gas accreting onto CPDs in this
paper. Accretion of dust particles that are not completely coupled
to the gas will be investigated in our subsequent paper. Details of
the structure of the CPD depend not only on the planetary mass
but also on various other factors such as the equation of state,
viscosity, and surface temperature of the planet (Machida 2009;
Machida et al. 2010; Gressel et al. 2013; Szuldgyi et al.
2014, 2016, 2017; Fung et al. 2019). In contrast, the picture
that the gas around a sufficiently massive planet vertically accretes
onto the CPD is rather insensitive to numerical settings (Machida
et al. 2010; Gressel et al. 2013; Szuldgyi et al. 2014, 2017). Thus,
we consider the simplest case of an isothermal and inviscid fluid,
following Tanigawa et al. (2012). We perform three-dimensional
high-resolution hydrodynamic simulations with various planetary
masses and investigate the dependence of gas accretion on the
planetary mass.

The structure of this paper is as follows. In Section 2, we will
explain basic equations and numerical settings. In Section 3,
we will show the results of hydrodynamic simulations. In
Section 4, we will derive the semi-analytical formulae of the
mass accretion rate of gas by combining our results with the
gap model obtained from global hydrodynamic simulations
(Kanagawa et al. 2015). We will also discuss comparisons with
previous works in Section 4. We will summarize this work in
Section 5.
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2. Methods
2.1. Basic Equations

The model used in this work is similar to those described in
Machida et al. (2008) and Tanigawa et al. (2012). We consider
a giant planet on a circular orbit embedded in a PPD. We erect
a rotating local Cartesian coordinate system with origin at the
planet, the x-axis pointing radially outward, the y-axis in the
direction of the planet’s orbital motion, and the z-axis in the
vertical direction to the PPD midplane. We define r and R as
r=x2+y2+z2 and R = /x2 + y2, respectively.

As in Tanigawa et al. (2012), we assume that the gas is inviscid
and isothermal, and denote its density, velocity, and pressure as p,
v, and P, respectively. We normalize the time by the inverse of the
Keplerian angular velocity Q! = (GM, /a®)'/2, length by the
scale height of the PPD h,, and density by o/ he, where G, M., a,
and X, are the gravitational constant, mass of the central star,
semimajor axis of the planet, and unperturbed surface density of
the PPD, respectively. In this case, velocity is normalized by
sound speed ¢, = h,{2x. In the following, hats denote normalized
quantities. Then, the basic equations can be written as (for details,
see Machida et al. 2008)

B . gy =0, (1)
ot
D6 =L -Vb—2e x5, @)
ot P
P=p, 3)

where e, = (0, 0, 1) is the unit vector in the z-direction, and

A . 9.
D = Djga + D, + 5731, 4
2 3. 1,
Digal = —Exz + EZZ, ()
A3
b, = —3f H (©)

7

In the above, &)ﬁda] is the tidal potential of the central star, i'p is
the gravitational potential of the planet, and a constant (9/2) Pﬁ

is added in Equation (4) so that ® = 0 at the two Lagrangian
points L; and L, of the planet; # is the normalized Hill radius
of the planet denoted by

1/3
py=TH = My )" a 7)
hy \3M.) hy

where M, is the mass of the planet. Parameter 7 is the only one
physical parameter in our formalization. Note that 7y = 1
corresponds to the planetary mass M, equal to the so-called
thermal mass, 3(hy/a)*M, (e.g., Ginzburg & Chiang 2019).

To determine the quantitative relationship between 7 and
M, we need to give a semimajor axis dependence of the disk
scale height. If we consider an optically thin disk and assume
that the temperature distribution is 7=280K (a/1 au)fl/ 2
(Hayashi 1981), the scale height can be derived as

a V4
hy = ¢;Qg' = 4.93 x 109( ) m. (8)
au
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Figure 1. Relationship between 7y = ry /hg and M;,. The red lines are drawn
from Equation (9), which corresponds to the Hayashi model (7 = 280 K (a/
1 au)~'/?). The blue lines are drawn from Equation (11), which corresponds to
the cold disk (Kusaka) model (7= 100 K (a/1 au)’3/7). The solid and dashed
lines show the cases for a = 5.2 au (the Jovian orbit) and 9.6 au (the Saturnian
orbit), respectively. The symbols correspond to the values of 7y that we
adopted in our simulations.

Using Equations (7) and (8), we obtain

M 1/2 3/4
P _gar| Me ( a ) 7. )
Myyp 1M, 5.2 au

On the other hand, recent MHD simulations show that the
temperature in magnetically accreting disks is lower than that
in viscous accretion disks (Mori et al. 2019). If we consider a
colder disk and assume that the temperature distribution is
T=100K (a/1 au)73/ 7 (Kusaka et al. 1970), the scale height
can be derived as

a 97
hy = ¢, Q' =293 x 109( ) m, (10)
1 au

and from Equations (7) and (10), we obtain

M 377 6/7
P _ 0.008| Me ( a ) = (11)
My, 1M, 5.2 au

Figure 1 shows the relationship between #4; and M, (ie.,
Equations (9) and (11)) in the case of a =5.2 au and a =9.6 au,
respectively, for the two disk models described above. To
investigate the dependence of gas accretion on the planetary mass,
we ran 11 simulations varying the value of 7y and analyzed quasi-
steady state for each run. We ran the simulations with 11 values
of 7y in the range of A4 = 0.5-1.36, corresponding to M, =
0.05Myyp — 1My, for the Hayashi disk (Equation (9)) and M, =
0.01Mjy,p, — 0.2Mj,, for the cold disk (Equation (11)) at the current
Jovian orbit, respectively.

In the following, when we refer to M, assumed in each
simulation, it is obtained from Equation (9) assuming
a=>5.2au (the current Jovian orbit) and M. = M, (the solar
mass), unless explicitly stated otherwise.

2.2. Numerical Settings

We used a three-dimensional nested-grid hydrodynamic
simulation code (e.g., Machida et al. 2005, 2006). Our numerical
settings are basically the same as in Tanigawa et al. (2012).
Assuming symmetry about the 7 = 0 plane, we set the sizes of
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the computational domain to % € [—12, 12], y € [—12, 12],
and Z € [0, 6], ie., the length of each side of the simulation
box is (L., L,, L;)= (24, 24, 6). We set the nested grid
composed of 11 levels at maximum (/,,x = 11), where [ is the
level of the nested grid. As the level increases, the length of each
side is halved keeping the planet at the origin, while the numbers
of cells in each grid are kept constant as (n,, n,, n,) = (64, 64, 16).
The finest cell width is L,/64/2!1-1 = 3.66 x 104, which
roughly corresponds to one-fourth of the physical size of a planet
with a mean density of 1 gcm .

Initial and boundary conditions are also the same as in
Tanigawa et al. (2012). Initially, the gas density distribution is in
hydrostatic equilibrium in the z-direction, and the Keplerian
velocity field is assumed. We set the unperturbed boundary in the
x-direction, the mixed condition of unperturbed and periodic
boundaries in the y-direction, and the mirror condition in the z-
direction (for details, see Tanigawa et al. 2012). We set the
smoothing length 7y, =2.44 x 1074hg to avoid singularity of the
planet gravity, but no sink cells are set in the present work.

We set /=1 at the start of each simulation and add deeper
levels of grids (/> 1) gradually with time. We empirically
determined to create a new level with [=2 atf = 20, /=3 at
f =50, and /=4 at f = 150, respectively, and deeper levels
with /> 5 are created when the gas flow in each level is
sufficiently relaxed (see also Tanigawa et al. 2012). We
observed that nonnegligible oscillations appeared in the density
and velocity fields for the case of 7y > 1.0 (i.e., M, > 0.4Mj,p),
while quasi-stationary flow patterns can be obtained for
7y < 1.0. In order to analyze the field data, while we use
snapshots at the end of each simulation for the case of 7y < 1.0,
we obtain time-averaged values of the density and velocity for
fy > 1.0 as described below. For [ < 4, we take a time average
for 7 > 150 because numerical oscillations mainly occur in the
region of /<4. We can reduce the effect of numerical
oscillation by taking a time average of the snapshots over a
sufficiently long duration compared to the period of the
oscillation. For /> 5, we use snapshots at the end of each
simulation (f ~ 170). The spatial region corresponding to [ > 5
is roughly within the Hill sphere, and the gas distribution is
nearly axisymmetric; thus discontinuity in the gas distribution
and flow patterns between this region and the other region with
1 <4 is negligible. Thus, we combine time-averaging data for
<4 and snapshots for [>5. We confirmed that the
discontinuities of combined gas fields do not significantly
affect our qualitative results, while this method might affect
quantitative results to some degree, such as gas accretion rates
(Fung et al. 2019).

3. Results
3.1. Overview of Gas Fields

Figures 2(a) and (b) show density distributions and velocity
vectors for levels /=1 and 4, respectively, for the model with
fy = 1.36 (M}, = 1My,) atf = 170. The upper and lower panels
show the distributions for the planes where the cell is closest to
z=0and y =0, respectively. In panel (a), two arm-like structures
are extended from the planet’s Hill sphere, and a gap region with
low gas surface density is formed around the planet’s orbit. The
enlarged maps around the Hill spheres are shown in panel (b),
where a CPD with high density and an axisymmetric structure can
be confirmed within the Hill sphere. The vertical inflow from high
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Figure 2. Density distributions (color) and velocity vectors (arrows) around the planet ((a) for [ = 1, (b) for [ = 4) for 7y = 1.36 (M}, = 1Mj,,). The upper and lower
panels correspond to the planes where the cell is closest to z =0 and y = 0, respectively. The lemon-shaped region enclosed by the gray line in each panel is the
planet’s Hill sphere (its surface is defined by ® = 0 in Equation (4)). Sizes of velocity vectors are appropriately chosen in each panel.

altitude to the CPD along the z-axis and a weak outflow at the
midplane can be observed in the lower panels.

3.2. Structure of Gas Flow within the Hill Sphere

Figure 3 shows the radial distribution of the azimuthally
averaged gas density at the midplane for the cases of 7y = 0.63
(M, = 0.1My,p), 1.0 (M, =0.4My,,), and 1.36 (M, = 1My,).
We found that the density distributions within the Hill sphere
approximately follow the power-law distribution of p R
for all cases, which is consistent with Tanigawa et al. (2012).

When the planetary mass is high enough, the radial structure
of the gas flow within the Hill radius is characterized by the Hill
radius. Figure 4 shows radial distributions of radial velocity vg
(top) and the z-component of specific angular momentum j,
(bottom) around the planet at the midplane for the high-mass
cases (fg = 1.0-1.36; M, = 0.4Mj,, — 1My,,).” Both the radial
velocity and specific angular momentum are azimuthally
averaged around the planet and normalized by the values
for the Keplerian rotation around the planet (vkepp and jkep ps
respectively). Note that the specific angular momentum is
measured in the rotational frame. We found that the radial
distributions of the scaled radial velocity and the scaled specific

5 In Figure 7 of Tanigawa et al. (2012), vg has positive values for
R < 0.006h,, while our result for 7z = 1.0 has very small negative values
for the same region. This discrepancy is caused by the difference of
extrapolation methods. Extrapolation is needed to obtain the values at the
midplane because physical quantities are calculated only for the z > 0 regions
in the hydrodynamic simulation. Tanigawa et al. (2012) used quadratic
functions for the extrapolation in the z-direction. Although the raw values of vg
at the cells closest to the midplane are small negative values, nonnegligible
positive values can be artificially obtained when the points used for the
extrapolation cross a discontinuity where higher-order extrapolations are not
suitable, such as a surface of CPD.

angular momentum do not depend on the planetary mass
appreciably. We also found that gas elements at R < 0.2ry (left
side of the vertical dashed line) rotate with a velocity over 80%
of the Keplerian velocity around the planet. Defining this
region as a CPD, the radius of the CPD is 0.2ry, i.e., prop-
ortional to the Hill radius of the planet for #; > 1.0
(M, > 0.4Mjy,,). The CPD radius of our result is roughly
consistent with previous works that examined cases for
M, ~ My, (D’Angelo et al. 2003; Ayliffe & Bate 2009, 2012;
Tanigawa et al. 2012; Szulagyi et al. 2014).

For the low-mass cases, on the other hand, the radial
structure of the gas flow within the Hill radius is characterized
by the Bondi radius 13 = GM, / ¢2. Figure 5 shows the radial
distributions of v and j, for the low-mass cases (fy = 0.5-0.8;
M, = 0.05My,, — 0.2M},,,). We found that vg and j, shown as a
function of the horizontal radial distance scaled by the Bondi
radius do not depend on the planetary mass appreciably. The
gas elements at R < 0.07rg (left side of the vertical dashed line)
rotate with a velocity over 80% of the Keplerian velocity
around the planet. Thus, the radius of the CPD in this case is
proportional to the Bondi radius for 7y < 0.8 (M, < 0.2Mjy,,).

Our results that the radii of CPDs are proportional to the
Bondi/Hill radius in the low-/high-mass regimes are consistent
with the results for the isothermal and inviscid cases in Fung
et al. (2019). The transition planetary mass between the two
regimes we found is roughly consistent with the expectation of
Fung et al. (2019; 7y =~ 0.7; Gmermal == 4 in their notation).

3.3. Gas Accretion onto Circumplanetary Disks

Accretion of small particles onto a CPD is largely influenced
by the flow pattern of the gas around the planet. Previous
studies show that the gas coming from a limited range of radial
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Figure 3. Radial density distributions at the midplane as a function of the

horizontal distance from the planet R = /x> + y? scaled by the Hill radius ry.
Density is azimuthally averaged around the planet. The red, black, and blue
lines correspond to the cases of 7y = 0.63 (M, =0.1My,,), 1.0 (M, =
0.4Mjy,p), and 1.36 (M, = 1Mj,p), respectively. The dashed line shows the

slope for the power-law distribution of p R

and vertical region in the PPD can accrete onto the CPD (e.g.,
Tanigawa et al. 2012; we call this region “accretion band”,
hereafter). The initial radial location of dust particles accreting
onto a CPD is related to gas accretion band (Homma et al.
2020). In this section, we focus on the radial and vertical
structure of the gas accretion band, which is important for
accretion of gas and dust particles into the CPD. Note that the
structure of the gas accretion band is hardly influenced by the
gap depth, which we cannot precisely evaluate by our local
simulation.

In Figures 6 and 7, starting radial and vertical positions of
streamlines (xo and z, respectively) at y = 12 are classified by
color according to their final destination (Tanigawa et al. 2012;
Homma et al. 2020). Those gas elements with large x, pass by
the planet (passing; shown in red), while those with small x
move along horseshoe orbits (horseshoe; shown in green). Some
of the streamlines between passing and horseshoe regions reach
within »=0.2rg (accreting; shown in dark blue)6, and others
enter the planet’s Hill sphere (whose surface is defined by the
equipotential surface with d =0 in Equation (4)) and then
escape from it (recycling; shown in light blue). We confirmed
the three-dimensional structure of gas accretion, which was
reported by previous works that examined cases for M, ~ My,
(Machida et al. 2008, 2010; Tanigawa et al. 2012; Gressel et al.
2013; Szuldgyi et al. 2014; Schulik et al. 2020) as well as
lower-mass (~super-Earth) cases (Wang et al. 2014; Fung et al.
2019; Kuwahara et al. 2019; Lambrechts et al. 2019). Figure 6
shows the streamlines with (a) Zp = 0.5 and (b) Z; =0,
respectively, for 7y = 1.36 (M}, = 1Mjy,;,). The off-midplane gas
elements encounter the planetary shock and change their

6 For the low-mass cases, we found that the gas streamlines that reach within
r=0.2ry also reaches within r = 0.07rg (<0.2ry), and the same accretion
bands are obtained for both criteria of accretion. This means that the gas that
reaches within r = 0.2ry loses its angular momentum at the shock surface on
the CPD and flows toward the inner region of the CPD (see also Figure 15 in
Tanigawa et al. 2012).
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Figure 4. Azimuthally averaged radial velocity (top) and specific angular
momentum (bottom) around the planet at the midplane, normalized by the
value for the Keplerian rotation around the planet. The black, blue, and red
lines correspond to the cases of 7y = 1.0 (M, = 0.4Mj,,), 1.2 (M, = 0.7My,p),
and 1.36 (M, = 1My,;,), respectively. The vertical dashed line represents the
radius of the CPD, R = 0.2ry. The rotational velocity of the gas at R < 0.2ry is
faster than 80% of the Keplerian velocity for all cases.
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direction slightly upward. Then, they accrete onto the CPD
(Figure 6(a)). On the other hand, the gas elements that originate
from the midplane cannot enter the Hill sphere, because
radially outward flow dominates at the midplane (Figure 6(b);
see also Figure 2 of Tanigawa et al. 2012). It should be noted
that the path of the accreting streamline likely depends on the
temperature structure. According to global radiative-hydro-
dynamic simulations (Schulik et al. 2020), the spiral arm tilt,
which depends on the vertical structure of temperature, controls
the direction of the accreting gas flow. The direction change
observed in Figure 6(a) is less clear than the one found in
Schulik et al. (2020). This is probably due to the difference in
the temperature distribution. In our isothermal simulation, the
vertical distribution of the temperature does not have a
gradient, which likely affects the tilt of the spiral arms.

Figure 7 shows radial and vertical distributions of each type of
streamline at the starting points (xo, zo) for planetary masses of
fy = 0.8, 1.0, and 1.36 (M, = 0.2, 0.4, and 1My,,), respectively.
In all these cases, we found that the accretion bands (the dark blue
regions) do not exist near the midplane (z, >~ 0) but are distributed
above the midplane continuously in the z-direction in a zonal
pattern. We also found that the radial (x-direction) width of the
accretion band increases as the planetary mass increases. This
indicates that a more massive planet can acquire gas and dust
particles from a radially wider region in the PPD.

Next, we evaluate the radial width of the accretion band and
its dependence on the planetary mass. Let the nondimensional
radial width of the accretion band at a scaled starting altitude Z,
be Ww(Zp). Assuming the hydrostatic equilibrium in the
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Figure 5. Same as Figure 4 but for the low-planetary-mass case. The horizontal
axis is normalized by the Bondi radius rg. The black, blue, and red lines
correspond to the cases of 7y = 0.5 (M, = 0.05M,;,), 0.63 (M, = 0.1M},;,),
and 0.8 (M, = 0.2Mj,,), respectively. The vertical dashed line represents the
radius of the CPD, R = 0.07rg. The rotational velocity of the gas at R < 0.07rg
is faster than 80% of the Keplerian velocity for all cases.

z-direction, the vertical density distribution of gas is given by

p(z) = Lex (—2—2) (12)
PO= 5 P\ )

We take an average of w(Z,) weighted by the above vertical
density distribution as

Zo.max A A 22\ A
fozo' W(m)“p(-%")tko

13)

W=

where we assumed Zymax = 3 because contribution of gas
accretion from Z, > 3 is negligible.

Figure 8 shows the dependence of the averaged width of the
accretion band as a function of 7y, which depends on the
planetary mass as shown in Equation (7). The crosses are
obtained from our numerical results. The dashed line is the
fitting function for the low-mass regime:

_ M 1/6 1/2
W = 0.06572 = 0.054(—") hi) , (14)
¢ g

and the solid line shows the fitting function for the high-mass
regime:

3
i M
W= 01273 = 0.04(—")(1 . (15)
hg
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Figure 6. Classification of streamlines in the cases of (a) zo/hg = 0.5 and (b)
20/hg = 0 for the model with 7y = 1.36 (M, = 1M,;,). The colors show the
types of streamlines. Red: passing (Keplerian shear flow); green: horseshoe
(moving along a horseshoe orbit); dark blue: accreting (reaching within
r = 0.2ry); light blue: recycling (streamlines that enter the planet’s Hill sphere
and then escape from it). The lemon-shaped region enclosed by the dashed line
in each panel is the planet’s Hill sphere (its surface is defined by &=0in
Equation (4)).
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Figure 7. Classification of initial positions (xo, zo) of streamlines of the gas
flow at y/hy =12 and x >0 by their final destinations. The initial radial
position xg is scaled by ry, while 7 is scaled by the gas scale height h,. The
colors show the types of streamlines. Red: passing (Keplerian shear flow);
green: horseshoe (moving along a horseshoe orbit); dark blue: accreting
(reaching within r = 0.2ryy; we call this region accretion band); light blue:
recycling (streamlines that enter the planet’s Hill sphere and then escape from
it). Three cases with 7y = 0.8, 1.0, 1.36 (M, = 0.2, 0.4, and 1M},,) are shown.

Thus, planetary-mass dependences of the averaged accretion
bandwidth are different between the low-mass and high-mass reg-
imes; w ré/z x Mg/ﬁ for Ay < 0.8 (M, < 0.2My,p) and W o
rﬁ o M, for 7y = 0.8 (M, > 0.2M),,,), respectively. Note that the
planetary-mass dependence of w for the low-mass regime has larger
uncertainties due to the small number of cases we examined.
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Figure 8. Dependence of vertically averaged width of the accretion band w/h,
on 7y = ry/hg. The dashed and solid lines show the functions denoted by
Equations (14) and (15), respectively.

3.4. Mass Accretion Rate Onto Circumplanetary Disks
3.4.1. Vertical Structure of Accreting Gas

As shown in the previous section, the gas accreting into the
CPD comes from high altitudes, and the vertical structure of the
accretion band depends on the planetary mass. On the other
hand, the gas density in the unperturbed PPD decreases with
increasing altitude. In order to understand which vertical part of
the PPD contributes most to the accretion into the CPD, we
examine the mass accretion rate as a function of the initial
altitude Z, of the accreting gas.

Figure 9 shows the mass accretion rate per unit length in the
z-direction of the gas originating from an altitude Z,(>0) into
the CPD defined as

XAU,max(ZTO)

P Xo, 20)V (X0, Zo)dXo, (16)

Xo,min(Z0)

fCPD (o) = f

where Xomin and Xomax are the values of %, at the inner and
outer boundaries of the accretion band at Z,, respectively.
Equation (16) includes only the gas accreting from x, > 0 and
70> 0. We show the plots of fCPD (Zo) for three cases of
different planetary masses corresponding to 7y = 0.8, 1.0, and
1.36. We found that a major contribution to the mass accretion
comes from lower altitudes for higher planetary masses; the
peak of the mass accretion rate is at zo/ hs~1.0, 0.6, and 0.3
for iy = 0.8, 1.0, and 1.36, respectively. This reflects the
vertical structure of the accretion band (see Figure 7), which
becomes wider at lower zo and is distributed down to lower
altitudes with increasing planetary mass. We also show in
Figure 9 the cumulative distribution of the mass accretion rate
normalized by the total mass accretion rate with the dashed
lines. We found that about 80% of gas accreting into the CPD
comes from zg< 1.5h,, and the contribution from lower
altitudes increases with increasing planetary mass, as we
described above. For example, the contribution from z < 0.34,
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Figure 9. Mass accretion rate per unit length in the z-direction of the gas
originates from an altitude 2y into the CPD defined by Equation (16). Only the
gas accreting from xy > 0, zp > 0 is considered. The dashed lines show the
cumulative distribution, which is normalized by the value at zo/h, = 2.5.
Colors show the different planetary-mass case; green shows 7y = 0.8
(0.2My,p), black shows 7y = 1.0 (0.4Mj,p), and red shows 7y = 1.36 (1Myy,),
respectively.

is ~1.6%, ~10%, and ~20% for Ay = 0.8, 1.0, and 1.36,
respectively.

3.4.2. Mass Accretion Rate Evaluated from Our Simulation

As shown in Figure 7, only part of the gas entering the
planet’s Hill sphere comes sufficiently close to the planet to
accrete into the CPD, and the rest is expelled back to the PPD
as part of the meridional circulation (e.g., Tanigawa et al. 2012;
Morbidelli et al. 2014; Fung & Chiang 2016). Thus, the mass
accretion rate of the gas into the CPD (M,cc.cpp) is generally
smaller than that into the Hill sphere (M, i), and the ratio
Mice.cpp/Mace.min is an important quantity when considering the
delivery of small dust particles coupled to the gas into the CPD
as building blocks of satellites. Here we calculate Macc,CpD and
MaCC,Hm from the above analysis of the streamlines and using
the following equations:

A f().mﬂx A
Muce.cop = 4 fo Fpp Co)dZo 17
and
A ZA(J,mnx ~ N N
Moo = 4 fo Fan Cord2o, (18)

where fi;;; (20) is the mass accretion rate into the Hill sphere per
unit length in the z-direction, which is obtained by using both
recycling and accreting streamlines in a similar calculation to
Equation (16) (see Figures 6 and 7). The factor of 4 in
Equation (17) and Equation (18) accounts for the symmetry
about the x=0 and z=0 planes. We did not adopt the sink
cell. Thus, in the quasi-steady state of the gas flow in our
simulations, the accreted gas accumulates in the CPD while
part of it is expelled back toward the protoplanetary disk as an
outflow near the midplane of the CPD (the top panel of
Figures 4 and 5). In order to precisely derive the amount of the
gas that is accreted in the CPD but then expelled back toward
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the protoplanetary disk as an outflow from the midplane region
of the CPD, we will need to investigate the long-term viscous
evolution of the CPD. However, it is difficult to investigate it in
our present simulation where the gas is assumed to be inviscid
and is beyond the scope of the present work. Thus, in the
present work, we derived the accretion rate onto the CPD from
the analysis of the streamlines that reach within » = 0.2ry (i.e.,
the dark blue region in Figure 7).

_In Figure 10, we show the planetary-mass dependence of
Mice,cpp and Mice pin (top panel) and the ratio Myce,cpp/Mace, il
(bottom panel). We found that M. g / Sohg Qx = 0.4 when
7y = 1, which is consistent with Tanigawa et al. (2012, their
Figure 14), who found that Myc pin/Sohs Qx = 0.2 for the
mass accretion rate onto the z > 0 surface of the CPD for 7y = 1.
We also found that Macc,ch/Macc,H,-" ~ (0.4 regardless of the
planetary mass. This means that the gas accretion rate onto the
CPD can be estimated from that into the Hill sphere in global
simulations at least in the planetary-mass range corresponding to
fg = 0.5-1.36, as long as the resolution of the simulation is
sufficient to resolve the gas flow on the Hill-radius scale. Also,
the fact that the ratio Macc‘ch / Macc‘m“ is nearly independent of
the planetary mass indicates that this ratio is insensitive to
whether the gap opens or not, probably because it is determined
by the distributions of the accretion band and recycling region
(Figure 7), which is likely to be insensitive to the gap depth. It
should be noted that absolute values of the mass accretion rates
shown in Figure 10 depend on the gap depth at the planet’s orbit,
which depends on numerical settings such as simulation time
and resolution (e.g., Kanagawa et al. 2017). Thus, in Section 4.1,
we will discuss the corrected values of mass accretion rate using
the gap model obtained from global hydrodynamic simulations
(Kanagawa et al. 2015).

4. Discussions
4.1. Semi-analytical Formulae of Mass Accretion Rate

Here, we consider a physical interpretation of the planetary-
mass dependence of mass accretion rates onto the CPD and
derive semi-analytical formulae by combining our results with
the gap model obtained from global hydrodynamic simulations
(Kanagawa et al. 2015), because our local simulation cannot
reproduce the gap depth accurately as we mentioned before.

Let us consider the gas flowing through the area of the
accretion band at (x, ¥) = (Xap, L},/Z), where x,, is a typical
value of the x-coordinate of the accretion band. In the
coordinate system rotating with the planet, the velocity of the
gas passing the area of the accretion band is (3/2)x,,Qk
assuming the Keplerian shear flow at y = L,/2. Then, we can
express the mass accretion rate onto the CPD as

Macc,CPD = ng,aba (19)

where X, ,, is the surface density of the gas at (x, y) = (xup,
L,/2), and D is the “accretion area” of the protoplanetary disk
per unit time (Tanigawa & Tanaka 2016). Tanigawa & Tanaka
(2016) used the expression for D for the gas accretion onto a
growing planet based on the isothermal and inviscid two-
dimensional hydrodynamic simulation of Tanigawa & Watanabe;
(2002).” Here we assume that D for the mass accretion rate on the

7 Tanigawa & Watanabe (2002) defined the mass accretion rate by the time-
averaged mass flux across the inner sink boundary at r = 0.05ry.
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Figure 10. Top panel: Dependence of nondimensional mass accretion rates into
the CPD (MHCC_CPD; crosses) and the Hill sphere (Macc’]—ﬁ]]; triangles) on
7 = ru/hy. Bottom panel: Ratio MMC,CPD/MMC#HHI as a function of 7y. The
dotted line represents Mycc.cpp Macc,Hm =04.

CPD can be expressed in terms of the averaged accretion
bandwidth obtained from our three-dimensional hydrodynamic
simulation (Section 3.3) as

D=2x %xabQKv‘v. (20)

The factor of 2 in the right-hand side of Equation (20) accounts
for the contributions from both x > 0 and x < 0 regions. For
simplicity, we assume x,, = 2.2ry, regardless of the planetary
mass (Figure 7).

Substituting x,, =2.2ry and the expression for w using
Equations (14) or (15) into Equation (20), we obtain

M 1/2 a -1/72
D= 0.25(—") (—) a*Qx  for0.5 < Py <08

c hg
(21)
and
M. 4/3 2
D= 0.18(—*’) [i) a2Qx  for 0.8 < fy < 1.36.
c g

(22)

In Figure 11, we plot the values of D calculated by
Equations (21) and (22) and compare them with the results of
our hydrodynamic simulation, where D 1is derived by
Mo, cpp/ S absim With Sg ap sim being the surface density at
the accretion band obtained by our hydrodynamic simulation
(Figure 13). For comparison, we also plot the values of D
obtained from the two-dimensional simulation by Tanigawa &
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Figure 11. Planetary-mass dependence of D obtained by our hydrodynamic
simulation (:MaCC'CpD/ Yo absimi Ted crosses) and the one calculated from
Equations (21) (dotted—dashed line) and (22) (dashed line). The values of D
obtained by two-dimensional simulation of Tanigawa & Watanabe (2002) are
also plotted (dotted line). Following Tanigawa & Tanaka (2016), we assume
a=>5.2au.

Watanabe (2002), which was used in Tanigawa & Tanaka
(2016). We found that the results of our hydrodynamic
simulation can be well reproduced by Equation (22) in the
high-mass regime, while they somewhat deviate from those
calculated by Equation (21) in the low-mass regime. This
indicates that our model given by Equations (19) and (22)
reproduces our numerical results well in the high-mass regime,
but it is not satisfactory for the low-mass regime. The
assumption that x,;, is independent of M, may be too simple
in the low-mass regime, and effects of different flow patterns
for cases with ry < h, would also be important. In any case, it
is difficult to construct an accurate model in the low-mass
regime from our results, because in the present work we mainly
focus on large-mass planets with a CPD in relation to satellite
formation, and we ran only a few simulations for the low-mass
regime. It should be noted that the planetary-mass dependence
given by Equation (22) (ocMIf/ 3) is consistent with the one
obtained by the two-dimensional simulation (Tanigawa &
Watanabe 2002). Although the qualitative behavior of accre-
tion flow onto the CPD, such as the strength of shocks, is quite
different between the two- and three-dimensional cases; the
mass dependence of the accretion rates remains the same.

In the following, we assume that our simulation results can
be approximated by Equations (19) and (22) for the whole
range of planetary mass we examined, and derive the mass
accretion rate using the empirical formula for the gap surface
density obtained from global simulations (Kanagawa et al.
2015) given as

Emin _ 1 (23)
>0 1 + 0.04K
with
My he )72
S
M. a
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Figure 12. Comparison of the mass accretion rates obtained by our
hydrodynamic simulation (marks) and semi-analytical formulae (lines). The
red line represents our semi-analytic formula (Equations (19) and (22)), and the
dashed line is that derived by Tanigawa & Tanaka (2016) using the results of
two-dimensional hydrodynamic simulation. The raw values of our simulation
results derived by Equation (17) are shown with the blue open circles, and
those corrected by multiplying by Xmin /5g ab,sim are shown with the green
filled circles. Thin lines are the extrapolation of our formulae beyond the mass
range that we examined with our simulation. a=52au, ;=
1.4 x 10°kgm 2, and a = 4 x 10> are assumed for direct comparison with
Figure 1 in Tanigawa & Tanaka (2016).

where i, is the surface density at the bottom of the gap. We
assume Y, 5, = Yipip because x,, = 2.2ry is located near the
bottom of the gap.

In Figure 12, we plotted semi-analytical formula obtained from
Equation (19) and Equation (22) (red line), and our simulation
results. Our simulation results derived by Equation (17) are
shown with the blue open circles (raw values), and those
corrected to reproduce the true gap depth by multiplying by
2 min /2g ab,sim (corrected values) are shown with the green filled
circles. We find that the semi-analytical formula for the mass
accretion rate onto the CPD we obtained can reproduce the
numerical results well in the high-mass regime, although they
somewhat underestimate the numerical results in the low-mass
regime. In the high-mass regime, the planetary-mass dependence
of our formula is consistent with the accretion rate onto the planet
derived in Tanigawa & Tanaka (2016), but the absolute values of
the accretion rates derived from our three-dimensional simulation
are about 60% of those obtained in Tanigawa & Tanaka (2016).

Ginzburg & Chiang (2019) argued that, after the onset of
runaway gas accretion but when the planet’s Hill radius is still
smaller than the disk scale height (ie., 74 <1 in our
simulations), the gas accretion rate is expected to match the
Bondi accretion rate (ochz) rather than the empirical formula
obtained from the results of hydrodynamic simulations
(cM;}/?; Tanigawa & Tanaka 2016) in the limit of low
planetary mass (rg < rg), because the envelope boundary
should be approximately spherically symmetric and the
Keplerian shear velocity at rg is negligible in such a case. It
should be noted that our results derived on the basis of the
analysis of the accretion bands obtained from hydrodynamic
simulations cannot be applied to such low-mass cases.

4.2. Comparisons with Previous Works on Gas Accretion Band

Some previous works using high-resolution local simulation
also reported the increase in the radial width of the gas
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accretion band as the planet mass increases. Tanigawa &
Watanabe (2002) performed two-dimensional hydrodynamic
simulations and found that the radial width of the accretion
band increases as the planet becomes more massive. Their
detailed analysis of streamlines showed that energy dissipation
at the spiral shock around the planet determines the radial width
of the accretion band. The energy dissipation increases as the
planet becomes more massive. However, our three-dimensional
simulations did not show such significant energy dissipation at
the spiral shock around the planet. For the three-dimensional
accretion, energy dissipation at the shock surface on the CPD is
much stronger than that at the spiral arm of the planet (see
Figures 10 and 11 in Tanigawa et al. 2012). The structure of the
accreting flow in the three-dimensional simulation is qualita-
tively different from the two-dimensional one. Further studies
are needed to explain the planetary-mass dependence of
accretion bandwidth in the three-dimensional case with a
simple model.

Although the planetary-mass dependence of accretion
bandwidth in the three-dimensional case is also examined by
Machida et al. (2010), their definition of the accretion
bandwidth is different from ours. They defined the width by
the difference between x min and xg max defined for the whole
accretion area in the xo — zo plane, without measuring the radial
width of the accretion band at each altitude. The z-dependence
of the accretion bandwidth is important when discussing dust
accretion onto the CPD (e.g., Homma et al. 2020) because
vertical distribution of dust particles varies with turbulence
strength in the PPD and deviates from gas distribution unless
turbulence in the PPD is sufficiently strong.

4.3. Effects of Thermodynamics

In this study, we use the isothermal equation of state (EOS).
In the late stage of planet formation, the gas surface density is
expected to be low. Fluid in low-density regions mainly
controls the accreting gas flow, and isothermal assumption
should be valid in this region. We note that some regions near
the midplane could be optically thick and not well-modeled by
isothermal gas because the gap depth is moderately deep in our
mass range (Figure 13 in the Appendix).

Fung et al. (2019) showed that the flow patterns are similar
between isothermal and adiabatic cases when planetary mass is
large enough (g > 1.0). This is because CPD dynamics are
dictated by gravity, and the effect of EOS becomes small. For
7y < 1.0, on the other hand, the gravity of the planet is not so
large, and EOS may affect the flow pattern around the planet.
Machida et al. (2010) investigated the thermal effects on the
mass accretion rate and found that mass accretion rates with the
isothermal and adiabatic EOSs are almost the same when the
planetary mass is small (g < 1.0). However, its planetary-
mass dependence is slightly different for 7y > 1.0, and the
isothermal case showed stronger dependence on the planetary
mass. This trend seems different from Fung et al. (2019).

As we mentioned in Section 3.3, the global radiation
hydrodynamic simulations of Schulik et al. (2020) showed that
the vertical temperature gradient causes the spiral arm tilt,
which changes the direction of accreting flow. This indicates
that the vertical temperature gradient likely affects the gas
accretion onto the CPD. Thus, analysis of the structure of the
gas accretion band onto the CPD with more realistic conditions
is desirable (e.g., Szuldgyi et al. 2016, 2017; Fung et al. 2019).
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4.4. Effects of Other Numerical Settings

The settings of a numerical domain can affect the
circumplanetary structure and gas accretion. Using global
simulation, Gressel et al. (2013) reported that the CPD can have
a nonaxisymmetry structure, the side facing the central star
being thicker. In contrast, the CPD of our local simulation is
roughly axisymmetric around the planet. The nonaxisymmetry
in the global case may lead to different structures of the gas
accretion bands in regions interior and exterior to the planet’s
orbit. However, the basic characteristics of the structure of gas
flow near the CPD (i.e., vertical accreting flow and outflow in
the midplane) should be similar in both regions.

The radius of the CPD can depend on the effective viscosity
(sum of the physical and the numerical viscosities). Szuldgyi
et al. (2014) showed that the larger effective viscosity tends to
produce a larger CPD. In our inviscid simulation, we found that
the CPD radius is about 0.2ry for the massive planet cases and
0.08rg for the small-planet cases, but these values may become
larger for a viscous fluid. However, the qualitative results such
as the CPD radius being proportional to the planet’s Hill radius
and the Bondi radius for massive and small planets,
respectively, are likely not to change.

5. Conclusions

We performed three-dimensional high-resolution hydrody-
namic simulations to investigate the gas flow in the local region
around the planet. The main purpose of the present work was to
understand the planetary-mass dependence of the accreting gas
flow onto the CPD, because it is important for delivery of
satellite building blocks to the CPD around planets with
various masses and was not reported in the previous work
(Tanigawa et al. 2012). We performed simulations for
1 = m/hy = 0.5-1.36, corresponding to the planetary masses
of 0.05My,, — 1My, at the current Jovian orbit for the MMSN
model (Hayashi 1981). The main results are as follows:

1. The radius of the CPD is proportional to the planet’s Hill
radius for the massive planet (7g = 0.8), while it is
proportional to the Bondi radius for the small planet
(fg < 0.8). This is consistent with Fung et al. (2019).

2. We examined the radial and vertical distributions of
source points of streamlines that accrete onto the CPD.
We found that source points of accreting streamlines are
continuously distributed above the midplane in the
vertical direction (we call this region accretion band).
The radial width of the accretion band increases as the
planetary mass increases. The width w is proportional to
the planetary mass for the high-mass regime (7 = 0.8),
while it is proportional to the sixth root of the planetary
mass for the small-planet cases (i < 0.8).

3. We found that the ratio of the mass accretion rate onto the
CPD and that into the Hill sphere is about 0.4 regardless
of the planetary mass. This means that the gas accretion
rate onto the CPD can be estimated from that into the Hill
sphere in the global simulation as long as the resolution
of the simulation is sufficient to resolve the gas flow on
the Hill-radius scale.

4. We derived semi-analytical formulae by combining our
results with the gap model obtained from global
hydrodynamic simulations (Kanagawa et al. 2015). Com-
paring with the semi-analytical formula obtained using two-
dimensional simulation results (Tanigawa & Tanaka 2016),
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in the high-mass regime (M, 2 0.2Mj,,), we found that the
values of the accretion rates derived from our three-
dimensional simulation are about 60% of those obtained
from the two-dimensional case. In contrast, the mass
dependence of the accretion rates remains the same between
the two- and three-dimensional cases, although the
qualitative behavior of accretion flow onto the CPD such
as the strength of shocks is quite different between the two
cases. We also found that the mass dependence of the
accretion rate is different between the two- and three-
dimensional cases for the low-mass regime (M), < 0.2Mj,;),
but our semi-analytical model is too simple to reproduce the
numerical results for the low-mass regime, and further
studies are needed to construct a more accurate model.

When dust particles are small and strongly coupled with the
accreting gas, the mass accretion rate of dust particles should be
strongly influenced by the gas. As the actual motion of dust
particles is expected to decouple from the gas (e.g., Homma
et al. 2020), orbital integration of particles is needed to study
supply of dust onto CPD. We will report results of the orbital
calculation of dust particles in such cases in our subsequent
paper.

In this work, we focused on planets whose mass is below the
Jovian mass. However, more massive planets have been
observed beyond the solar system (e.g., Liu & Ji 2020).
Understanding satellite formation around exoplanet systems is
important to construct a more general theory of satellite
formation. Recently, some CPD candidates have been found
(Ginski et al. 2018; Isella et al. 2019; Tsukagoshi et al. 2019;
Benisty et al. 2021) as well as exomoon candidates (e.g.,
Teachey & Kipping 2018; Kipping et al. 2022). Further studies
of gas and dust accretion onto the CPD of planets with various
masses will help us understand satellite formation in our solar
system as well as in exoplanet systems.
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computing resources at the Cyberscience Center, Tohoku
University, and the general-purpose PC cluster at the Center for
Computational Astrophysics, National Astronomical Observa-
tory of Japan.

Appendix
Gas Surface Density at the Accretion Band

The planetary-mass dependence of the gas surface density at
the accretion band obtained in our hydrodynamic simulation,
Y ab,sim> 18 shown in Figure 13 with red crosses. g ap.sim/0
has values near unity in the low-mass limit, i.e., gap opening is
little progressed in this regime. On the other hand, it has a
planetary-mass dependence of g ab sim o< My "in the high-
mass regime (7 2 1.0). The deviation between our results and
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Figure 13. Dependence of the surface density at the accretion band g ., i.e.,
surface density of gas at (x, y) = (2.2ry, L,/2), on 7y = ry /h,. The dashed line
shows the function proportional to M, !. The dotted—dashed curve shows the
surface density at the gap bottom derived by Kanagawa et al. (2015) for the
case of a =4 x 1077,

those obtained from the empirical formulae obtained by global
simulation, Equations (23) and (24), (dotted—dashed curve)
increases with increasing planetary mass. This deviation is
caused by the use of local simulation in the present work.
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