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ABSTRACT

Using various kinds of orbital integrations, we investigate processes of capture of

planetesimals from their heliocentric orbits to planet-centered orbits, and examine

their contribution to the origin and evolution of satellite systems of giant planets.

First, we examine temporary capture of planetesimals using three-body orbital cal-

culations in the local coordinate system. We show that planetesimals’ orbits about

a planet during temporary capture can be classified into four types, depending on

their energy and direction of orbital motion. We also examine temporary capture by

giant planets using global orbital integration, and found that the source region for

long-lived prograde capture orbits around Jupiter corresponds to the Hilda region

in the outer main belt, indicating that some of the prograde irregular satellites of

Jupiter may have been delivered from this region. Then, we include gas drag from

circumplanetary disks in our local three-body orbital integration. We found that

there are certain types of planet-centered orbits both in the prograde and retrograde

directions that allow survival of captured planetesimals in the circumplanetary disk

for a long period of time under weak gas drag. Numerical results on planet-centered

orbits of captured planetesimals after disk dispersal suggest that irregular satellites

with small semi-major axes can be explained by captured due to weak gas drag,

while other mechanisms are necessary to explain the origins of irregular satellites

with large semi-major axes. Finally, we examine distribution of captured planetes-

imals in circumplanetary disks, and show that captured planetesimals would have

played an important role in the formation and evolution of regular satellites of giant

planets.
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Chapter 1

Introduction

Planets are thought to have formed in protoplanetary disks. The growth process

of planets has been investigated by many previous works. Planetesimals become

protoplanets by processes of runaway growth and oligarchic growth (Wetherill &

Stewart, 1989; Ohtsuki & Ida, 1990; Ida & Makino, 1992a,b, 1993; Ohtsuki et al.,

1993; Kokubo & Ida, 1995, 1996, 1998, 2000). The final mass of protoplanets depends

on the distance from the Sun after the oligarchic growth. When planets are formed

inside the snow line, the final mass of protoplanets after the oligarchic growth stage is

about 0.1 times the Earth mass. The orbits of these protoplanets start crossing due

to orbital instability (Chambers et al., 1996; Yoshinaga et al., 1999), and terrestrial

planets are formed by collision between these protoplanets. On the other hand, icy

materials contribute to the growth of protoplanets beyond the snow line. If the mass

of protoplanets reaches about 10 times the Earth mass, protoplanets start runaway

accretion of gas and solid materials from the protoplanetary disk (Pollack et al.,

1996; Machida et al., 2008; Tanigawa et al., 2012). As a result, giant planets are

formed. Accretion timescale of planets increases with increasing distance from the

Sun. Thus, Kuiper belt objects in the outer solar system are thought to be remnants

of planetesimals (Goldreich et al., 2004).

Recent studies suggest that the giant planets in our Solar System likely have

experienced significant radial migration (e.g., Malhotra, 1993). The planet migration

would be caused by interaction with the protoplanetary gas disk (Papaloizou & Lin,
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1984; Ward, 1997) or the planetesimals disk (Malhotra, 1993, 1995; Ida et al., 2000).

Such planetary migration influences not only the orbits of the planets but also the

distribution of small bodies. In the case of the Grand Tack model (Walsh et al., 2011)

or the Nice model (Tsiganis et al., 2005; Nesvorný, 2011; Nesvorný & Morbidelli.,

2012), all giant planets migrate in the radial direction. Since giant planets encounter

planetesimals many times during their migration, planetesimals are well mixed in the

radial direction. Thus, migration of planets and planetesimals plays an important role

in the origins of the late heavy bombardment (Gomes et al., 2005), Trojan asteroids

(Morbidelli et al., 2005), irregular satellites of giant planets (Nesvorný et al., 2007),

main belt asteroids (Levison et al., 2009; Walsh et al., 2011), and the Kuiper belt

objects (Levison et al., 2008). Moreover, radial mixing of small bodies relates to

the origin of water on the Earth (Morbidelli et al., 2000). Studies of dynamical

evolution of small bodies in the Solar System would provide unique constraints on

such important issues.

Many satellites are orbiting about the giant planets in the Solar System. Satel-

lites are classified into regular satellites and irregular satellites. It is thought that

regular satellites formed in circumplanetary disks around giant planets, because their

orbits are nearly circular and coplanar (Canup & Ward, 2009; Estrada et al., 2009).

Thus, understanding of the formation mechanisms of regular satellites can provide

constraints on the formation processes of giant planets. On the other hand, orbits

of irregular satellites are highly eccentric and inclined, thus they are thought to be

planetesimals captured by the planets through some energy dissipation (e.g., Pollack

et al., 1979; Agnor & Hamilton, 2006; Nesvorný et al., 2007). Capture processes of

irregular satellites of giant planets depend on dynamical states of planetesimals and

protoplanetary disk. Clarification of the origin of satellite system would lead to con-

strain the dynamical states of planetesimals and protoplanetary disk at the time of

the formation of satellite systems. Also, if we would be able to derive constraints on

the source regions of captured satellites, it would provide clues about radial mixing
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of small bodies in the Solar System. Satellites system is often viewed as a miniature

solar system. The satellite systems of the four giant planets in the Solar System

are not alike. Satellite systems of exoplanets would become observable in the near

future. Thus, the diversity in satellite systems can help us understand better not

only origin of the Solar System but also diversity in exoplanet systems.

Many left-over planetesimals would likely have still existed in the Solar System

at the time of the formation of satellite systems. When planetesimals encounter a

planet with the circumplanetary disk, they would be captured by gas drag from the

circumplanetary disk and accreted by growing regular satellites in the disk. Thus,

capture of planetesimals from their heliocentric orbits would contribute to forma-

tion of regular satellites of giant planets. Planetesimals would also become irregular

satellites if they are captured by the circumplanetary disk immediately before dis-

persal of the disk. However, contribution of planetesimals from heliocentric orbits to

formation of satellite systems has not been examined in detail. On the other hand,

when planetesimals encounter a planet, in some cases they are temporarily captured

by the planet’s gravity and orbit about it for an extended period of time before they

escape from the vicinity of the planet. This phenomenon is called temporary capture

of planetesimals. Such a process would be important for the origin of irregular satel-

lites and dynamical evolution of small bodies. However, temporary capture itself has

not been examined in detail.

In this thesis, we focus on the contribution of planetesimals captured from helio-

centric orbits to the formation of satellite systems of giant planets. In Chapter 2, we

examine temporary capture of planetesimals, using three-body orbital calculations

in the local coordinate system. In Chapter 3, using global orbital integration, we

examine temporary capture of planetesimals by a giant planet, and discuss implica-

tion for the source regions of prograde irregular satellites of Jupiter. In Chapter 4,

we examine capture of planetesimals by weak gas drag from circumplanetary disk,

and investigate its implication for the origin of irregular satellites of giant planets.
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In Chapter 5, we examine distribution of captured planetesimals in circumplane-

tary disks and implications for the formation of regular satellites of giant planets.

Chapter 6 summarizes our results.
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Chapter 2

Temporary capture of
planetesimals by a planet from
heliocentric orbits1

2.1 Introduction

Gravitational interaction between planets and planetesimals plays an important role

not only in planet formation but also in the origin and dynamical evolution of small

bodies in the Solar System. When planetesimals encounter with a planet, in most

cases they experience either gravitational scattering by the planet or collision onto

it. However, in some cases, planetesimals can be captured by the planet’s gravity

and orbit about the planet for an extended period of time, before they escape from

the vicinity of the planet. This phenomenon is called temporary capture, and may

have played an important role in the origin of irregular satellites and Kuiper-belt

binaries, as well as dynamical evolution of short-period comets.

In most of previous studies related to temporary capture or permanent capture

with energy dissipation such as gas drag, orbital integration was started within or

near the planet’s Hill sphere to examine the evolution and stability of these orbits

(e.g. Heppenheimer & Porco, 1977; Nakazawa et al., 1983; Murison, 1989; Hamilton

& Burns, 1991; Benner & McKinnon, 1995a,b; Ćuk & Burns, 2004). However, it is

1The content of this chapter is an author-created, un-copyedited version of an article published in The Astronomi-
cal Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any
version derived from it. The Version of Record is available online at http://iopscience.iop.org/1538-3881/142/6/200.
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difficult to evaluate the rate of occurrence of capture from these calculations. Cap-

ture from heliocentric orbits can be naturally examined by global long-term orbital

integration of small bodies, but statistical argument is difficult when only a small

number of orbits are integrated (Everhart, 1973). On the other hand, Kary & Dones

(1996) performed long-term orbital integration of test particles (comets) under the

influence of Jupiter and Saturn and studied their dynamical evolution, including

temporary capture by Jupiter. They integrated orbits of 49000 comets for about

1×105 years and found 10089 temporary captures in which a comet completed more

than one full orbit around Jupiter, and 90 of these Jupiter-orbiting comets under-

went a long capture, orbiting Jupiter for more than 50 years. Although such global

orbital integrations provide us with considerable insight into dynamical evolution of

small bodies, results of these calculations are a convolution of the intrinsic capture

probability with the evolving distribution of small bodies’ orbital elements, thus it

is difficult to derive the dependence of capture rate on their random velocity.

Recently, Iwasaki & Ohtsuki (2007) examined temporary capture of planetesimals

by a planet from heliocentric orbits by using three-body orbital integration. They

mainly focused on the case of planetesimals initially on circular orbits, and found

that planetesimals undergo a close encounter with the planet before they become

temporarily captured. They evaluated the rate of temporary capture and found that

the ratio of the capture rate to their collision rate onto the planet increases with

increasing semi-major axis of the planet; this is because the ratio of a planet’s Hill

radius relative to its physical size increases with increasing semi-major axis. They

also examined the case of planetesimals with low random velocity, and found that

the rate of temporary capture slightly increases with increasing random velocity.

However they did not examine in detail cases of large orbital eccentricities, which is

expected in the late stage of planet formation.

In addition to capture rates, orbital characteristics during temporary capture is

also important in relation to, for example, the origin of irregular satellites. Energy
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dissipation is necessary for temporarily captured bodies to become permanently cap-

tured, and the likelihood to become permanent capture depends on energy of bodies

in temporary capture orbits. If the energy is dissipated by gas drag from planetary

atmosphere or circumplanetary nebula, the dissipation mostly occurs when a body

passes through the densest part of the gas near the planetary surface (Tanigawa &

Ohtsuki, 2010). Therefore, the region swept by a planetesimal’s trajectory during

temporary capture is also important. Moreover, the direction of orbits during capture

is also of interest in relation to subsequent orbital evolution of captured bodies.

In the present paper, we study temporary capture of planetesimals initially on

heliocentric eccentric orbits using three-body orbital integration. We investigate in

detail capture rates as well as orbital behavior during capture. We describe our

basic formulation and numerical methods in Section 2.2, and our numerical results

are presented in Sections 2.3 and 2.4. We show that typical orbital shapes during

temporary capture can be classified into four types, depending on planetesimals’

pre-capture heliocentric orbital eccentricity and energy integral (Section 2.3). We

also show that the rate of temporary capture increases with increasing eccentricity of

planetesimals’ pre-capture heliocentric orbits, while the rate of prograde capture has

a rather sharp peak at a certain eccentricity (Section 2.4). Section 2.5 summarizes

our results.

2.2 Formulation and numerical method

We suppose that a planetesimal (mass m) and a planet (mass M) are orbiting about

the Sun, and that their orbital eccentricities and inclinations are sufficiently small.

We use a rotating coordinate system centered on the planet, and scale time by

Ω−1 (Ω is the planet’s orbital angular frequency) and distance by the mutual Hill

radius RH = a0h = a0 ((M +m) /3M⊙)
1/3 (a0 is the semi-major axis of the planet).

Then the non-dimensional equation of relative motion between the planet and the
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planetesimal can be written as (e.g. Petit & Hénon, 1986; Nakazawa et al., 1989)

¨̃x = 2 ˙̃y + 3x̃ − 3x̃/r̃3,
¨̃y = −2 ˙̃x − 3ỹ/r̃3,
¨̃z = − z̃ − 3z̃/r̃3,

(2.1)

where tildes denote non-dimensional quantities and r̃ = (x̃2 + ỹ2 + z̃2)
1/2

. When the

mutual gravity represented by the last term in the right-hand side of Eq.(2.1) can be

neglected, the solution for Eq.(2.1) can be written as

x̃ = b̃− ẽ cos (t− τ) ,

ỹ = −3
2
b̃ (t− t0) + 2ẽ sin (t− τ) ,

z̃ = ĩ sin (t− ω) .

(2.2)

Here, b̃ denotes the initial semi-major axis difference between the planet and a plan-

etesimal scaled by RH; the initial orbital eccentricity and inclination of the planetes-

imal scaled by h are denoted by ẽ and ĩ, respectively; and τ and ω are the horizontal

and vertical phase angles. Equation (2.2) holds an energy integral, which is written

in terms of the initial orbital elements ẽ, ĩ and b̃ as

E =
1

2

(
ẽ2 + ĩ2

)
− 3

8
b̃2 +

9

2
, (2.3)

where 9/2 is added so that the potential vanishes at the Lagrangian points (x̃, ỹ, z̃) =

(±1, 0, 0) (Nakazawa et al., 1989).

We integrate a large number of orbits by numerically solving Eq.(2.1), and obtain

the duration of temporary capture (Tcap) as a function of initial orbital elements.

Iwasaki & Ohtsuki (2007) defined Tcap by the time interval between a planetesimal’s

first passage of the x̃-axis and its last passage of the same axis during an encounter.

We also adopt their definition in the present work.

We calculate the number of revolutions around the planet during temporary cap-

ture, and we call it the winding number Nw (Kary & Dones, 1996; Iwasaki & Ohtsuki,

2007). When a planetesimal crosses the x̃- or ỹ-axis in the prograde direction around

the planet (e.g. when it crosses the ỹ > 0 part of the ỹ-axis from the region with

x̃ > 0 to x̃ < 0), 0.25 is added to Nw, while the same amount is subtracted from Nw

when it crosses the axes in the retrograde direction. Finally, after the planetesimal’s
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last passage of the x̃-axis, Nw is re-defined by its integer part, so that it represents

the number of revolutions around the planet. If Nw is positive (negative), temporary

capture is called prograde (retrograde).

Using Nw, we define the signed mean orbital period Tm about the planet during

temporary capture as

Tm = Tcap/Nw, (2.4)

where Tm is positive or negative, depending on the sign of Nw
2. Numerical results

of Iwasaki & Ohtsuki (2007) suggest that planetesimals with initially on heliocentric

circular orbits are captured into orbits in the vicinity of the planet’s Hill sphere with

a short mean orbital period (|Tm| < TK, where TK = 2π/Ω is the planet’s orbital

period), while those initially on eccentric orbits can be captured into orbits outside

of the Hill sphere with |Tm| ≃ TK. Therefore, we can distinguish types of temporary

capture orbits from the value of Tm. Analytic expressions for Tm can be obtained in

the following cases. If a planetesimal orbits the planet on a stable Keplerian orbit,

Tm is given as

|Tm| = 2π

√
d3

GM
, (2.5)

where d is the semi-major axis of the planetesimal’s Keplerian orbit about the planet.

When a planetesimal is far from the planet and in epicyclic motion about the planet

in the retrograde direction, Tm is independent of the distance from the planet and

given as

Tm = −TK. (2.6)

Because temporary capture can be terminated by collision with the planet, the

physical size of the planet relative to its Hill radius is also an important parameter

(Iwasaki & Ohtsuki, 2007). The sum of the physical radii of the planet (R) and

2Nw can be zero due to cancellation between motion in the prograde and retrograde directions, but such complete
cancellation did not occur in the case of long capture for which we calculate Tm in the following.
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planetesimal (R
′
) scaled by their mutual Hill radius is given by

r̃p =
R +R

′

RH

=
(

9

4π

)1/3

ρ−1/3a−1M
1/3
⊙

1 + µ1/3

(1 + µ)1/3
, (2.7)

where ρ is the material density and µ = m/M . For example, r̃p = 5× 10−3, 10−3 and

10−4 at the orbits of the Earth, Jupiter, and Kuiper-belt objects, respectively.

We integrate Eq.(2.1) using the eighth-order Runge-Kutta integrator. Initially,

planetesimals are uniformly distributed radially, and in the case of initially eccentric

or inclined heliocentric orbits, their initial horizontal and vertical phase angles are

also uniformly distributed. The initial azimuthal distance of the guiding center is

set to ỹ0 = max(100, 20ẽ); ỹ0 is taken to be large enough to neglect mutual gravity

between the planet and the planetesimal. Orbital integration is terminated when the

distance between the planetesimal and the planet becomes large enough again, or a

collision between them is detected.

In order to evaluate rate of temporary capture with high accuracy, we divide our

numerical simulation into two steps (Ohtsuki, 1993; Ohtsuki & Ida, 1998). In the

first step calculation, initial orbital elements are given with relatively coarse grids

with respect to b̃ and the phase angles, and we search for orbits entering within a

critical distance r̃crit = max(3, ẽ) from the planet. We confirmed that the above

value of r̃crit is sufficiently large and that further increase in r̃crit does not change

capture rates obtained in the second step calculation. In the second step, we set

finer grids in the vicinity of orbits found in the first step calculation, and perform

orbital integration to evaluate collision and capture rates. In the case of low random

velocity where Kepler shear dominates the relative velocity between a planetesimal

and the planet, orbital behavior (e.g., the minimum approach distance to the planet)

sensitively depends on b̃, thus finer grids are needed with respect to b̃. On the other

hand, in the case of the dispersion-dominated velocity regime, fine grids with respect

to orbital phase angles are needed (Ida, 1990; Ohtsuki, 1993). For example, in our

calculation for the case of ẽ = 0.5 and ĩ = 0, the number of integrated orbits is

9×104 (∆b̃ = 5×10−2,∆τ/(2π) = 1×10−2) in the first step calculation, and 6×107
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(∆b̃ = 1 × 10−4,∆τ/(2π) = 2 × 10−3) in the second step. In the case of ẽ = 5

and ĩ = 0, they are 1 × 105 (∆b̃ = 5 × 10−2,∆τ/(2π) = 1 × 10−2) and 4 × 107

(∆b̃ = 2× 10−3,∆τ/(2π) = 1× 10−3), respectively. The number of integrated orbits

in the second step is smaller in the case of ẽ = 5 than in the ẽ = 0.5 case, because,

as shown below, temporary capture rates increase with increasing eccentricity and

captured orbits can be relatively more easily found in the high-eccentricity case. We

confirmed that use of still finer grids does not change the results significantly.

From results of orbital calculation, we obtain non-dimensional collision rates per

unit surface number density of planetesimals for given r̃p defined as (Nakazawa et

al., 1989; Iwasaki & Ohtsuki, 2007)

Pcol =
∫

pcol(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
, (2.8)

where pcol = 1 for collision orbits and zero otherwise. Using Pcol, collision rate in

a dimensional form is written as PcolnsR
2
HΩ, where ns is surface number density of

planetesimals. Similarly, we evaluate rates of temporary capture with Tcap ≥ nTK

from

Pcap,n =
∫

pcap,n(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
, (2.9)

where pcap,n = 1 for orbits with Tcap ≥ nTK and zero otherwise. We examine the

cases with n = 1− 103 in the following.

2.3 Orbital characteristics during temporary capture

First, we examine orbital characteristics during temporary capture, such as orbital

shape, duration of temporary capture (Tcap), and mean orbital period about the

planet (Tm). In this section we focus on the case where planetesimals and the planet

are on the same plane (̃i = 0). Effects of orbital inclination will be discussed in

Section 2.4.

Figs. 2.1(a) and (b) show orbital behavior in the case of temporary capture from

heliocentric circular orbits. Temporary capture occurs when planetesimals are scat-
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tered by the planet into the vicinity of pseudo-periodic orbits around the planet (Petit

& Hénon, 1986; Iwasaki & Ohtsuki, 2007). Fig. 2.1 shows typical orbital shapes of

long capture from heliocentric circular orbits (Iwasaki & Ohtsuki, 2007); in this case,

planetesimals orbit about the planet in the retrograde direction. Since the orbital

shapes remind us of a cross section of an apple, we call this type of capture orbits

Apple type, or type-A. Detailed analysis of the motion of a particle on this type

of orbit can be found, for example, in Hamilton & Burns (1991). In the case of

r̃p = 10−3 shown in Fig. 2.1, long temporary capture with Tcap ≥ 5TK occurs at a few

narrow bands in b̃ (Petit & Hénon, 1986; Iwasaki & Ohtsuki, 2007). We found that

the values of energy integral (Eq.(2.3)) for such long-capture orbits are 2 <∼ E <∼ 3.5.

We also found that the signed mean orbital period about the planet for such orbits

is nearly independent of b̃ and −0.3 <∼ Tm/TK
<∼ − 0.2.
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Figure 2.1: Examples of temporary capture from heliocentric circular orbits (r̃p = 10−3). (a) Case

of b̃ = 1.929009, which results in temporary capture with Tcap = 8.6TK and Nw = −33. (b) Case of

b̃ = 2.296369; Tcap = 20.1TK and Nw = −91. In both cases, the direction of revolution about the
planet is retrograde. Hill sphere of the planet is also shown by the dashed line.

Fig. 2.2 shows four kinds of typical orbital shapes for temporary capture from

heliocentric eccentric orbits. When eccentricity is small, orbital shape is similar to the

case of initially circular orbits (type-A; Fig. 2.2(a)). We found that type-A is typical

for temporary capture from heliocentric orbits with low random velocity (ẽ <∼ 1),

and the value of the energy integral E for these orbits is 2 <∼ E <∼ 3.5, consistent with

12



results for capture from circular orbits. However, type-A orbits become less common

and eventually disappear with increasing ẽ.
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Figure 2.2: Examples of temporary capture from heliocentric eccentric orbits (r̃p = 10−3). (a)

Type-A (Apple-type); ẽ = 0.1, b̃ = 2.456687, E = 2.2, Tcap = 20TK, Nw = −99, Tm = −0.20TK. (b)

Type-R (Ribbon-type); ẽ = 1, b̃ = 3.166667, E = 1.2, Tcap = 25TK, Nw = −27, Tm = −0.88TK. (c)

Type-H (Hill sphere type); ẽ = 3, b̃ = 4.895098, E = 0.014, Tcap = 21TK, Nw = 80, Tm = 0.27TK.

(d) Type-E (oscillating Epicycle type); ẽ = 5, b̃ = 2.548000, E = 15, Tcap = 87TK, Nw = −90,
Tm = −0.96TK. Direction of revolution about the planet is prograde in (c) and retrograde in other
cases.

In the case of moderate eccentricities of pre-capture heliocentric orbits (1 <∼ ẽ <∼ 5),

another type of retrograde capture orbits become possible (Fig. 2.2(b)). We call this

type of orbits Ribbon-type, or type-R, from its shape. Type-R orbits appear at

E ≃ 1, which is lower than the typical value of E for type-A orbits. This type of

orbits appear only in the case of 1 <∼ ẽ <∼ 5, because with this range of eccentricities

planetesimals with low energy (0 <∼ E <∼ 1) can enter the planet’s Hill sphere (Oht-

13



suki & Ida, 1998) and become temporarily captured (Fig. 2.3(a); see below). For

this type of temporary capture, planetesimals orbit in the vicinity of the planet’s

Hill sphere as in the case of type-A orbits. Although the sizes of the orbits are sim-

ilar, the signed mean orbital period of type-R orbits is −1 <∼ Tm/TK
<∼ − 0.8, while

−0.3 <∼ Tm/TK
<∼ − 0.2 for type-A orbits. This difference in Tm = Tcap/Nw comes

from the difference in Nw between type-A and type-R. Planetesimals on a type-R

orbit periodically changes its direction of revolution about the planet, resulting in a

smaller |Nw| as compared to type-A orbits.

In the case of still lower energy (E ≃ 0), long capture in the prograde direction

appears (Fig. 2.2(c)). Figs. 2.3(a) and (b) shows distribution of temporary capture

orbits on the b̃-ẽ plane for several values of ẽ. We find that such long prograde capture

takes place at a very narrow range of ẽ around ẽ ≃ 3. In this case, planetesimals enter

the Hill sphere through the vicinity of the Lagrangian points, because their energy

is very low. Then they bounce back many times at the equi-potential surface near

the Hill sphere before escaping from it. As a result, the shape of the region swept

by their trajectories during temporary capture becomes very similar to the shape

of the Hill sphere (see also Hamilton & Burns (1991)). Therefore we call this type

of capture orbits Hill-type, or type-H. We found that Tm ≃ 0.2 − 0.3TK for type-H

orbits.

The above three types of temporary capture orbits are limited to a rather narrow

range of eccentricity ẽ or energy E, and they are orbits within or in the vicinity of

the Hill sphere. For large values of ẽ (ẽ >∼ 3) and E (say, E >∼ 7), large retrograde

orbits about the planet outside of its Hill sphere become common for a wide range of

parameters. Fig. 2.2(d) shows an example of this type of orbits. This type of orbits

result from oscillation in the ỹ-direction of a quasi-epicycle orbit outside of the Hill

sphere (e.g. Hénon, 1970); we call it oscillating Epicycle type, or type-E. This type

of orbits results from gravitational interaction with the planet, which scatters the

planetesimal to a semi-major axis very similar to that of the planet. In the case of
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small initial eccentricities where the Kepler shear dominates relative velocity between

planetesimals and the planet, type-E orbits do not appear, and this type of orbits

appear only in the random-motion-dominated velocity regime (ẽ >∼ 3). For large

values of eccentricity (ẽ >∼ 5), all temporary capture orbits become this type. The

size of type-E orbits increases with increasing ẽ, and very long capture is common

in this type. Because it is quasi-epicyclic motion perturbed by the planet’s weak

gravity, the signed mean orbital period is −1 <∼ Tm/TK
<∼ − 0.8, very close to the

value of Tm = −TK for the pure epicyclic motion (Eq.(2.6)).

Table 2.1: Characteristics of four types of temporary capture orbits (r̃p = 10−3)

Type E Tm Maximum Tcap Size Direction
(TK) (TK) (RH)

Hill ≃ 0 0.2 - 0.3 ∼ 102 < 1 prograde
Ribbon ≃ 1 −1.0 - −0.8 ∼ 10 ≃ 1 retrograde
Apple 2.0 - 3.5 −0.3 - −0.2 ∼ 103 ≃ 1 retrograde

Epicycle >∼ 7 −1.0 - −0.8 ∼ 104 > 1 retrograde

We summarize characteristics of the four types of temporary capture orbits in

Table 2.1. Here, the size of a temporary capture orbit refers to the approximate

size of the region swept by the planetesimal during capture (i.e. typical maximum

distance to the planet), relative to the planet’s Hill radius. The above results show

that long capture is dominated by retrograde orbits when E is large, while long

prograde capture is concentrated at a very low energy. A similar tendency was

found by Kary & Dones (1996). Kary & Dones (1996) also examined relationship

between direction of capture orbit and its mean orbital period about the planet, and

found that prograde orbits were dominant for capture with a mean orbital period

shorter than about 0.3TK, while capture orbits with periods greater than this were

all retrograde. This also agrees with our results. The maximum values of Tcap shown

in Table 2.1 are based on the above numerical results with r̃p = 10−3, and similar

values are obtained also for r̃p ≤ 10−4. We will discuss the dependence of temporary

capture rates on r̃p in Section 2.4.
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Figure 2.3: (a) Distribution of temporary capture orbits on the b̃-ẽ plane for several values of ẽ
(̃i = 0, r̃p = 10−3). Different marks represent the maximum duration of capture for a given ẽ and

b̃. Contour lines for E are also plotted with intervals of 1 for 0 ≤ E ≤ 6, 2 for 6 ≤ E ≤ 20, and
5 for E ≥ 20. (b) Same as (a), but only for temporary capture in the prograde direction. Long
prograde capture occurs at a very limited range of parameters, with ẽ ≃ 3 and E ≃ 0. It was found
also for ẽ = 4, but the rate has a rather sharp peak at ẽ ≃ 3 (see Fig. 2.8).

In order to examine the transition between the different types of temporary cap-

ture orbits in detail, we plot Tm as a function of b̃ in Fig. 2.4, for three cases with

different values of ẽ. In Fig. 2.4(a), we find that all the temporary capture orbits

for ẽ = 0.5 have Tm ≃ −0.3 - −0.2TK, and we confirmed that they are type-A orbits

(see Table 2.1). On the other hand, Tm in the case of ẽ = 3 (Fig. 2.4(b)) significantly

changes with b̃ (or E). When b̃ <∼ 2 (E >∼ 7), Tm ≃ −1.0 - −0.8TK, which shows that

temporary capture orbits are type-E. With increasing b̃, the type of temporary cap-

ture orbits changes from type-E to type A (Tm ≃ −0.3 - −0.2TK), type-R (Tm ≃ −1.0

- −0.8TK), and eventually to type-H (Tm ≃ 0.2 - 0.3TK). In Fig. 2.4(b), there are a

group of rather short-lived capture orbits with −0.7 <∼ Tm/TK
<∼ − 0.4 (4 <∼ E <∼ 6)

between type-A and type-E orbits. The shape of these orbits is similar to that of

epicycle orbits but is rounder when E is small, then becomes large and elongated

in the ỹ-direction with increasing E, like type-E orbits. Finally, all the temporary

capture orbits found in the case of ẽ = 10 (Fig. 2.4(c)) are type-E. Fig. 2.4 also

shows the relation between the types of capture orbits and energy E. When ẽ is

small (Fig. 2.4(a)), planetesimals approaching the planet’s Hill sphere have a narrow
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range of E (2 <∼ E <∼ 3.5; Fig. 2.3(a)) as mentioned above, and temporary capture

orbits are type-A, corresponding to the above values of E. In the case of ẽ = 3, the

range of b̃ that results in temporary capture significantly expands; thus the range of

E for capture orbits also expands (Figs.2.3(a), (b)), and the types of orbits change

depending on the values of E (Fig. 2.4(b)). Finally, in the case of ẽ = 10, all the

orbits that result in temporary capture with Tcap ≥ TK have relatively large values

of E ( >∼ 7), and capture orbits in this case are type-E. In Fig. 2.5, we overplot Tm

Figure 2.4: Signed mean orbital period about the planet during temporary capture (Tm), as a
function of b̃. Corresponding values of E (see Eq.(2.3)) are shown on the upper horizontal axis
of each panel. (a) ẽ = 0.5, (b) ẽ = 3, and (c) ẽ = 10. Note that density of points does not
directly indicate capture frequency, because capture orbits with the same b̃ and a similar Tm but
with different values of initial τ can overlap with each other in these plots.

for several values of eccentricity as a function of E. This figure shows that values of

Tm (thus, shapes of temporary capture orbits) can be classified into four groups by

E (Table 2.1).

Fig. 2.6 shows the plots of capture time on the b̃-τ plane, where τ is the initial

horizontal phase angle of each orbit (Eq.(2.2)). We define t0 in Eq.(2.2) so that the

guiding center of a non-gravitating solution (Eq.(2.2)) passes the x̃-axis at t = 0. In

this case, orbits with τ = 0 in the non-gravitating solution with ẽ ̸= 0 cross the x̃-axis

at perihelion, while those with τ = π cross the x̃-axis at aphelion. Since perturbation

by the planet’s gravity is weak before planetesimals approach the planet’s Hill sphere,

orbits with τ = 0 (τ = π) tend to approach the Hill sphere near their perihelion
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Figure 2.5: Signed mean orbital period about the planet during temporary capture (Tm), as a
function of E. Points represent capture orbits with Tcap ≥ 20TK for five different eccentricities.
The cluster at E ≃ 0 corresponds to the type-H orbits; the one with E ≃ 1 and Tm/TK ∼ −0.9
is type-R; the one with E ≃ 2 − 3.5 and Tm/TK ∼ −0.2 is type-A; and the points with E ≥ 7
correspond to type-E orbits. Note that capture orbits with 4 ≤ E ≤ 6 are relatively short-lived (see
text).

(aphelion) even when the planet’s gravity is taken into account. Thus the plots

shown in Fig. 2.6 provide us with information about orbital phase that leads to

temporary capture. In the case of ẽ = 0.5 (Fig. 2.6(a)), temporary capture occurs

in a narrow range of b̃ and the orbits are type-A, and the dependence on τ is weak.

In the case of ẽ = 3 (Fig. 2.6(b)), capture with small b̃ occurs in a wide range of τ

around aphelion, while capture with large b̃ (small E) occurs in a very narrow range

of τ near perihelion; the former case corresponds to type-E orbits, and the latter case

corresponds to type-H orbits with very low energy (see Fig. 2.4(b)). In the case of

large eccentricities (Figs.2.6(c) and (d)), all the temporary capture orbits are type-E.

For relatively large values of b̃, the τ -dependence is similar to the case of ẽ = 3. On

the other hand, in the case of small b̃, the region on the b̃-τ plane that corresponds to

long capture forms several vertical bands, where such capture takes place regardless

of τ . This contributes to increasing capture rates in the case of large eccentricities

(Section 2.4).
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Figure 2.6: Phase space on the b̃-τ plane covered by temporary capture orbits for a given value of
ẽ. Corresponding values of E are shown on the upper horizontal axis of each panel. (a) ẽ = 0.5,
(b) ẽ = 3, (c) ẽ = 10, and (d) ẽ = 20. Marks represent duration of temporary capture.

2.4 Temporary capture rates

We obtained rates of collision and temporary capture defined by Eqs.(2.8) and (2.9)

using results of three-body orbital integration. Fig. 2.7(a) shows the plots of these

rates as a function of ẽ in the case of ĩ = 0. For temporary capture with Tcap ≤ 2TK,

capture rates monotonically increase with increasing eccentricity, and the capture

rates with Tcap
<∼ 10TK are comparable to or higher than the collision rate at ẽ ≃ 10.

On the other hand, for relatively long capture with Tcap ≥ 10TK, capture rates

increase with increasing ẽ at low (ẽ <∼ 0.5) and high (ẽ >∼ 3) eccentricities, but take

on minimum values at intermediate eccentricities (ẽ = 1 − 2). Very long capture

with Tcap ≥ 100TK even disappears in this intermediate regime. This behavior can
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be explained by the transition of the types of capture orbits from type-A to type-E.

For example, in the case of temporary capture with Tcap ≥ 50TK, the rate of capture

as type-A orbits begins decreasing at ẽ ≃ 1 while the rate of capture as type-E orbits

significantly increases at ẽ >∼ 3, resulting in the minimum at ẽ ≃ 2 (Fig. 2.7(b)).

In the case of Tcap
<∼ 20TK, the minimum appears at ẽ ≃ 1, because type-R orbits

contribute to the rates at ẽ ≃ 1−2. On the other hand, type-R capture, which is the

dominant type at ẽ ≃ 1 − 2, is short-lived and does not contribute to long capture

such as those with Tcap ≥ 50TK. This explains the lack of very long capture in this

velocity regime.
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Figure 2.7: (a) Collision and temporary capture rates as a function of ẽ (̃i = 0, r̃p = 10−3). (b) Rate
of retrograde temporary capture with Tcap ≥ 50TK (line). Contribution to this rate from captures
with −0.5 < Tm/TK < 0 (squares) and those with Tm/TK < −0.5 (circles) are also shown; typical
orbital shape is type-A in the former group, while it is type-E in the latter group.

The total temporary capture rates are dominated by retrograde capture, i.e.,

type-A, R, and E, and the behavior of the rate of prograde capture is different from

that of the retrograde capture (Fig. 2.8). As we mentioned in Section 2.3, relatively

long prograde capture with Tcap
>∼ 5TK appears in a narrow range of ẽ at 2 <∼ ẽ <∼ 4,

and does not occur at low (ẽ <∼ 1) or high (ẽ >∼ 5) eccentricities. This is because

planetesimals with E ≃ 0 can enter the planet’s Hill sphere in this case (Fig. 2.3(b)).

The above calculations assumed r̃p = 10−3, corresponding to Jupiter’s orbit.
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Figure 2.8: Rates of temporary capture in the prograde direction as a function of ẽ (̃i = 0, r̃p =
10−3).

Iwasaki & Ohtsuki (2007) studied the r̃p-dependence of temporary capture rates

in the case of initially circular orbits. They found that the capture rate decreases

with increasing r̃p, because in the case of capture from circular orbits planetesimals

experience a close encounter with the planet before temporary capture and they col-

lide with the planet more easily when r̃p is larger. We examine the r̃p-dependence

of the rate of temporary capture from initially eccentric orbits. In the case of small

eccentricity (ẽ ≃ 0.5), we found that the capture rates increase with decreasing r̃p

(Figs. 2.9(a) and (b)), which is similar to the case of initially circular orbits. How-

ever, the rate of temporary capture becomes nearly independent of r̃p when ẽ is

larger (Fig. 2.9(c)), because temporary capture orbits become dominated by type-E

orbits, which revolve mostly outside of the planet’s Hill sphere. On the other hand,

Fig. 2.9(d) shows that the prograde capture rates for ẽ = 3 decrease with increasing

r̃p for r̃p >∼ 10−1, because capture orbits are type-H within the Hill sphere and tem-

porary capture is easily terminated by collision for such large values of r̃p. We also

found that the prograde capture rates are almost independent of r̃p when r̃p <∼ 10−2,

indicating that type-H orbits rarely approach within 10−2RH from the planet.

So far, we have assumed that planetesimals and a planet are on the same plane
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Figure 2.9: Dependence of collision and capture rates on r̃p ((a), (c)). r̃p-dependence of prograde
capture rates are shown in (b) and (d). ẽ = 0.5 in (a) and (b), while ẽ = 3 in (c) and (d).

(̃i = 0). In order to examine effects of orbital inclination on temporary capture,

we also performed calculations for initial heliocentric orbits with ẽ = 2̃i (Fig. 2.10).

The results were very similar to the case of ĩ = 0. The capture rates increase with

increasing ẽ. In the case of large eccentricities (ẽ >∼ 3), even the rate of rather long

capture (Tcap ≥ 20TK) becomes much larger than the collision rate. Also, as in the

case of ĩ = 0, the rate of prograde capture has a rather sharp peak, although the

peak occurs near ẽ ≃ 2, at a somewhat smaller value of ẽ than the ĩ = 0 case. We

also found very long capture with Tcap ≥ 50 − 103TK (not shown in Fig. 2.10), and

we confirmed ẽ-dependence of capture rates similar to the ĩ = 0 case. However, the

numerical accuracy in the rates of such long capture obtained by our calculation for

the ẽ = 2̃i case was not so good as in the ĩ = 0 case, and further investigation is

needed for the three-dimensional case.
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Figure 2.10: (a) Collision and temporary capture rates as a function of ẽ, in the case of ẽ = 2̃i
(r̃p = 10−3). (b) Rates of temporary capture in the prograde direction.

Kary & Dones (1996) performed orbital integration of synthetic comets under

the influence of Jupiter and Saturn to examine the rate of occurrence of temporary

capture and subsequent tidal disruption. Their numerical results showed that tem-

porary capture events were concentrated in early times of evolution when comets’

eccentricities and inclinations were small. This appears to be in contradiction with

our finding that temporary capture rate increases with increasing random velocity,

but the disagreement may have been partly caused by the difference in the defini-

tion of temporary capture, as they regarded only planetesimals within 3RH from the

planet (and with negative two-body energy) as temporary capture. In order to see

the influence of such a criterion for temporary capture on capture rates, we performed

additional calculation in which the duration of temporary capture is measured only

when planetesimals are captured by the planet within 3RH. Then we evaluated the

rate of temporary capture with Tcap ≥ 5TK, which roughly corresponds to the defi-

nition of long capture ( >∼ 50 years) in Kary & Dones (1996). We found that capture

rates defined above increase with increasing eccentricity when ẽ <∼ 2, then decrease

with increasing ẽ at ẽ >∼ 2. Because a significant part of type-E capture orbits can

be overlooked with the above modified criterion when ẽ is large (see Fig. 2.2(d)),
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this decrease in the capture rates at large ẽ may partly explain the above apparent

disagreement between the two results. However, detailed comparison is difficult, be-

cause there are factors that are included in Kary & Dones (1996) but not included in

our calculation, such as distribution of eccentricities and inclination or non-uniform

radial distribution of planetesimals. 3 It should be noted that the primary focus

of Kary & Dones (1996) was the estimate of the rate of occurrence of temporary

capture that leads to close encounter with a planet and tidal disruption. Thus, the

above potential underestimate of type-E capture rates, if any, does not affect their

main conclusion, because such close encounters rarely occur in type-E orbits.

Finally, we examine the dependence of capture rates on the duration of capture

(Fig. 2.11). We found that the dependence in the case of capture from heliocentric

eccentric orbits can be well approximated by a power-law (i.e., Pcap ∝ Tcap
−q). In

the case of capture from circular orbits the slope is steeper, and we confirmed that

our result is consistent with Schlichting & Sari (2008), who also examined such a

dependence in the case of initially circular orbits, although their definition of capture

time is slightly different from ours. In the case of initially coplanar and eccentric

orbits shown in Fig. 2.11(a), the power-law index was q ≃ 2.4 − 2.9 for relatively

short capture from low-eccentricity orbits (ẽ = 0.5− 1), while the slope is somewhat

shallower for longer capture from more eccentric orbits (ẽ = 3−10), with q ≃ 1.7−2.

Similar results were obtained for the three-dimensional case (Fig. 2.11(b)), with

q ≃ 1.8−2 for short capture and q ≃ 1.5−1.6 for longer one. These are in agreement

with Kary & Dones (1996), who examined the dependence of the number of capture

events on the duration of capture and found an approximate power-law dependence

with q ≃ 2.4 for captures with Tcap
<∼ 5TK and a shallower slope for longer captures.

3Non-uniform radial distribution may also be important in the late stage of planetary formation in the solar
nebula. For example, if planetesimals are depleted in the vicinity of a massive planet due to combined effects of the
planet’s gravitational scattering and gas drag, only those with relatively low energy can approach the planet (Tanaka
& Ida, 1997; Ohtsuki & Ida, 1998). In this case, contribution from type-E orbits with large E to the capture rates
can become significantly smaller.
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Figure 2.11: Capture rates as a function of the duration of capture: (a) ĩ = 0, (b) ẽ = 2̃i.

2.5 Conclusions and discussion

In the present work, we studied temporary capture of planetesimals by a planet from

heliocentric eccentric orbits in detail, using three-body orbital integration. We found

that there are four types of long capture orbits around a planet, and investigated

characteristics of each type of orbits. Transition between dominant types of cap-

ture orbits occurs depending on initial heliocentric orbital eccentricity and energy

of planetesimals. When initial eccentricity is small (ẽ <∼ 1), typical temporary cap-

ture for long duration occurs in the retrograde direction in the vicinity of the planet

(type-A). For somewhat larger initial eccentricities (1 <∼ ẽ <∼ 5), another type of ret-

rograde capture orbits appear (type-R) when planetesimals’ energy is low (Ẽ <∼ 1),

although they are rather short-lived. When eccentricity is significant (ẽ >∼ 3) and en-

ergy is large (E >∼ 7), large retrograde orbits outside the Hill sphere become common

for a wide range of parameters and they tend to be long-lived (type-E). Long-lived

prograde capture within the Hill sphere (type-H) occurs only for a limited range of

eccentricity (ẽ ≃ 3) and energy (E ≃ 0).

We also examined rates of temporary capture in detail. We found that the cap-

ture rate is dominated by that of retrograde capture, if the radial distribution of
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planetesimals is uniform. It increases with increasing eccentricity of planetesimals at

low and high eccentricities, but in intermediate values of eccentricity (0.5 <∼ ẽ <∼ 2) it

decreases with increasing eccentricity, which can be explained by transition between

dominant types of capture orbits. The rate of long-lived prograde capture has a

rather sharp peak at ẽ ≃ 3. If planetesimals in the vicinity of the planet’s orbit

are removed, for example, by combined effects of its gravitational scattering and gas

drag, however, the rate of long retrograde capture can decrease significantly. We

also examined the dependence of capture rate on the duration of capture, and found

an approximate power-law dependence, in agreement with previous studies (Kary &

Dones, 1996; Schlichting & Sari, 2008).

Our numerical results demonstrate the dependence of characteristics of temporary

capture orbits on the pre-capture heliocentric orbital parameters. They can be used

to better understand some of previous studies on the origin of irregular satellites,

in which backward orbital integration was used. For example, Ćuk & Burns (2004)

examined the origin of a cluster of prograde irregular satellites of Jupiter. Assuming

that the cluster members are collisional fragments derived from a single body, they

integrated the orbit of the cluster progenitor backward in time until it escaped from

the planet’s Hill sphere, taking account of gas drag from the circumjovian subnebula.

They also followed the reverse-time orbital evolution past escape of the Hill sphere

to infer the pre-capture heliocentric orbits. Their backward integration after escape

includes the effect of resonance, which is not taken into account in our calculation.

Therefore, here we compare our results with theirs immediately after escape of the

Hill sphere. At this stage, their results show that the prograde satellite progenitors

have pre-capture heliocentric orbits with semi-major axes of 3.8−4AU and eccentric-

ities of 0.1− 0.2. The eccentricity corresponds to ẽ ≃ 1.5− 3 in our scaled form, and

this suggests that the prograde satellite progenitors were on type-H orbits when they

got captured within Jupiter’s Hill sphere. Therefore, we can estimate the range of

semi-major axes of pre-capture heliocentric orbits that lead to long prograde capture
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from the above range of eccentricity and the condition of E ≃ 0. However, in the

case of such a massive planet like Jupiter, we should use energy integral in the global

three-body problem, i.e., the Jacobi integral CJ (Murray & Dermott, 1999), rather

than our E, which is based on the local approximation. Using the above range of

eccentricity and the condition that CJ is equal to that for Jupiter’s L1 point, we ob-

tain a ≃ 3.8AU, which is roughly consistent with the result of Ćuk & Burns (2004),

although the effect of Jupiter’s eccentricity is not included in our estimate.

Our numerical results show that type-E capture orbits are very common when

planetesimals’ eccentricity is rather large (Hénon, 1970; Namouni, 1999). This type

of capture occurs in a regular manner, in a sense that the dependence of the capture

rates on orbital phase is weak (Fig. 2.6). On the other hand, other types of long-lived

capture orbits sensitively depend on orbital energy as well as orbital phases; some

of them are rather chaotic, and a small change in the initial orbital elements leads

to very different capture time. The range of radial distance from the planet that a

planetesimal takes during temporary capture also depends on types of capture or-

bits. Therefore, effects of energy dissipation are expected to be different for different

types of temporary capture orbits. If energy dissipation is caused by gas drag from

a planetary atmosphere, the dissipation mostly occurs when a planetesimal passes

through the densest part of the gas near the planetary surface (Tanigawa & Ohtsuki,

2010). In this case, planetesimals on type-E capture orbits would be hardly affected

by such gas drag because they mostly stay outside of the planet’s Hill sphere, while

the drag effect would be significant for other types of temporary capture orbits. For

example, because of their low energy, planetesimals on type-H orbits would easily

become permanent capture by inclusion of gas drag. We will investigate effects of

energy dissipation in our subsequent work.
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Chapter 3

Temporary capture of
planetesimals by a giant planet
and implication for the origin of
irregular satellites1

3.1 Introduction

Many satellites are orbiting about the giant planets in the Solar System. The number

of known satellites has been increasing significantly due to advancement of observa-

tion technology (e.g., Nicholson et al., 2008), and studies of these small bodies help us

understand better not only their origin but also formation processes of giant planets.

Satellites are classified into regular satellites and irregular satellites. It is thought

that regular satellites formed in circumplanetary discs around giant planets, because

their orbits are nearly circular and coplanar. On the other hand, orbits of irregular

satellites are highly eccentric and inclined, thus, they are thought to be planetesimals

captured by the planets through some energy dissipation.

Several energy dissipation mechanisms for capturing irregular satellites have been

proposed by previous works: (1) Gas drag from circumplanetary discs (Ćuk & Burns,

2004), (2) three-body interaction between a planet and binary planetesimals in a

1The content of this chapter has been accepted for publication in Monthly Notices of the Royal Astronomical
Society c⃝: 2013 Ryo Suetsugu and Keiji Ohtsuki, published by Oxford University Press on behalf of Monthly
Notices of the Royal Astronomical Society. All rights reserved. The published version is available online at
http://mnras.oxfordjournals.org/content/431/2/1709.full.
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relatively dynamically cold disc (Agnor & Hamilton, 2006; Philpott et al., 2010), (3)

three-body interaction between a planet and binary planetesimals in a dynamically

excited disc, such as in the Nice model (Vokrouhlický et al., 2008), and (4) three-

body interaction between two planets undergoing a close encounter and a nearby

planetesimal (Nesvorný et al., 2007). In the first model, planetesimals approaching

a giant planet become captured by gas drag from the circumplanetary disc. The

captured planetesimals may be able to avoid spiraling into the planet, if the gas

density decreases quickly after the capture (Ćuk & Burns, 2004). In the second

model, binary planetesimals encounter a planet and the binary becomes broken by

the planet’s tidal force, resulting in capture of one of the binary members (Agnor &

Hamilton, 2006). This mechanism is dynamically plausible for the capture of large

irregular satellites, like Triton. However, the capture efficiency by this mechanism

decreases significantly when the binary members are small, thus it does not seem

relevant for the capture of small irregular satellites of giant planets. The third and

fourth models consider capture of irregular satellites during migration of the giant

planets in the context of the Nice model (Tsiganis et al., 2005), in which the giant

planets experienced close encounters with each other after the 2:1 resonance between

Jupiter and Saturn. Vokrouhlický et al. (2008) examined capture through three-

body interaction between a planet and binary planetesimals in the context of the

Nice model. In this case, relative velocities between the planet and the centre of

mass of the binary is too large to efficiently capture one of the binary members as an

irregular satellite. Furthermore, the orbital distribution of the captured bodies was

inconsistent with that of observed irregular satellites. On the other hand, Nesvorný

et al. (2007) showed that when a giant planet encounters another giant planet in the

context of the Nice model, nearby planetesimals can be captured by the planet(s)

through three-body interaction. Numerical results show that this mechanism can

explain capture of irregular satellites of the giant planets except Jupiter, because

Jupiter unlikely experienced close encounters with other planets in the Nice model
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(Tsiganis et al., 2005).

Among the models we described above, the latter three based on purely gravi-

tational mechanisms seem to have difficultly in explaining capture of the irregular

satellites of Jupiter. Although more recent studies based on the Nice model showed

that Jupiter participates in planetary encounter when modified initial conditions are

considered (e.g., Nesvorný, 2011), capture of irregular satellites in such cases are not

examined in detail. On the other hand, Ćuk & Burns (2004) argued that a cluster

of prograde irregular satellites of Jupiter may be collisional fragments of a single

planetesimal captured by gas drag from the circumjovian disc at the final stage of

the formation of Jupiter. They integrated orbits of this parent body backward in

time, and found that the parent body experienced a period of temporary capture by

Jupiter before it became gravitationally bound by Jupiter, and that its pre-capture

heliocentric semi-major axis is similar to those of the Hilda asteroid group. They also

noted that the spectroscopic characteristics of the above prograde-cluster members

(Grav et al., 2003) is consistent with their origin within the Hilda group. If the gas

density of the circumjovian disc was too high, a captured planetesimal would likely

spiral into Jupiter rather quickly due to large energy dissipation, but its lifetime

within the disc is expected to be longer if a gap in the solar nebula was formed

by the gravity of Jupiter and the gas density in the circumjovian disc was lower.

Therefore, if planetesimals with low energy are temporarily captured by Jupiter for

an extend period of time near the end of Jupiter’s formation, they may survive for

a long time and even weak energy dissipation may be sufficient for capturing them

as irregular satellites or their progenitors. Thus, we focus on temporary capture of

planetesimals by a giant planet in the present paper.

When planetesimals encounter a planet, they sometimes become captured by the

gravity of the planet, and they orbit about the planet for long time before they es-

cape from the vicinity of the planet. This phenomenon is called temporary capture,

which may be important not only for the origin of irregular satellites but also for

30



the dynamical evolution of comets and the formation of Kuiper Belt binaries. Re-

cently, we have investigated orbital characteristics and rates of temporary capture

of planetesimals by a planet from their heliocentric orbits, using three-body orbital

integration under Hill’s approximation (Suetsugu et al., 2011). Suetsugu et al. (2011)

showed that (1) planetesimals’ orbits about the planet during temporary capture can

be classified into four types, (2) rates of temporary capture increase nearly monoton-

ically with increasing eccentricity of pre-capture heliocentric orbit of planetesimals,

and (3) prograde temporary capture rates have a peak at a certain orbital eccentric-

ity of planetesimals. However, since the masses of the planet and planetesimals are

assumed to be much smaller than the solar mass in Hill’s approximation, it is not

clear if these results are also applicable to giant plants.

On the other hand, in order to clarify the origin of irregular satellites, it is also

important to examine orbital elements of pre-capture heliocentric orbits of planetesi-

mals that lead to long-lived temporary capture. Suetsugu et al. (2011) discussed the

source region for long-lived prograde temporary capture based on local three-body

orbital integration and analytic consideration, but it is desirable to examine in more

detail using global simulation.

The size of the Hill sphere (i.e., Hill radius, RH) of a planet becomes significant

as compared to the semi-major axis (ap) of the planet’s orbit with increasing mass

(mp) of the planet (RH/ap ∝ m1/3
p ). In particular, in the case of orbits of temporary

capture elongated in the azimuthal direction, the effect of the curvature of the planet’s

orbit may be important. However, such an effect was not taken into account in the

local simulation by Suetsugu et al. (2011). On the other hand, previous global orbital

integration that investigated temporary capture focused on long-term evolution of

small bodies under the influence of multiple planets (Kary & Dones, 1996; Higuchi

et al., 2011). Thus, it is difficult to compare these results with those obtained by

local simulation.

In the present paper, we perform global orbital integration, using a three-body
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system that consists of the Sun, a planet, and a test particle, and investigate in

detail temporary capture of planetesimals by a giant planet from their heliocentric

orbits. We describe our basic formulation and numerical methods in Section 3.2.

Numerical results are described in Sections 3.3 to 3.5. In Section 3.3, we show that

numerical results of our global simulation for low-mass planets are consistent with

those obtained by local simulation. We examine the dependence of orbital shapes and

rates of temporary capture on the mass of a planet in Section 3.4. In Section 3.5, we

examine source regions of planetesimals that lead to long-lived prograde temporary

capture, which may be important for the origin of prograde irregular satellites of

Jupiter. Section 3.6 summarizes our results.

3.2 Numerical method

We suppose that a planetesimal and a planet (mass mp) are orbiting about the Sun.

We assume that the planetesimal is a massless particle, and that the planet’s orbit

is circular. Then, the equation of motion for the planetesimal is given as

r̈ = Gm⊙
rs − r

|rs − r|3
+Gmp

rp − r

|rp − r|3
. (3.1)

In the above, G is the gravitational constant, and rs = (xs, ys, zs), rp = (xp, yp, zp)

and r = (x, y, z) are the position vectors and their components for the Sun, the

planet, and the planetesimal, respectively. Equation (3.1) holds an energy integral,

which is called the Jacobi constant and is given by (Murray & Dermott, 1999)

CJ = 2Ω(xẏ − yẋ) + 2
(
µ1

r1
+

µ2

r2

)
− ẋ2 − ẏ2 − ż2, (3.2)

where Ω is the Keplerian angular velocity of the planet, and

µ1 = Gm⊙/(m⊙ +mp),

µ2 = Gmp/(m⊙ +mp),

r21 = (xs − x)2 + (ys − y)2 + (zs − z)2,

r22 = (xp − x)2 + (yp − y)2 + (zp − z)2. (3.3)
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We integrate Equation (3.1) using the forth-order Hermite integrator (Kokubo et

al., 1998; Kokubo & Makino, 2004). In our previous work (Suetsugu et al., 2011), we

showed that basic characteristics of temporary capture (e.g., classification of orbital

types, eccentricity dependence of capture rates) can be understood from results of

orbital integration for the case where planetesimals and a planet move on the same

plane. Therefore, in the present work, we focus on the coplanar case. In the case of

initially non-circular orbits, longitudes of pericentre of planetesimals are randomly

distributed. Initial positions of planetesimals are taken to be sufficiently far from the

planet. Typically, initial angular separation between planetesimals and the planet

in the azimuthal direction is taken to be 180◦, and we also perform simulations

with different initial angular separations to confirm its rather weak influence on

numerical results. When the angular separation becomes larger than 90◦ again after

approaching the planet, orbital integration is terminated. Although we perform

integration on the global coordinate system, we also use a local rotating Cartesian

coordinate system (X, Y, Z) centred on the planet to examine orbital behaviour of

planetesimals during temporary capture (Figures 3.1, 3.5, 3.6, 3.7). In this coordinate

system, the X-axis points radially outward, the Y -axis is in the direction tangent to

the planet’s orbital motion, and the Z-axis normal to the X-Y plane.

As in our previous works, we calculate the duration of temporary capture Tcap,

which is defined by the time interval between a planetesimal’s first and last passages

of the X-axis on the above rotating coordinate system. We also calculate the number

of revolutions around the planet during temporary capture (winding number Nw;

Kary & Dones 1996; Iwasaki & Ohtsuki 2007) and the signed mean orbital period

Tm ≡ Tcap/Nw during temporary capture as follows, because types of capture orbits

can be easily examined by Tm (Suetsugu et al., 2011). When a planetesimal crosses

the X- or Y -axis in the prograde direction around the planet (e.g. when it crosses

the Y > 0 part of the Y -axis from the region with X > 0 to X < 0), 0.25 is added

to Nw, while the same amount is subtracted from Nw when it crosses the axes in
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the retrograde direction. Finally, after the planetesimal’s last passage of the X-axis,

Nw is re-defined by its integer part, so that it represents the number of revolutions

around the planet. If Nw is positive (negative), temporary capture is called prograde

(retrograde). Tm is positive or negative, depending on the sign of Nw. Numerical

results of local simulation showed that planetesimals captured into long-lived, large,

retrograde orbits outside of the Hill sphere have Tm ≃ −TK (TK = 2π/Ω is the

planet’s orbital period), while long-lived, prograde temporary capture orbits within

the Hill sphere have Tm/TK ≃ 0.2− 0.3 (Suetsugu et al., 2011).

From results of orbital calculation, we obtain collision rate of planetesimals onto

the planet as P ∗
col = NsR

2
HPcolΩ, where Ns is the planetesimals’ surface number

density,

RH = hap =

(
mp

3m⊙

)1/3

ap (3.4)

is the Hill radius of the planet, and Pcol is the non-dimensional collision rate defined

as (Nakazawa et al., 1989; Iwasaki & Ohtsuki, 2007)

Pcol =
∫

pcol(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
. (3.5)

In the above, tildes denote non-dimensional quantities; b̃ = b/RH = (a − ap)/RH

is the semi-major axis of the planetesimal relative to that of the planet scaled by

RH; e and i are planetesimal’s orbital eccentricity and inclination, and ẽ = e/h and

ĩ = i/h; and τ and ω are the horizontal and vertical orbital phase angles. We set

pcol = 1 for collision orbits and zero otherwise. In the case of icy bodies orbiting in

the Jupiter region, a planet’s radius scaled by its Hill radius is ∼ 10−3, which we

will use in the following simulations. Similarly, non-dimensional rate of temporary

capture with Tcap ≥ nTK is calculated from

Pcap,n =
∫

pcap,n(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
, (3.6)

where pcap,n = 1 for capture orbits with Tcap ≥ nTK and zero otherwise (Iwasaki &

Ohtsuki, 2007; Suetsugu et al., 2011). We examine the cases with n = 1 − 50 in
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the following. In our previous works, we used Equations (3.5) and (3.6) for local

simulation. In the present work, we use them to evaluate collision and temporary

capture rates in global calculations.

3.3 Case of low-mass planet: comparison with local simula-
tion

In the case of a planet with sufficiently low mass, its Hill radius is much smaller

than its orbital radius, thus the local approximation adopted in our previous works

is reasonable. In this case, results of global simulation are expected to agree with

those of local simulation. In order to confirm this, first, we perform global orbital

integration to examine temporary capture by a planet whose mass is sufficiently

small (mp/mJ = 10−5; mJ is Jupiter’s mass), and compare with our previous results

obtained by local simulation.

Using local three-body orbital integration, Suetsugu et al. (2011) showed that

typical temporary capture orbits can be classified into four types; in the present

work, we confirmed these typical orbits also by global integration (Figure 3.1). Fig-

ures 3.1(a), (b) and (d) show three types of retrograde temporary capture orbits.

We call them type A (Apple-type), type R (Ribbon-type) and type E (oscillating

Epicycle type), respectively. When relative velocity between planetesimals and the

planet is low (i.e. shear-dominated regime), type-A orbits are common. For slightly

larger velocity dispersions of planetesimals, type-R capture takes place. These types

of orbits eventually disappear with increasing ẽ. On the other hand, type-E orbits

appear in the dispersion-dominated velocity regime (ẽ >∼ 3). The size of type-E orbits

increases with increasing ẽ, and very long capture is common in this type. Bodies

on this type of orbits are also called quasi-satellites, and have been observed around

planets and dwarf planets in the Solar System (Mikkola et al., 2004; Wajer, 2010;

Christou & Wiegert, 2012).

When the energy of a planetesimal is close to the potential energy at the La-
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Figure 3.1: Example of orbits of a planetesimal temporarily captured by a low-mass planet
(mp/mJ = 10−5) obtained by global orbital integration. Orbits are plotted on the local coordinate
system (X,Y ) centred on the planet, and RH is the planet’s Hill radius. (a) Type A (Apple-type);
ẽ = 0.5, b̃ = −2.062000, Tcap = 18.1TK, NW = −78, Tm = −0.23TK. (b) Type R (Ribbon-type);

ẽ = 1, b̃ = 3.180000, Tcap = 13.8TK, NW = −16, Tm = −0.87TK. (c) Type H (Hill sphere type);

ẽ = 3, b̃ = 4.915143, Tcap = 23.9TK, NW = 105, Tm = 0.23TK. (d) Type E (oscillating Epicycle

type); ẽ = 5, b̃ = 1.810000, Tcap = 77.7TK, NW = −83, Tm = −0.96TK. The direction of revolution
about the planet (located at the origin in each panel) is prograde in (c) and retrograde in the other
cases.

grangian point (L1 or L2), long-lived temporary capture in the prograde direction

appears (Suetsugu et al. 2011; Fig. 3.1(c)). Long prograde capture takes place at a

very narrow range of ẽ around ẽ ≃ 3. In this case, planetesimals enter the Hill sphere

through the vicinity of the Lagrangian points, because their energies are very low.

Then, they bounce back many times at the equi-potential surface near the Hill sphere

before escaping from it. As a result, the shape of the region swept by their trajecto-

ries during temporary capture becomes very similar to the shape of the Hill sphere.

Therefore, we called this type of capture orbits Hill type, or type-H (Suetsugu et al.,

2011).
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Figure 3.2: Numerical results for the case of a low-mass planet (mp/mJ = 10−5). (a) Collision and
temporary capture rates obtained by global orbital integration, as a function ẽ (lines with marks).
(b) Rates of temporary capture in the prograde direction.

Using global orbital integration, we obtained rates of collision and temporary

capture from Equations (3.5) and (3.6) (Figure 3.2). Figure 3.2(a) shows collision

and temporary capture rates in the case of a low-mass planet (mp/mJ = 10−5) as a

function of scaled pre-capture orbital eccentricity of planetesimals. We find that the

rates of long capture increase with increasing eccentricity at low and high eccentric-

ity, but in intermediate values of eccentricity decrease with increasing eccentricity

(Figure 3.2(a)); this can be explained by transition between dominant types of cap-

ture orbits, from types A and R to type E (Suetsugu et al., 2011). On the other

hand, long prograde capture rates become largest at ẽ ≃ 3 (Figure 3.2(b)), because

type-H capture orbits appear in this eccentricity regime. These results agree very

well with those obtained by local simulation (Suetsugu et al., 2011), demonstrating

the validity of the local approximation for such a case of low mass planet.

In the case of the local approximation, the equation of motion (Hill’s equation) is

symmetrical with respect to the reference semi-major axis (the planet’s circular orbit

in the present case). Thus, dynamical properties of planetesimals on orbits interior

to the planet’s orbit are the same as those on exterior orbits. In the case of global

simulation, such symmetry is not guaranteed, owing to the effect of the curvature of
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Figure 3.3: Comparison between contributions from interior orbits (lines) and exterior orbits
(marks) to collision rates and temporary capture rates (mp/mJ = 10−5).

the orbits of the planet and planetesimals. In order to examine the degree of sym-

metry between the interior and exterior orbits, using results of our global simulation,

we investigated contribution to temporary capture rates from interior and exterior

orbits separately for the case with a low-mass planet (mp/mJ = 10−5; Figure 3.3).

We found that the contribution to the rates from the interior orbits agree well with

that from the exterior orbits. In fact, in the case of such a low mass planet, the

difference in the potential energies between the L1 and L2 points is sufficiently small,

and the equi-potential curves around the planet is nearly symmetrical with respect

to the Y -axis (Figure 3.4(a)). The difference seen in the rates of long temporary

capture (Tcap ≃ 50TK) is caused by the limited resolution of our simulation. We also

obtained rates of still longer-lived temporary capture (Tcap ≥ 100TK), but they are

not shown here because only a small number of orbits resulted in such long capture
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and their numerical accuracy is not sufficient.
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Figure 3.4: Contour lines of potential energy corresponding to the L1 (red) and L2 (blue) Lagrangian
points. (a) mp/mJ = 10−5, (b) mp/mJ = 1.

From these results, we can conclude that the local approximation is valid in the

case of a low-mass planet, such as the case with mp/mJ = 10−5. On the other

hand, if the planetary mass is as high as Jupiter’s mass, the size of the planet’s

Hill sphere becomes significant as compared with the planet’s orbital radius. In this

case, the effect of the curvature of the planet’s orbit cannot be neglected, and the

equi-potential curves become asymmetric with respect to the Y -axis (Figure 3.4(b)).

In such a case, different contributions from interior and exterior orbits to temporary

capture rates can be expected. We will examine such a case with a giant planet in

the next section.

3.4 Temporary capture of planetesimals by a giant planet

3.4.1 Temporary capture from heliocentric circular orbits

First, we examine temporary capture of planetesimals initially on circular orbits.

Figure 3.5(a) shows a typical capture orbit in this case. Temporary capture occurs

when planetesimals are scattered by the planet into the vicinity of pseudo-periodic

orbits around the planet. The typical orbital shape in this case is type A, similar

to the case in local simulation. Since planetesimals are orbiting about the planet

in the vicinity of its Hill sphere, the effect of the curvature of the planet’s orbit is
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insignificant, resulting in the orbital shape similar to that found in local simulation.

Figure 3.5(b) shows collision rates and temporary capture rates as a function of
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Figure 3.5: (a) Example of temporary capture by a giant planet (mp/mJ = 1) from heliocentric

circular orbits (ẽ = ĩ = 0); b̃ = 1.556447, Tcap = 38.1TK, NW = −16, Tm = −0.23TK. (b) Collision
and temporary capture rates in the case of ẽ = ĩ = 0, as a function mp/mJ.

mp/mJ. In the case of low planetary masses (mp/mJ
<∼ 10−3), these rates agree well

with those obtained by local simulation (Suetsugu et al., 2011). However, rates of

long capture (Tcap
>∼ 5TK) increase for mp/mJ ≥ 10−2. Temporary capture from

heliocentric circular orbits occurs at a few narrow radial bands called the transition

zones (Petit & Hénon, 1986; Iwasaki & Ohtsuki, 2007). Since orbits of planetesimals

at the transition zones are chaotic, orbital behaviour of planetesimals in such zones

is very complicated. When the mass of the planet is small (e.g., mp/mJ ≤ 10−3),

temporary capture mostly occurs at the transition zones located radially far from the

planet. On the other hand, in the case of high planetary masses, we found that the

radial distance of the transition zone that results in temporary capture shifts close to

the planet if the distance is measured in units of the planet’s Hill radius. This seems

to cause the increase in the rates of long temporary capture, owing to the stronger

effect of gravitational perturbation by the planet.

40



3.4.2 Capture from heliocentric eccentric orbits

Next, we examine temporary capture of planetesimals by a giant planet from helio-

centric eccentric orbits. Figure 3.6 shows typical shapes of capture orbits around the

planet in the case of mp/mJ = 1. We confirm the four types of temporary capture

orbits, similar to the case of low-mass planets (Figure 3.1). The shapes of the type-

A, R, and H capture orbits (Figures 3.6(a)-3.6(c)) are very similar to those found

in the case of mp/mJ = 10−5, because these orbits are located in the vicinity of

the planet, thus the effect of the curvature of the planet’s orbit is negligible. On

the other hand, shapes of the type-E orbits are found to be bent along the planet’s

orbit2 (Figure 3.6(d)). Figure 3.7 shows detailed comparison of temporary capture
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Figure 3.6: Example of temporary capture by a giant planet (mp/mJ = 1) from heliocentric eccentric

orbits. (a) Type A; ẽ = 0.5, b̃ = −1.251200, Tcap = 18.5TK, NW = −70, Tm = −0.27TK. (b)

Type R; ẽ = 1, b̃ = −2.667000, Tcap = 7.4TK, NW = −8, Tm = −0.93TK, (c) Type H; ẽ = 3, b̃ =

−3.870143, Tcap = 36.6TK, NW = 154, Tm = 0.24TK, (d) Type E; ẽ = 5, b̃ = 1.980000, Tcap =
66.0TK, NW = −68, Tm = −0.96TK

2Similar orbital shapes were found in previous global integrations but in different contexts; see, for example,
Karlsson (2004).
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orbits between the case of a high mass planet (mp/mJ = 1) and a low mass planet

(mp/mJ = 10−5). Figure 3.7(a) shows the comparison for type-H orbits. In the case

of a low-mass planet (upper panel), the difference in the potential energies of the L1

and L2 points is negligible. Therefore, a planetesimal coming from an exterior orbit

through the vicinity of the L2 point can escape the Hill sphere through the vicinity

of the L1 point into an interior orbit, as shown here. When the mass of the planet

is larger, on the other hand, the difference in the potential energy of the two La-

grangian points becomes significant (Figure 3.4(b)). In this case, planetesimals with

very low energy can enter and escape from the planet’s Hill sphere only through the

L1 point, as shown in the lower panel of Figure 3.7(a). Also, because of the slightly

higher value of the potential energy at the L2 point, the planetesimal cannot come

very close to the L2 point and the shape of the region swept by the planetesimal

trajectory becomes asymmetric. The shape of type-E orbits becomes bent along the

planet’s orbit as mentioned above, and we find that the bending becomes more no-

table with increasing planetary mass. The degree of bending becomes also notable

for planetesimal orbits with large eccentricity, because the extent of azimuthal ex-

cursion during type-E temporary capture becomes large with increasing eccentricity

(Figure 3.7(b) and 3.7(c); see also Wiegert et al., 2000).
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Figure 3.7: Comparison of the orbital shapes between the cases of a low-mass planet (mp/mJ =
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orbits shown in Figures 3.1(c) and 3.6(c)), (b) Type-E orbits (ẽ = 3), and (c) type-E orbits (ẽ = 5;
orbits shown in Figures 3.1(d) and 3.6(d)).
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3.4.3 Dependence of capture rates on eccentricity
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Figure 3.8: (a) Collision and temporary capture rates as a function ẽ in the case of a giant planet
(mp/mJ = 1). (b) Comparison between contributions from interior orbits (lines) and exterior orbits
(marks) to collision and temporary capture rates (mp/mJ = 1).

Figure 3.8(a) shows collision and temporary capture rates as a function of scaled

orbital eccentricity of planetesimals ẽ in the case of mp/mJ = 1. We found that the

temporary capture rates increase with increasing ẽ at low and high ẽ, but the rates of

relatively long capture (Tcap
>∼ 10TK) decrease with increasing ẽ in the intermediate

value of eccentricity (ẽ ≃ 2). These basic features of the numerical results are similar

to the case of local simulation and the case with a low-mass planet (Section 3.3).

However, we also note some features that are different from local simulation. When

the eccentricity is relatively small (0.1 <∼ ẽ <∼ 2), temporary capture rates obtained

by global simulation with a high planetary mass are higher than the case with local

simulation or global simulation with a low-mass planet (Figure 3.2), while they agree

well at ẽ >∼ 3. As a result, the dent in the rates for long capture at ẽ ≃ 2 is more

notable in Figure 3.8(a) than in Figure 3.2(a).

Figure 3.8(b) shows comparison between contributions from interior orbits (lines)

and exterior ones (marks) to the collision and temporary capture rates (mp/mJ = 1).

We found that the contributions from exterior orbits to temporary capture rates

are significantly larger than those from interior orbits in the intermediate velocity
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regime (0.1 <∼ ẽ <∼ 2), which suggests the importance of the effect of the curvature

of the planet’s orbit in such a case. In this velocity regime, temporary capture is

dominated by types A. On the other hand, contributions from interior and exterior

orbits to the capture rates for large eccentricities (ẽ >∼ 3) are nearly the same. Since

temporary capture is dominated by type-E orbits in such a high eccentricity regime,

this suggests that the effect of the curvature is insignificant for such a type of capture.

From these results, we conclude that temporary capture rates are influenced by the

effect of planet’s mass and planetesimals’ eccentricity. In the shear-dominated regime,

the effect of large planetary mass breaks symmetry of contributions from interior and

exterior orbits to temporary capture rates. With increasing random velocity (ẽ >∼ 3),

relative velocities between planetesimals and the planet, thus temporary capture

rates are largely determined by eccentricity. Therefore, the difference in the rates

between interior and exterior orbits becomes smaller.

3.5 Prograde temporary capture

Next, we focus on low-energy, prograde temporary capture (type H). This type of

capture occurs in a narrow range of planetesimal eccentricity at ẽ ≃ 3 (Suetsugu et

al., 2011). Prograde temporary capture can take place also at lower eccentricities,

but in such a case capture is short-lived, while very long capture is possible for

the type-H capture. Since planetesimals captured into type-H orbits have energy

only slightly higher than the potential energy at the L1 and L2 points, a small

amount of energy dissipation (e.g., due to gas drag from atmosphere of a planet or

a circumplanetary disc) would result in permanent capture by the planet and they

may become irregular satellites. Therefore, type-H capture may be important for the

origin of irregular satellites.
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Figure 3.9: Rates of temporary capture in the prograde direction in the case of mp/mJ = 1.
(a) Total rates including contributions from both interior and exterior orbits (lines with marks).
(b) Comparison between contributions from interior orbits (lines) and exterior orbits (points) to
prograde capture rates. (c) Blow-up of Figure 3.9(b), where long prograde capture appears.

3.5.1 Rates of long prograde capture

Figure 3.9(a) shows rates of temporary capture in the prograde direction. As in

the case of local simulation (Suetsugu et al., 2011) or the case of a low-mass planet

(Figure 3.2(b)), we found that the prograde capture rate has a peak at ẽ ≃ 3, which

is the characteristic of type-H orbits. Planetesimals captured into type-H orbits have

energy very close to the potential energy at the Lagrangian points, as mentioned

above. In the case of a massive planet such as Jupiter, the potential energy at

L1 is significantly lower than that at L2 (Figure 3.4(b)). Therefore, planetesimals

initially on interior orbits are more easily captured into type-H orbits through the

L1 points, resulting in higher rates of long prograde capture for interior orbits than

exterior orbits (Figures 3.9(b) and 3.9(c)). Since planetesimals that have energy

barely higher than the potential energy at the L1 point can be captured through the

vicinity of the L1 point but they cannot come very close to the L2 point, they escape

through the vicinity of the L1 point and return to interior orbits.

3.5.2 Source region for long prograde capture

Since type-H orbits may relate to the origin of irregular satellites, we examine the

source region (semi-major axes of pre-capture heliocentric orbits) of type-H orbits.
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In the lower panels of Figures 3.10(a) and 3.10(b), we show the mean orbital period

during temporary capture (Tm) for type-H orbits found by orbital integration as a

function of the semi-major axes (relative to the planet’s semi-major axis, and in

units of RH) of their pre-capture heliocentric orbits. The mean orbital period during

temporary capture is 0.2 <∼ Tm/TK
<∼ 0.3, which is typical for type-H orbits (Suetsugu

et al., 2011). When the mass of the planet is small (mp/mJ = 10−5), dynamical

behaviour is nearly symmetric with respect to the planet’s orbit, and the initial

semi-major axes of planetesimals that result in type-H capture are ≃ ap ± 4.9RH.

However, with increasing mass of the planet, this symmetry breaks down, and the

radial locations of both interior and exterior source regions for type-H capture shift

radially outward. Also, with increasing mass of the planet, because the difference

in the potential energy at the L1 and L2 points becomes significant as mentioned

above, capture into type-H orbits is dominated by initially interior orbits.

Type-H capture takes place for planetesimals with ẽ ≃ 3 and energy very close to

the potential energy of the L1 and L2 points. Therefore, we can estimate analytically

the above shift of the source region for type-H orbits with increasing mass of the

planet. When the mass of the planet is much smaller than the solar mass, the Jacobi

constant is given as (i.e., the Tissrand parameter)

CJ ≃
Gm⊙

ap

(
ap
a

+ 2

√
a

ap
(1− e2) cos i

)
, (3.7)

where a, e, and i are the heliocentric orbital elements of a planetesimal. If we assume

that e ≪ 1 and i ≪ 1, we have

e2 + i2 =

√
ap
a

(
ap
a

+ 2

√
a

ap
− C̃J

)
, (3.8)

where C̃J ≡ CJ/(Gm⊙/ap). In the case of ĩ = 0, we obtain a relation between

eccentricity and semi-major axis for given C̃J from Equation (3.8) as

ẽ =
1

h

√√√√√ap
a

(
ap
a

+ 2

√
a

ap
− C̃J

)
, (3.9)

where we used ẽ = e/h. C̃J at the Lagrangian points are given as (Murray & Dermott,
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ẽ

T
m
/T

K

 a  b

10
−3

10
−4

10
−5

local

mp/mJ = 1

10
−1

10
−2

Figure 3.10: Source regions for planetesimals captured into long-lived prograde temporary orbits
(type-H orbits) based on numerical simulation (lower panels) and analytic consideration (upper
panels). In the lower panels, mean orbital periods of prograde capture (Tcap ≥ 5TK) found by
orbital integration are plotted with marks as a function of initial semi-major axis of planetesimals,
relative to the planet’s semi-major axis and in units of RH. The black marks represent results of
local simulation, and other marks are those of global simulations with various planetary masses
(ẽ = 3). Panels (a) and (b) show results for interior orbits and exterior orbits, respectively. Upper
panels show blow-up of Figure 3.11, which shows the plots for the relation between ẽ and b̃ given
by Equation (3.9) and (3.11) (see Figure 3.11). Crossing points of the curves and ẽ = 3 within the
shade represent source regions for type-H capture, which are consistent with results of numerical
simulation in the lower panels.

1999)

C̃J ≃
{

3 + 34/3µ2/3
p − (10/3)µp for L1,

3 + 34/3µ2/3
p − (14/3)µp for L2,

(3.10)

where µp = mp/(m⊙ +mp). A relationship corresponding to Equation (3.9) under

Hill’s approximation can be derived as

ẽ =

√
3

4
b̃2 + 9, (3.11)

where b̃ is the difference of semi-major axes between the planet and a planetesimal

scaled by the planet’s Hill radius. Figure 3.11 shows the plots of the relation given

by Equation (3.9) for the value of C̃J corresponding to the L1 and L2 points for

various planetary masses. The corresponding relation given by Equation (3.11) in

the case of local approximation is also plotted. When the mass of a planet is low
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(mp/mJ
<∼ 10−3), the curves are very close to the one for the local approximation

and hardly distinguishable with each other, because the potential energy around

the planet is nearly symmetrical with respect to the planet’s orbit (Figure 3.4(a)).

However, with increasing mass of the planet, the curves move radially outward,
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Figure 3.11: Plots of the relation between ẽ and b̃ given by Equation (3.9) for the values of C̃J

corresponding to the L1 and L2 points for various planetary masses. The corresponding relation
given by Equation (3.11) in the case of the local approximation is also shown.

showing the effect of the curvature. The crossing points of these curves and ẽ ≃ 3

roughly show the values of b̃ that lead to type-H capture (Suetsugu et al., 2011).

The upper panels of Figure 3.10 show blow-up of Figure 3.11, and the shade roughly

represents the value of ẽ (≃ 3) that can result in type-H capture. We find that the

values of initial semi-major axis (b̃) that lead to type-H capture found by orbital

integration (the lower panels) can be well explained by the crossing points of the

curves and ẽ ≃ 3 in the upper panels. This shows that the relation (3.9) is useful in

finding the source regions of type-H capture.
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3.5.3 Implication for capture of prograde irregular satellites

Using the above results (Equation (3.9)), we can estimate the location of the source

region for type-H orbits for an arbitrary planetary mass. Since the rates of capture

into type-H orbits through the L2 point decrease with increasing planetary mass, we

focus on the case of interior orbits. In the case of a Jovian mass planet at 5.2 AU,

the location of the interior source region for type-H capture corresponds to ∼ 3.8AU,

if we assume that the planet’s orbit is circular and that the orbits of the planet and

planetesimals are in the same plane. This is roughly consistent with Ćuk & Burns

(2004), who argued that the Hilda group asteroids may be the source of the progenitor

of a cluster of prograde irregular satellites of Jupiter. A fraction of small bodies called

quasi-Hilda comets in the Hilda region are dynamically unstable and are thought to

eventually escape from the region into the Jupiter family comet population (e.g.,

Di Sisto et al., 2005; Ohtsuka et al., 2008). They are also temporarily captured by

Jupiter more easily (Koon et al., 2001) . Therefore, planetesimals in the Hilda region

may have contributed to the origin of irregular satellites of Jupiter, because some of

them would have likely undergone low-energy close encounters with Jupiter, as we

have shown in the present work.

The source region we have discussed above refers to heliocentric orbits of plan-

etesimals immediately before capture by a planet. We cannot derive constraints from

the present work on the location where such small bodies originally formed. Recent

studies suggest that the giant planets in our Solar System may have experienced sig-

nificant radial migration, which likely caused significant radial mixing of small bodies

after planet formation (e.g., Tsiganis et al., 2005; Walsh et al., 2011). Our results

suggest that if such a mechanism delivered planetesimals into the Hilda region or into

a radial location of the type-H source region corresponding to a past orbit of Jupiter,

some of them would have been captured into long-lived prograde temporary capture

orbits and may have become irregular satellites through some energy dissipation.

The locations of the interior source regions for type-H capture for the other giant
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planets can also be calculated, and we find that they are at about 8AU, 17AU, and

27AU for Saturn, Uranus, and Neptune, respectively, if we use the current mass and

radial location of these planets. Unlike the case of Jupiter, at present there are no

belts of small bodies in our Solar System that correspond to the above source regions

for type-H capture by these planets. In order to clarify the contribution of such a

type of orbits to the origin of irregular satellites of these planets, further studies

coupled with the planets’ orbital evolution would be needed.

As an implication of our present work on temporary capture for the origin of irreg-

ular satellites, we have mentioned permanent capture of low-energy planetesimals on

type-H orbits through gas drag. Of course, our study does not exclude other proposed

mechanisms for capture of irregular satellites, such as a variety of three-body gravi-

tational interactions we discussed in Section 3.1. Rather, low-velocity encounters as

seen in type-H temporary capture may facilitate capture through three-body gravi-

tational interaction (e.g., Gaspar et al., 2011). Further studies are needed to clarify

effects of temporary capture on various models for the origin of irregular satellites.

3.6 Summary

In the present work, we studied temporary capture of planetesimals by a giant planet

from their heliocentric orbits, using global three-body orbital integration. We con-

firmed four types of temporary capture orbits found by our previous local simulation.

The shapes of capture orbits in the vicinity of the planet’s Hill sphere are similar

to those in the local simulation, while the shape of capture orbit outside of the Hill

sphere is bent along the planet’s orbit due to the curvature of planet’s orbit. We

found that rates of temporary capture increase nearly monotonically with increasing

eccentricity, and that prograde temporary capture rates have a peak at a certain

value of planetesimal eccentricity (ẽ ≃ 3). These basic features are consistent with

the case of local simulation or the case with a low-mass planet.

However, we also found that capture rates depend not only on the scaled eccen-
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tricity of planetesimals but also on the mass of a planet. In the case of capture by a

giant planet, we found that contributions from interior and exterior orbits to tempo-

rary capture rates are significantly different for intermediate values of planetesimal

eccentricity (i.e., 0.1 <∼ ẽ <∼ 2). When the planet’s mass is high, the potential energy

at the L1 point is lower than that at L2. Thus, planetesimals initially on interior

orbits are more easily captured into long-lived prograde capture orbits through the

L1 point, resulting in higher rates of long prograde capture for interior orbits than

exterior orbits.

We examined source regions for long-lived prograde temporary capture orbits

based on our numerical simulation and analytic consideration. We found that the

source region located interior to the orbit of Jupiter corresponds to the Hilda region,

which agrees with previous works (Ćuk & Burns, 2004; Grav et al., 2003). Further

studies are needed to clarify the role of this type of low-velocity encounters with

Jupiter in the capture of its irregular satellites. As for the other giant planets,

corresponding planetesimal belts do not currently exist. Other mechanisms such

as planetary migration (Nesvorný et al., 2007) need to be taken into account to

explain possible contribution of type-H temporary capture orbits to the origin of

their irregular satellites.
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Chapter 4

Capture of irregular satellites by
weak gas drag from
circumplanetary disks

4.1 Introduction

Irregular satellites of giant planets have large orbital eccentricities and inclinations,

thus they are thought to be planetesimals captured from heliocentric orbits. Since

efficiencies of capture in different capture models depend on planetesimals’ dynamical

properties differently, clarification of the origin of irregular satellites would lead to

constrain the dynamical states of planetesimals at the time of capture of irregular

satellites. Also, if we would be able to derive constraints on the source regions of

captured satellites, it would provide clues about radial mixing of small bodies in the

Solar System.

Several models of capture due to gravitational interaction between planetesimals

and planet(s) have been proposed. For example, Agnor & Hamilton (2006) exam-

ined capture of Triton by three-body interaction between binary planetesimals and

Neptune in a relatively dynamically cold disk (see also Philpott et al., 2010; Gas-

par et al., 2011, 2013). However, the capture efficiency by this model is rather low

when the planetesimal disk is dynamically hot due to perturbation by giant planets

(Vokrouhlický et al., 2008). On the other hand, giant planets would have experi-

enced close encounters among them after their formation, as described in the Nice
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model (Tsiganis et al., 2005; Nesvorný, 2011; Nesvorný & Morbidelli., 2012). On the

basis of this model, Nesvorný et al. (2007) examined capture of irregular satellites

by three-body interaction among two planets and a neighboring planetesimal during

close encounter between the planets, and showed that a sufficient number of plan-

etesimals can be captured to explain observed irregular satellites. Most of the above

models based on purely gravitational interaction do not consider effects of gas drag,

assuming that the capture occurred after the protoplanetary disk dispersed. How-

ever, if the protoplanetary disk still remained when they were captured, effects of

gas drag from the circumplanetary disk would have played an important role in the

process of capture of planetesimals and/or their subsequent orbital evolution (e.g.,

Philpott et al., 2010).

Since giant planets were formed by capturing gas from the protoplanetary disk,

gas drag on solid bodies play various important roles in the formation of the plan-

ets as well as their satellites systems. For example, in the growth of solid cores

of giant planets by planetesimals accumulation, gas drag from atmospheres of large

protoplanets enhances their growth rates significantly (e.g., Inaba & Ikoma, 2003;

Tanigawa & Ohtsuki, 2010). When the proto-giant planets grow massive enough to

gravitationally perturb the motion of inflowing gas, interactions between such per-

turbed gas flow and accreting solid bodies become important (Morbidelli & Nesvorný,

2012; Tanigawa et al., 2014). Regular satellites of giant planets are thought to have

formed by accretion of solid particles in the circumplanetary disk at the final stage

of planet formation (Canup & Ward, 2009; Estrada et al., 2009).

On the other hand, capture of irregular satellites by gas drag has also been studied

(Pollack et al., 1979; Ćuk & Burns, 2004). In this case, strong gas drag facilitates

capture, but causes rapid orbital decay of captured planetesimals into the planet.

Therefore, Ćuk & Burns (2004) considered capture of irregular satellites by waning

disks in the late stage of planet formation (Canup & Ward, 2002), and examined

the origin of a cluster of prograde irregular satellites of Jupiter. Assuming that the
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cluster members are collisional fragments derived from a single body, they integrated

orbits of the cluster progenitor backward in time until it escaped from the planet’s Hill

sphere, taking account of weak gas drag from the circumjovian disk. They found that

some planetesimals captured into prograde orbits about Jupiter likely experienced a

period of temporary capture before permanently captured. However, it is difficult

to obtain capture rates from backward integration or integrations starting from the

vicinity of the planet (e.g., Nakazawa et al., 1983). Also, Ćuk & Burns (2004) mainly

focused on the capture of prograde irregular satellites, and did not examine capture

and orbital evolution of retrograde irregular satellites.

In order to examine possible contribution to the formation of regular satellites,

Fujita et al. (2013) recently examined capture of planetesimals from their heliocen-

tric orbits by gas drag from the circumplanetary disk, using analytic calculation and

three-body orbital integration. Assuming axisymmetric circumplanetary gas disks,

they performed orbital integration of planetesimals with various initial eccentrici-

ties, and also examined cases with inclined orbits. They found that planetesimals

approaching in the retrograde direction are more likely to be captured because of

large relative velocity between the planetesimals and the disk. Their results suggest

that in the case of the gas-starved disk model for the circumplanetary disk (Canup

& Ward, 2002), meter- to kilometer-sized planetesimals approaching the planet on

prograde orbits can be captured in the disk at radial locations of 1 to 30 times

the planetary radius, roughly corresponding to the current locations of the Galilean

satellites. Because Fujita et al. (2013) were interested in the contribution of captured

planetesimals to the formation of regular satellites, they focused on the capture of

planetesimals by relatively strong gas drag, and did not examine subsequent orbital

evolution of captured planetesimals.

The infall onto the circumplanetary disk is cutoff when a giant planet grows large

enough to open a complete gap in the protoplanetary disk. On the other hand, if the

mass of the planet is too small to open a gap, the dispersal of the circumplanetary
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disk proceeds with the gradual dispersal of the protoplanetary disk as a whole (Sasaki

et al., 2010). Some planetesimals captured by such a waning disk would survive in

the circumplanetary disk for a long time because of the weak gas drag. If capture

of planetesimals into long-lived orbits is quite common in the late stage of giant

planet formation, it would have significant influence on the formation and evolution

of satellite systems, whether it directly contributes to the final irregular satellites or

not. For example, if there are many such captured planetesimals and their orbits

have large eccentricities and inclinations, they would likely experience significant

mutual collisions and disruption (Bottke et al., 2010). As a result, many fragments

and dusts would be generated, and they would have influenced surfaces of regular

satellites (Bottke et al., 2013). Moreover, if such collisional grinding of captured

planetesimals occurs around exoplanets and produces a sufficient amount of dusts,

they would be observable and provide us with important constraints on the evolution

of satellite systems of exoplanets (Kennedy & Wyatt, 2011).

In the present paper, we will examine capture and subsequent orbital evolution of

planetesimals in circumplanetary disks under the influence of weak gas drag, using

three-body orbital integration. We show that some planetesimals captured in both

prograde and retrograde directions can survive in the circumplanetary disk for a

long period of time under such weak gas drag. Based on our results, we discuss

implication for the origin of irregular satellites. In Section 4.2, we describe basic

equations, disk model, and numerical methods used in the present work. Numerical

results on the rates of permanent capture of planetesimal by gas drag are presented

in Section 4.3. In Section 4.4, we show examples of orbital evolution of planetesimals

captured by weak gas drag, and also examine characteristics of long-lived capture

orbits in the circumplanetary disk. In Section 4.5, we examine distribution of planet-

centered orbits of captured planetesimals, taking account of gradual dispersal of the

circumplanetary disk. Section 4.6 summarizes our results.
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4.2 The model and numerical methods

4.2.1 Basic equations

x̃

ỹ

Planet

Circumplanetary disk

Figure 4.1: Schematic illustration of the setting of our simulation. The planet is located at the
origin of the local rotating coordinate system, and has an axisymmetric thin circumplanetary gas
disk. Each of the orbits planetesimals approaching the planet is numerically integrated by solving
the equation of motion for the three-body problem for the Sun, the planet, and a planetesimal,
taking account of gas drag from the circumplanetary disk.

We consider the three-body problem for the Sun, a planet (mass M), and a plan-

etesimal (mass ms), and assume that the planet has a circumplanetary gas disk.

We adopt a rotating coordinate system centered on the planet (Figure 4.1), and

scale time by Ω−1 (Ω is the planet’s orbital angular frequency) and distance by

the mutual Hill radius RH = a0hH (a0 is the semi-major axis of the planet), where

hH = a0 ((M +ms) /3M⊙)
1/3. Then the non-dimensional equation for the relative

motion between the planet and the planetesimal can be written as (e.g. Ohtsuki,

2012; Fujita et al., 2013)

¨̃x = 2 ˙̃y + 3x̃− 3x̃

R̃3
+ ãdrag,x,

¨̃y = −2 ˙̃x− 3ỹ

R̃3
+ ãdrag,y,

¨̃z = −z̃ − 3z̃

R̃3
+ ãdrag,z, (4.1)

where R̃ =
√
x̃2 + ỹ2 + z̃2 is the normalized distance between the centers of the planet

and the planetesimal, and ãdrag = adrag/(RHΩ
2) is the non-dimensional acceleration
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due to gas drag, where adrag ≡ F drag/ms and the gas drag force F darg is given by

F drag = −1

2
CDπr

2
sρgasuu. (4.2)

In the above, CD is the drag coefficient (we assume CD = 1), rs is the radius of the

planetesimal, and u is the velocity of the planetesimal relative to the gas (u = |u|).

Using Equation (4.2), ãdrag can be written as

ãdrag = −3

8
CD

ρ̃gas
r̃sρs

ũũ, (4.3)

where ρs is the internal density of planetesimals. When the acceleration due to gas

drag can be neglected, Equation (4.1) holds an energy integral given as

Ẽ =
1

2

(
˙̃x
2
+ ˙̃y

2
+ ˙̃z

2
)
+ Ũ(x̃, ỹ, z̃), (4.4)

where

Ũ(x̃, ỹ, z̃) = −1

2

(
3x̃2 − z̃2

)
− 3

R̃
+

9

2
. (4.5)

The first term in Equation (4.5) represents the tidal potential.

4.2.2 Disk structure and gas drag parameter

The distributions of the density and velocity of inflowing gas around a growing giant

planet show complicated behavior due to the effects of the planet’s gravity, tidal

force, and Coriolis force (e.g., Machida et al., 2008). However, in the case of large

planetesimals that are decoupled from the gas flow and are considered in the present

work, their orbits are altered significantly due to gas drag when they pass through

the dense part of the circumplanetary disk in the vicinity of the planet (Fujita et al.,

2013). In such a region, the structure of the circumplanetary disk is approximately

axisymmetric. Therefore, in the present work, we assume an axisymmetric thin

circumplanetary disk, as in Fujita et al. (2013). The radial distribution of the gas

density is assumed to be given by a power law, and its vertical structure is assumed

to be isothermal. Under these assumptions, the gas density can be written as

ρgas =
Σ√
2πh

exp

(
− z2

2h2

)
, (4.6)
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where h = cs/Ωp is the scale height of the circumplanetary disk (Ωp is the Keplerian

orbital frequency around the planet), and

Σ = Σd

(
r

rd

)−p

, cs = cd

(
r

rd

)−q/2

(4.7)

are the gas surface density and sound velocity, respectively, with r =
√
x2 + y2 being

the horizontal distance from the planet in the mid-plane. In the above, rd = dRH is

a typical length scale roughly corresponding to the effective size of the circumplan-

etary disk, and Σd and cd are the surface density and sound velocity at that radial

location from the planet (Fujita et al., 2013). In most of our calculations, we set

d = 0.2 and p = 3/2 based on results of hydrodynamic simulations (Machida et al.,

2008; Tanigawa et al., 2012), and also assume q = 1/2 as a simple model (Fujita

et al., 2013). We turn on gas drag using Equations (6) and (7) when planetesimals

enter the planet’s Hill sphere, in order to avoid effects of artificial cutoff at r = rd.

Because the gas density decreases rapidly with increasing distance from the planet,

this assumption does not affect results of our calculations. Gas elements in the disk

are assumed to rotate in circular orbits around the planet with an angular velocity

slightly lower than the Keplerian velocity due to radial pressure gradient. The gas

velocity can be written as

vgas = (1− η)vK, (4.8)

where vK is the Keplerian velocity around the planet at the radial location considered.

Using Equations (4.6) and (4.7), η can be written as (Tanaka et al., 2002)

η =
1

2

h2

r2

(
p+

q + 3

2
+

q

2

z2

h2

)
. (4.9)

When the gas density is given by Equation (4.6), Equation (4.3) can be rewritten

as (Fujita et al., 2013)

ãdrag = −ζr̃−γexp

(
− z̃2

2h̃2

)
ũũ, (4.10)

where h = hd (r/rd)
(3−q)/2 with hd being the scale height at r = rd, γ ≡ p+(3−q)/2,

and ζ is the non-dimensional parameter representing the strength of gas drag defined
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by

ζ ≡ 3

8
√
2π

CD

rsρs

Σd

h̃d

dγ (4.11)

= 3× 10−7CD

(
rs

1km

)−1
(

ρs
1g cm−3

)−1 (
Σd

1g cm−2

)(
h̃d

0.06

)−1 (
d

0.2

)γ

.

We set h̃d ≡ hd/RH = 0.06 in the present work (Tanigawa et al., 2012; Fujita et

al., 2013). Note that the functional form of ζ is similar to the inverse of the Stokes

number St ≡ tstop/Ω
−1
K , where tstop ≡ msu/|F drag| (Fujita et al., 2013). When the

planetesimal size rs is small and/or the gas density is large, ζ takes on a large value

and the planetesimal experiences strong gas drag. Figure 4.2 shows the relationship

between planetesimal radius and gas surface density in a circumplanetary disk for

several values of ζ. In the present work, we consider planetesimals that are large

enough to be decoupled from the inflowing gas, with ζ ≪ 1. When CD, ρs and Σd

are given, ζ corresponds to the size of the planetesimal. Fujita et al. (2013) used

relatively large gas drag parameter (3×10−9 ≤ ζ ≤ 10−4) to examine contribution of

planetesimals to formation of regular satellite. If we assume the gas surface density

based on the gas-starved disk model (Canup & Ward, 2002), the above values of ζ

roughly corresponds to planetesimals with size of ∼ 1m−10km. On the other hand, if

irregular satellites were captured by gas drag from circumplanetary disks, it is most

likely that the capture took place near the last stage of planet formation when the

gas density in the disk was decreasing, because strong gas drag causes rapid orbital

decay of captured planetesimals into the planet, as we mentioned above. Therefore,

in the present work, we assume values of the gas drag parameter smaller than those

used by Fujita et al. (2013), i.e., 10−12 <∼ ζ <∼ 10−9. For example, if the surface density

of the circumplanetary disk is one tenth of the typical value of the gas-starved disk

model, ζ = 10−10 roughly corresponds to rs ≃ 100km.
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Figure 4.2: Relationship between planetesimal radius and the gas surface density at the outer edge
(r = rd) of a circumplanetary disk for a given value of the non-dimensional gas drag parameter ζ.
The numbers show the assumed values of ζ for each case (CD = 1 and ρs = 1g cm−3).

4.2.3 Orbital elements of planet-centered orbits

Once planetesimals are captured by the planet’s gravity, it is convenient to express

their planet-centered orbits using orbital elements based on the two-body problem

for the planet and a planetesimal, although the elements are not constant due to the

effect of the solar gravity. The semi-major axis, eccentricity, inclination, and energy

of a planetesimal in the two-body problem can be expressed in terms of its velocity

v = (v2x + v2y + v2z)
1/2 and orbital angular momentum l (= |l|, where l = (lx, ly, lz)) as

ap =

(
2

R
− v2

GM

)−1

,

ep =

√
1− l2

GM
,

ip = cos−1

(
lz
l

)
,
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E2b =
1

2
v2 − GM

R
= −GM

2ap
. (4.12)

Using scaled quantities such as ṽ ≡ v/(RHΩ) and l̃ ≡ l/(R2
HΩ), they can be written

as

ãp =

(
2

R̃
− ṽ2

3

)−1

,

ep =

√√√√1− l̃2

3ãp
,

ip = cos−1

(
l̃z

l̃

)
,

Ẽ2b =
1

2
ṽ2 − 3

R̃
= − 3

2ãp
, (4.13)

where ãp ≡ ap/RH. Note that ep and ip are not scaled by hH.

Typically, capture of planetesimals due to gas drag from a circumplanetary disk

takes place when they pass through the dense part of the disk in the vicinity of the

planet. In such a case, we can roughly estimate an upper limit of ãp for captured

planetesimals by analytic calculation neglecting the tidal potential. Since the two-

body energy Ẽ2b can be expressed in terms of ãp (Equation (4.13)), the energy in

the three-body problem given by Equation (4.4) can be written as

Ẽ = − 2

3ãp
+

1

2

(
3x̃2 − z̃2

)
+

9

2
, (4.14)

Planetesimals become permanently captured by gas drag when Ẽ < 0. When the

tidal potential can be neglected, this can be rewritten in terms of ãp as

ãp <
1

3
. (4.15)

The above relation suggests that captured planetesimals have ap < RH/3 when their

capture takes place due to energy dissipation in the vicinity of the planet, such as

gas drag from the circumplanetary disk. Although the effect of the tidal potential

is important even within the planet’s Hill sphere when ãp is large and the relation

(4.15) is only an approximate one, our numerical results presented below seem to be

well explained by this relation.
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4.2.4 Three-body orbital integration

Orbital evolution of planetesimals captured due to gas drag can be divided into two

stages (e.g., Ćuk & Burns, 2004). The first stage is temporary capture by the planet,

where planetesimals orbit the planet under its gravity but are not yet gravitationally

bound within the planet’s Hill sphere (Iwasaki & Ohtsuki, 2007; Suetsugu et al.,

2011; Suetsugu & Ohtsuki, 2013). The second stage is orbital decay due to gas drag

after they become gravitationally bound within the Hill sphere. When gas drag is

strong, the first stage is short or even does not exist. However, in the case of weak gas

drag, the above two-stage evolution is important, as we will show below. We define

the duration of temporary capture Ttc by the time interval between a planetesimal’s

first passage of the x̃-axis and the time when Ẽ becomes negative. As for the second

stage, semi-major axes of planetesimals decay rapidly when they enter the inner,

dense part of the circumplanetary disk, but we are interested in planetesimals that

stay on orbits with ãp >∼ 0.1 for a long period of time, because most of the irregular

satellites of giant planets have ãp ≃ 0.1 − 0.5 (e.g., Jewitt & Haghighipour, 2007).

Therefore, we define the duration of the second stage of the orbital evolution of

planetesimals (Tdecay) by the interval between the time when Ẽ becomes negative

and the time when ãp becomes smaller than 0.1.

We integrate a large number of orbits by numerically solving Equation (4.1) with

the eighth-order Runge-Kutta integrator (see Suetsugu et al. (2011) and Fujita et

al. (2013) for details of orbital calculation). Initially, planetesimals are uniformly

distributed radially, and in the case where they initially have non-zero orbital eccen-

tricities (ẽ = e/hH) or inclinations (̃i = i/hH), their initial horizontal and vertical

phase angles (τ, ω) are also uniformly distributed. The initial azimuthal distance

of the guiding center is set to ỹ0 = max(100, 20ẽ), which is large enough to neglect

mutual gravity between the planet and the planetesimal. In order to evaluate rates

of capture with high accuracy, we divide our numerical simulation into two steps

(Ohtsuki, 1993; Ohtsuki & Ida, 1998; Suetsugu et al., 2011). In the first step calcula-
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tion, initial orbital elements are given with relatively coarse grids with respect to the

difference in semi-major axis between the planet and the planetesimal and the phase

angles, and we search for orbits entering within a critical distance r̃crit = max(3, ẽ)

from the planet. In the second step, we set finer grids in the vicinity of orbits found

in the first step calculation, and perform orbital integration to evaluate capture rates

and other quantities of captured planetesimals (see below). Orbital integration in

the first-step calculations is terminated when one of the following three conditions is

met: (a) The distance between the planetesimal and the planet becomes large enough

again. (b) Collision between the planetesimal and the planet is detected; we assume

that the physical size of the planet (Rp) relative to its Hill radius, R̃p ≡ Rp/RH, is

0.001, which corresponds to the planet’s size at Jupiter orbit. (c) The energy of the

planetesimal becomes negative within the planet’s Hill sphere. As for the second-step

calculation, in some cases where we evaluate only capture rates, we use the above

criteria (a) to (c). However, in cases where we examine orbital evolution after cap-

ture, we use the following alternative criterion instead of (c): (c’) The semi-major

axis of the planetesimal ãp becomes smaller than 0.1.

From results of orbital calculation, we obtain non-dimensional capture rates per

unit surface number density of planetesimals for given r̃p defined as (Suetsugu et al.,

2011; Fujita et al., 2013)

Pcap =
∫

pcap(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
, (4.16)

where b̃ = b/RH = (a−a0)/RH is the initial semi-major axis of planetesimals relative

to the planet scaled by the planet’s Hill radius, and we set pcap = 1 for captured orbits

with Ẽ < 0 and zero otherwise. Using Pcap, the capture rate in a dimensional form

is written as PcapnsR
2
HΩ, where ns is the surface number density of planetesimals. In

Section 4.3, we present numerical results of capture rates in the case where planetes-

imals’ radial distribution is assumed to be uniform, and the effect of non-uniform

distribution is briefly described in Appendix (see also Fujita et al., 2013).

We also calculate the number of revolutions around the planet during temporary
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capture (winding number Nw; Kary & Dones 1996; Iwasaki & Ohtsuki 2007). When

a planetesimal crosses the x̃- or ỹ-axis in the prograde direction around the planet

(e.g. when it crosses the ỹ > 0 part of the ỹ-axis from the region with x̃ > 0 to

x̃ < 0), 0.25 is added to Nw, while the same amount is subtracted from Nw when it

crosses the axes in the retrograde direction. After the planetesimal’s last passage of

the x̃-axis during the phase of temporary capture, Nw is re-defined by its integer part,

so that it represents the number of revolutions around the planet. If Nw is positive

(negative), temporary capture is called prograde (retrograde). Using Nw, we define

the signed mean orbital period Tm about the planet during temporary capture as

Tm = Ttc/Nw, (4.17)

where Tm is positive or negative, depending on the sign of Nw. The signed mean

orbital period provides us with information about the direction of orbits around the

planet and their mean semi-major axes during temporary capture, and can be used to

classify types of temporary capture orbits (Suetsugu et al., 2011). If a planetesimal

orbits the planet on a stable Keplerian orbit with a semi-major axis ap, we have

|Tm|/T =
√
ã3p/3, (4.18)

where T is the planet’s orbital period. If tidal effects can be neglected, from Equa-

tion (4.15), permanently captured planetesimals are expected to have ãp < 1/3,

while ãp > 1/3 for temporarily captured planetesimals. Therefore, planetesimals on

temporary capture orbits are expected to have

|Tm|/T > 1/9. (4.19)

4.3 Capture rates

Figure 4.3 shows the plots of the capture rates for several values of the gas drag

parameter, as a function of planetesimals’ initial eccentricity. Panels (a) and (b) show

results in the prograde and retrograde cases for coplanar orbits (̃i = 0), respectively.
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Figure 4.3: Rates of permanent capture of planetesimals by the circumplanetary disk, as a function
of planetesimals’ initial heliocentric orbital eccentricity scaled by hH. Panels (a) and (b) show the
coplanar case with ĩ = 0, and Panels (c) and (d) represent the case of inclined orbits with ĩ = ẽ/2.
Rates of capture into prograde orbits are shown in (a) and (c), while those in the case of retrograde
capture shown in (b) and (d).

In the case of relatively strong gas drag (ζ >∼ 5×10−10), capture typically takes place

in a single encounter with the planet. In this case, the capture rate hardly depends

on the eccentricity in the shear-dominated regime (i.e., ẽ <∼ 1), where relative velocity

between the planetesimal and the planet is dominated by the Kepler shear, while it

monotonically decreases with increasing eccentricity for ẽ > 1, because the effect

of gravitational focusing by the planet weakens in the dispersion-dominated regime

(Fujita et al., 2013). On the other hand, in the case of weak gas drag (ζ <∼ 10−10),

the dependence of capture rates on eccentricity is different, and prograde capture

occurs only in a narrow range of ẽ at 1 <∼ ẽ <∼ 4. This is because long-lived prograde

temporary capture occurs only at ẽ ≃ 3 (Suetsugu et al., 2011; Suetsugu & Ohtsuki,

2013), and permanent capture via such temporary capture phase is dominant when

gas drag is weak.
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Figure 4.3(b) shows the rates of capture in the retrograde direction. When

ζ >∼ 10−10, permanent capture typically takes place in a single encounter with the

planet, thus the dependence of the capture rates on eccentricity is similar to the

case of strong gas drag shown by Fujita et al. (2013). Prograde permanent capture

requires the assist of temporary capture phase when ζ <∼ 5× 10−10, while permanent

capture without the phase of temporary capture in the retrograde direction is still

common when 10−10 <∼ ζ <∼ 5×10−10, because relative velocity between planetesimals

and the gas disk is sufficiently large in the retrograde case. In the case of still weaker

gas drag (ζ <∼ 5×10−10), capture rates have a peak at ẽ ≃ 0.7−1. Planetesimals with

relatively low energy (Ẽ ≃ 1.5− 2) can enter the Hill sphere when ẽ >∼ 0.5, and they

become long-lived capture orbits due to stabilization by weak gas drag. However,

temporary capture orbits with low energy disappear in the dispersion-dominated

regime with ẽ ≥ 1, because planetesimals approaching the planet have relatively

high energy. Consequently, retrograde capture rates have a peak at ẽ ≃ 0.7 − 1.

Suetsugu et al. (2011) found that long-lived, large temporary capture orbits outside

of the planet’s Hill sphere are common for large value of ẽ (> 3). However, the

energy of this type of orbits (called type-E orbits) is too large for them to become

permanent capture orbits with weak gas drag. In fact, we performed integration of

2 × 108 orbits with ẽ = 10 for ζ = 10−9, 5 × 10−10, and 10−10, but did not find any

permanently captured orbits.

Figures 4.3(c) and (d) show results for initially inclined orbits with ĩ = ẽ/2.

Figure 4.3(c) shows the prograde case. In the case of the shear-dominated regime,

planetesimals can be captured when gas drag is strong, but capture does not take

place with weak gas drag (ζ < 5 × 10−10), because planetesimals in this velocity

regime do not undergo the phase of temporary capture. When planetesimals’ eccen-

tricities become large, planetesimals penetrate the disk nearly vertically and suffer

from significant gas drag only for a short period of time, and even temporary capture

is not helpful because the amount of energy dissipation is rather small. Therefore,
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the capture rates rapidly decrease and eventually disappear with increasing eccen-

tricity (Figure 4.3(c)). In the case of retrograde capture, general behavior is similar

to the coplanar case when their eccentricities are small (Figure 4.3(d)). Planetes-

imals approaching in the retrograde direction can be easily captured due to large

relative velocity. Moreover, even weak gas drag can lead planetesimals to permanent

capture, because long-lived capture orbits appear at ẽ ≃ 0.7. When planetesimals’

orbital inclinations are large, retrograde capture rates also decrease rapidly because

of insufficient energy dissipation.

In the above calculations, we find that some types of permanently captured orbits

are rather long-lived under the effect of weak gas drag, and there are such long-lived

orbits both in the prograde and retrograde cases. In Section 4.4, we will examine

their orbital behavior in detail.

4.4 Long-lived capture orbits in the circumplanetary disk

4.4.1 Examples of capture orbits

Figure 4.4 shows an example of long-lived orbits of planetesimals captured by gas

drag in the prograde direction. The four panels show orbital behavior at four different

phases of evolution of an orbit with initial eccentricity of ẽ = 3. In the case of orbits

with ẽ ≃ 3 in the gas-free environment, it has been shown that planetesimals can

enter the planet’s Hill sphere through the vicinity of the Lagrangian points (L1 or L2)

and become temporarily captured in the prograde direction for a long time (Suetsugu

et al., 2011; Suetsugu & Ohtsuki, 2013). Because the shape of the region swept by the

orbit becomes similar to that of the Hill sphere, Suetsugu et al. (2011) called such a

type of temporary capture orbit the type-H orbit. Figure 4.4(a) shows that capture

from heliocentric orbits to long-lived planet-centered orbits similar to the type-H

temporary capture orbits is possible also in the case with gas drag. During this phase

of temporary capture, the planetesimal’s radial distance from the planet oscillates

rapidly, but it remains larger than about 0.005 RH(= 5R̃p), and the planetesimal
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Figure 4.4: Evolution of a long-lived prograde captured orbit (b̃ = 4.885294, ẽ = 3, ĩ = 0, τ =
0.019716, ζ = 10−10). Each panel shows orbital behavior for a period of ∼ 20TK at different
stages of the evolution of the same orbit in the rotating coordinate system centered on the planet.
The lemon-shaped curve shows the planet’s Hill sphere. (a) During temporary capture (t ≃ 0TK),
(b) immediately after the planetesimal becomes permanently captured (t ≃ 300TK), (c) at an
intermediate stage where the orbit is shrinking due to gas drag (t ≃ 8000TK), and (d) immediately
before its semi-major axis becomes smaller than 0.1 times the planet’s Hill radius (t ≃ 16000TK).

avoids penetrating the dense part of the circumplanetary disk (Figure 4.5(a)). As

a result, the planetesimal loses its energy rather slowly, and becomes permanently

captured in about 300TK (Figure 4.5(b)). Figures 4.4(b), (c), and (d) show snapshots

of the orbital evolution after the planetesimal becomes permanently captured. The

semi-major axis of the orbit gradually decreases as the planetesimal loses angular

momentum due to gas drag (Figure 4.5(c)). Also, the shape of the region swept

by the orbit becomes nearly circular, because the shape of the equipotential surface

becomes nearly asymmetric in the vicinity of the planet with decreasing effect of the

tidal potential. The eccentricity of the orbit remains rather high (Figure 4.5(d)), and

the orbit continues regression due to the effect of the solar gravity.
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Figure 4.5: Upper panels show changes of radial distance from the planet (a) and energy (b) of a
temporarily captured planetesimals in the prograde direction (the one shown in Figure 4.4), as a
function of time. Lower panels show changes of semi-major axis (c) and eccentricity (d) of the same
orbit for a longer period of time.

Generally speaking, planetesimals approaching a circumplanetary disk in the ret-

rograde direction can be easily captured because of their large velocity relative to

the gas, and captured planetesimals spiral into the planet rather quickly (Fujita et

al., 2013). However, we find that long-lived retrograde capture orbits exist when

planetesimals’ initial heliocentric orbit have ẽ ≃ 0.7 − 1. In this case, planetesi-

mals experience the phase of temporary capture before they become permanently

captured, as in the prograde case. Figure 4.6 shows an example of such long-lived

retrograde capture orbits. The four panels show orbital behavior at four different

phases of evolution of an orbit with initial eccentricity of ẽ = 0.7. Figure 4.6(a)

shows the orbital behavior during the phase of temporary capture. Suetsugu et al.

(2011) found that the types of temporary capture orbits can be classified into four

groups depending on the energy and Tm. In the case of planetesimals captured into
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Figure 4.6: Same as Figure 4.4, but the case of capture in the retrograde direction (b̃ = 2.737524,
ẽ = 0.7, ĩ = 0, τ = 5.777929, ζ = 10−10). Orbital evolution for a period of ∼ 20TK is shown for (a)
t ≃ 0TK, (b) t ≃ 3700TK, (c) t ≃ 7400TK and (d) t ≃ 12600TK.

the above long-lived retrograde orbits under gas drag, we find that their energy be-

comes in the range of 1.5 <∼ Ẽ <∼ 2 after a close encounter with the planet. This type

of long-lived temporary capture orbits were not found in the previous study in the

gas-free environment (Suetsugu et al., 2011). Therefore, the assistance of gas drag is

essential for this type of capture. The planetesimal undergoes a close encounter with

the planet at t ≃ 4TK from the beginning of the phase of the temporary capture, and

its energy is reduced by a small amount due to the passage of the dense part of the

circumplanetary disk (r̃ ≃ 2R̃p) at this event (Figures 4.7(a) and (b)). This energy

dissipation transfers the planetesimal into the temporary capture orbit. During this

phase, its radial distance from the planet remains larger than 0.02RH(= 20Rp) and

the planetesimal does not penetrate into the dense part of the disk any more (Fig-

ures 4.7 (a) and (c)). As a result, the planetesimal’s energy decreases slowly, and it
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takes more than 3000TK before it becomes negative and the planetesimal becomes

permanently captured (Figure 4.7(d)). After permanently captured, its semi-major

axis gradually decreases due to gas drag while eccentricity remains rather high (Fig-

ures 4.7(e) and (f)), showing evolution of the orbital shape similar to the prograde

case (Figure 4.6(c) and (d)). The timescale of the orbital evolution is much longer

than the case of strong gas drag. In the case shown here, the planetesimal remains

in the region with ãp > 0.1 for more than 104TK.

Figure 4.7: Changes of radial distance from the planet (Panels (a) and (c)) and energy (Panels
(b) and (d)) of a temporarily captured planetesimal in the retrograde direction (the one shown in
Figure 4.6). Panels (a) and (b) show the initial evolution for 0 ≤ t ≤ 40TK, and Panels (c) and (d)
show the full evolution until the planetesimal becomes permanently captured. Bottom panels show
changes of semi-major axis (e) and eccentricity (f) of the same orbit.
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4.4.2 Characteristics of long-lived capture orbits

In our previous study on temporary capture of planetesimals in the gas-free envi-

ronment, we showed that temporary capture orbits can be classified into four types

by the energy of planetesimals Ẽ and their mean orbital period during temporary

capture Tm (Suetsugu et al., 2011). Here, we perform similar analysis in order to ex-

amine whether long-lived orbits in the circumplanetary gas disk can also be classified

by Tm and Ẽ.

Figure 4.8(a) shows the plots of Tm as a function of Ẽ for several values of the gas

drag parameter in the case of long capture in the prograde direction (ẽ = 3). We find

that all the points are clustered in the range of 0.2 <∼ Tm/TK
<∼ 0.25. Suetsugu et al.

(2011) found that long-lived prograde capture in the gas-free environment (type-H

orbit) takes place at a very narrow range of ẽ around ẽ = 3 and the capture orbits in

such a case have Tm/TK ≃ 0.2− 0.3. In fact, also in the present case with weak gas

drag, planetesimals with low energy (say, Ẽ < 0.1) can become captured into long-

lived prograde orbits when ẽ ≃ 3. Thus, the cluster of orbits with very low energy

(Ẽ < 0.06) in Figure 4.8(a) represent the case where planetesimals undergo tempo-

rary capture into type-H orbits and then they become permanently captured due to

gas drag. We confirmed this by inspecting the shape of these orbits (Figure 4.4). On

the other hand, we also note that there are another group of orbits in Figure 4.8(a)

that have a similar mean orbital period, but with significantly higher energy than

the type-H orbits. The orbital shape of this type of orbits during temporary capture

is similar to the one shown in Figure 12 (a) of Iwasaki & Ohtsuki (2007). This type

of temporary capture orbits are rather short-lived in the gas-free environment, but

they become relatively long-lived temporary capture orbits, due to effect of gas drag.

Most of this type of orbits become permanently captured (i.e., Ẽ becomes negative)

by gas drag within 102TK. We also examined the orbital decay timescale Tdecay after

planetesimals on the above temporary capture orbits become permanently captured

(Figure 4.8(b)). We find that planetesimals captured into type-H orbits can sur-
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vive in the circumplanetary disk for more than 103TK in the cases of the gas drag

parameter assumed here. On the other hand, planetesimals that were on the other

type of prograde temporary capture orbits with slightly higher energy can stay in the

region with ãp > 0.1 for less than 103TK. Therefore, unless the circumplanetary disk

disappears quickly, it seems difficult for planetesimals on the latter type of orbits to

contribute to the origin of the irregular satellites significantly.
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Figure 4.8: (a) Mean orbital period (Tm) during temporary capture about the planet in the prograde
direction as a function of the initial energy of planetesimals (ẽ = 3). Squares, circles and triangles
show results for ζ = 5× 10−10, 10−10, and 5× 10−11, respectively. In order to remove rather short-
lived chaotic capture orbits that we are not interested in, here we have selected those orbits that
have Ttc ≥ 100TK and eventually become permanently captured due to gas drag. (b) Timescale for
orbital decay of planetesimals (Tdecay) after they become permanently captured, as a function of Ẽ
(ẽ = 3). The meaning of the marks are the same as in Panel (a). We have removed those orbits
with Ttc < 20TK, because such orbits are rather short-lived in the circumplanetary disk, typically
with Tdecay ≤ 102TK.

We also examined Ẽ, Tm, and Tdecay for long-lived temporary capture orbits in

the retrograde direction in the circumplanetary gas disk. In this case, we find that

long-lived temporary capture orbits can be divided into two types by Tm, one group

with −0.14 <∼ Tm/TK
<∼ −0.12, and another one with −0.19 <∼ Tm/TK

<∼ −0.17 (Fig-

ures 4.9(a) and (b)). We find that those orbits in the former group are long-lived in

the circumplanetary disk with Tdecay ≃ 102 − 105TK, while those in the latter group

are rather short-lived with Tdecay < 102TK (Figure 4.9(c)). Most of the orbits in

the former group have orbital shapes similar to the one shown in Figure 4.6, which

was not found in the gas-free case (Suetsugu et al., 2011). When the eccentricity of
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initial heliocentric orbits of planetesimals is small (ẽ <∼ 0.5), this type of long-lived

capture orbits appear only when gas drag is relatively strong. On the other hand,

when ẽ > 0.5, capture via the above type of orbits takes place even with weak gas

drag. This can be explained by the difference in the initial energy of planetesimals

approaching the planet. As mentioned above, planetesimals can be captured into the

long-lived orbits if they lose energy by gas drag in a close encounter with the planet

to have Ẽ ≃ 1.5−2 (Figures 4.7(a) and (b)). In the case of planetesimals initially on

nearly circular orbits, they must undergo large energy dissipation in order to become

captured into the above long-lived capture orbits, because their initially energy is

significantly higher. When planetesimals have relatively large eccentricities, on the

other hand, planetesimals with large initial b̃ have sufficiently low energy so that they

become captured into long-lived orbits even with weak gas drag.

The other type of temporary capture orbits in the retrograde direction under

gas drag with −0.19 <∼ Tm/TK
<∼ − 0.17 (Figure 4.9(b)) are rather short-lived after

permanently captured (Figure 4.9(c)). In the gas-free case, Suetsugu et al. (2011)

showed that a type of retrograde temporary capture orbits with Tm/TK from −0.3 to

−0.2 are rather long-lived, and called them apple type orbits or type-A orbits from the

shape of the orbits. We find that the shape of the orbits with−0.19 <∼ Tm/TK
<∼ −0.17

in Figure 4.9(b) is similar to the type-A temporary capture orbits. The values of |Tm|

for this group of orbits under gas drag is smaller than that of the type-A temporary

capture orbits in the gas-free environment, because their semi-major axes decrease

due to gas drag during temporary capture. These planetesimals become captured into

type-A orbits and undergo a rather long phase of temporary capture, and then pass

through a dense part of the disk and spiral into the planet quickly. As a result, they

are short-lived after permanently captured (Figure 11), and it is unlikely that the

contribution of this type of orbits to the origin of the irregular satellites is significant.
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Figure 4.9: Panels (a) and (b) are the same as Figure 4.8(a), but the retrograde case with (a)
ẽ = 0.1 and (b) ẽ = 0.7 are shown, respectively. Squares, circles, triangles and inverted triangles
show the results for ζ = 5 × 10−10, 10−10, 5 × 10−11, and 5 × 10−12, respectively. (c) Tdecay as
a function of Tm in the case of planetesimals captured into retrograde orbits with weak gas drag
(ẽ = 0.7). The meaning of the marks are the same as in Panel (a) and (b). We have removed those
orbits with Ttc < 20TK, because they are rather short-lived in the circumplanetary disk.

4.5 Orbital elements of captured planetesimals and implica-
tion for the origin of irregular satellites

In Section 4.4, we have shown that there are certain types of prograde and retrograde

orbits that can survive in the circumplanetary disk for as long as 103 − 105TK under

weak gas drag. Planetesimals on these orbits eventually spiral into the planet if

they keep losing energy due to gas drag, even if the drag force is weak. However,

they can survive in the disk if the dispersal of the disk takes place before they spiral

into the planet. If a giant planet grows large enough to open a complete gap in

the protoplanetary disk, the infall onto the circumplanetary disk is cutoff on a short

timescale (102 − 104 years; Sasaki et al., 2010). On the other hand, if the mass of
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a giant planet is too small to open a gap, the dispersal of the circumplanetary disk

takes place on a longer timescale (∼ 106 years) for the dispersal of the protoplanetary

disk as a whole. Here, we examine effects of gradual dispersal of the circumplanetary

gas disk on the characteristics of planet-centered orbits of captured planetesimals.

We take account of the dispersal of the circumplanetary disk in our orbital inte-

gration by assuming that the gas drag parameter ζ is now given as a function of time

as

ζ(t) = ζiniexp
(
− t

τdis

)
, (4.20)

where ζini is the initial value of the gas drag parameter and τdis is the timescale of

the dispersal of the circumplanetary disk. In the numerical integration of each orbit,

we set t = 0 when the planetesimal crosses the x̃-axis for the first time, i.e., at the

beginning of the temporary capture phase. Because the mechanism and timescale of

dispersal of circumplanetary disk are not well understood and likely to be different

among the giant planets, we perform simulations with different combinations of τdis

and ζini, and examine the dependence on these parameters. Integration of the orbits

of captured planetesimals is continued until t = τdis to examine the effect of the

disk dispersal. In some cases, integration was continued until t = 2τdis, but the

final distribution of the orbital elements of captured planetesimals was similar to the

former case, because the evolution of the orbits due to gas drag becomes significantly

slower with decreasing gas density. Because this new criterion for the termination of

orbital integration has been introduced in the present case with disk dispersal, here

we do not adopt the previous criterion (c’) for the termination, i.e., now integration

is continued even when ãp < 0.1.

First, we show results of capture into retrograde orbits, which takes place with

significant frequency even in the case of inclined orbits (Figure 4.3(d)). Figures

4.10(a) and (b) show the distribution of eccentricities and inclinations of planet-

centered orbits of captured planetesimals at t = τdis as functions of their semi-
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Figure 4.10: Distribution of orbital elements of captured planetesimals at t = τdis. Panels (a) to (d)
show results for planetesimals captured into retrograde orbits (ẽ = 0.7 and ĩ = 0.35). Panels (a) and
(b) are the results for ζini = 10−9, while Panels (c) and (d) are those for ζini = 5× 10−11. Crosses,
circles and triangles show the results for τdis = 102, 103, and 104TK, respectively. (e) Distribution
of eccentricities of planetesimals captured into prograde orbits from heliocentric orbits with ẽ = 3,
ĩ = 0 (ζini = 10−9). Crosses and triangles show the result for τdis = 102 and 104TK, respectively.

major axes, in the case of initial heliocentric orbits with ẽ = 0.7 and ĩ = 0.35, and

ζini = 10−9. Different marks represent results for different values of τdis. Most of

planetesimals experienced the phase of temporary capture for a rather long period of

time (Figure 4.11). Those captured into orbits with small semi-major axes tend to

experience a short period of temporary capture because they become permanently

captured easily due to strong gas drag, while those captured in outer regions tend

to have longer Ttc. Because planetesimals on long-lived orbits avoid passing through

the dense part of the disk and the gas density decreases gradually, changes of their
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orbital elements proceed rather slowly, the rates of change depending on τdis. When

τdis is short, captured planetesimals tend to retain larger eccentricities, because they

interact with the disk only for a short period of time. In the cases with longer τdis,

eccentricities become smaller. Also, the number of survived planetesimals decreases

significantly because many of captured planetesimals spiral into the planet before

t = τdis. On the other hand, the range of inclinations seems less dependent on τdis,

because the timescale of damping of inclinations is longer.
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Figure 4.11: Relationship between the semi-major axis and temporary capture time for planetesi-
mals captured into retrograde orbits (ẽ = 0.7, ĩ = 0.35, τdis = 100TK). Crosses, circles and triangles
show the results for ζ = 5× 10−9, 10−9, and 5× 10−10, respectively.

Figures 4.10(c) and (d) show the plots similar to (a) and (b) but for weaker gas

drag with ζini = 5 × 10−11. Because of the weaker gas drag, planetesimals need to

interact with the gas disk for a longer time to dissipate sufficient amount of energy

to become captured. Therefore, planetesimals are not captured when τdis = 102TK,

while they are captured when τdis = 103TK and 104TK. We note that captured

planetesimals have relatively large semi-major axes in the case of τdis = 103TK and,
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in fact, this reflects the effect of disk dispersal. As shown in Figure 4.11, planetesimals

captured into larger orbits tend to have a longer period of temporary capture before

permanently captured, while those captured on smaller orbits become permanently

captured and start spiraling into the planet more quickly. As a result, only those

captured in the outer regions remain at t = τdis. If the disk dispersal is not taken

into account, the distribution in the case of τdis = 103TK becomes similar to the case

with τdis = 104TK. We also examined the case of prograde capture of planetesimals

from heliocentric orbits with ẽ = 3 and ĩ = 0 (Figure 4.10(e)). We found that the

basic features are similar to the retrograde case. However, if should be noted that

rates of capture into prograde orbits significantly decrease when planetesimals have

non-zero orbital inclinations (Figure 4.3(c)).

One notable feature common in the prograde and retrograde cases is that there

seems to be an upper limit for the values of the semi-major axes of captured planetes-

imals at about ãp ≃ 0.35. This is consistent with our analytic consideration described

in Section 4.2.3, where we showed that ãp < 1/3 is expected for permanently cap-

tured planetesimals. This analytic relation was derived neglecting tidal effects and is

only an approximate one, but our numerical results show that planetesimals cannot

be captured into large planet-centered orbits with ap >∼ 0.4RH when capture by cir-

cumplanetary disks that have structures assumed in the present work is considered.

This may also be understood by an apparent limit on the apo-center distance of the

orbits of captured planetesimals, as follows. When a planetesimal is captured by the

planet into an orbit with a semi-major axis ap, usually its orbit is highly elongated

and the eccentricity is close to unity. As a result, while the orbit continues regression

due to the solar gravity, the orbit sweeps the region with r <∼ 2ap. On the other

hand, the planet’s Hill sphere is lemon-shaped and its minor axis in the azimuthal

direction is (2/3)RH. When the planetesimal has ap < RH/3, it can stay within the

Hill sphere and would be able to avoid strong perturbation by the solar gravity.

As we have mentioned before, the outcomes of the above simulations depend on τdis
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Figure 4.12: Relative efficiency of capture of planetesimals into planet-centered retrograde orbits
by the circumplanetary disk is shown on the ζini − τdis plane (ẽ = 0.7 and ĩ = 0.35). For a given
combination of ζini and τdis, we examine the number of captured planetesimals (ncap) that remain
in the disk at t = τdis and have with ãp > 0.1. Then, the number is scaled by its non-zero minimum
value, ncap,min (ncap,min = 9 for ζini = 5 × 10−11, τdis = 103). Different marks represent different
ranges of values ncap/ncap,min. Double circles, circles, triangles, and crosses are ncap/ncap,min ≥ 103,
102 ≤ ncap/ncap,min < 103, 1 ≤ ncap/ncap,min < 102, and ncap = 0.

and ζini. We performed simulations with various combinations of these parameters,

and examined their range that allows survival of a significant number of captured

planetesimals at t = τdis. Figure 4.12 summarizes the results of simulations on the

ζini − τdis plane. The numbers of survived planetesimals change depending on the

combinations of τdis and ζini, and in some cases no planetesimals survived. Here,

the combinations of τdis and ζini are divided into four groups, depending on the

relative number of survived planetesimals. We find that survival of a significant

number of planetesimals can be expected when τdis <∼ 103 and ζini >∼ 5 × 10−9. In

the case of τdis = 104TK, those planetesimals captured into rather long-lived orbits

can avoid spiraling into the planet and survive in the disk, but the total number

decreases compared to the case with τdis = 103TK. On the other hand, when both
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τdis is very short and ζini is too small, no planetesimals are captured because the

effect of gas drag is too weak. Although we did not examine cases with ζini ≥ 10−8,

such cases with too strong gas drag are also expected to show significantly reduced

number of survived planetesimals because of rather rapid orbital decay. Therefore,

there seems to be a range of ζini (a range of planetesimal sizes ) for which survival of

captured planetesimals is most promising for a given value of τdis. We also performed

simulations with ẽ = 0.1 and ĩ = 0.05. The results are similar to the above case

with ẽ = 0.7 and ĩ = 0.35, but we find that planetesimals are not captured when

ζ = 5 × 10−11 in this case, because long-lived temporary capture is rare in such a

low-velocity case.

4.6 Summary and discussion

Previous studies on gas drag capture of irregular satellites suffered from the problem

of rapid orbital decay of captured planetesimals in the circumplanetary disk, but

detailed orbital integration of capture of planetesimals from their heliocentric orbits

has not been done before. In the present work, in order to examine if irregular satel-

lites of giant planets can be captured by weak gas drag from waning circumplanetary

disks near the end stage of giant planet formation, we performed three-body orbital

integration for the capture of planetesimals and their subsequent orbital evolution in

the circumplanetary disks under the influence of weak gas drag. We focused on the

case of large planetesimals that are decoupled from the gas inflow to the planet and

assumed axisymmetric circumplanetary disks, which is a reasonable assumption for

such large bodies.

We found that capture process of planetesimals depends on the strength of gas

drag. In the case of relatively strong gas drag, capture typically takes place in a

single encounter with the planet (Fujita et al., 2013). On the other hand, permanent

capture via temporary capture phase is dominant when gas drag is weak. Temporarily

captured planetesimals interact with the circumplanetary disk many times, thus even
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weak gas drag can lead to permanent capture. We found that there are certain types

of capture orbits in both prograde and retrograde directions about the planet that

allow survival of captured planetesimals in the circumplanetary disk for a long period

of time under weak gas drag. In both cases, planetesimals on such long-lived orbits

first experience a phase of temporary capture and avoid passing through the dense

part of the disk in the vicinity of the planet. After permanently captured, their semi-

major axes gradually decrease due to gas drag while eccentricities remain rather high.

The slow orbital decay allows captured planetesimals to stay within the disk for a

long time, and they may be able to survive as irregular satellites if the circumplan-

etary gas disk dispersed before they finally spiraled into the planet. We examined

effects of gradual dispersal of the circumplanetary gas disk on the characteristics of

long-lived orbits of captured planetesimals. One notable feature common in the pro-

grade and retrograde cases we found is that there seems to be an upper limit for the

values of the semi-major axes of captured planetesimals at about ap ≃ 0.35RH, which

seems to be explained by a simple analytic consideration. We found that final distri-

bution of planet-centered orbits of captured planetesimals depends on the strength

of gas drag and timescale of disk dispersal. When the gas drag is strong and the disk

dispersal takes place in a short timescale, a significant number of planetesimals can

survive as irregular satellites. On the other hand, if the timescale of disk dispersal is

rather long, the number of survived planetesimals decreases, because many of cap-

tured planetesimals spiral into the planet before the disk dispersal. When gas drag is

too weak and the timescale for the disk dispersal is too short, no planetesimals sur-

vive, because the capture via the long phase of temporary capture does not work in

such a case. Since the timescale of disk dispersal is likely to be different among giant

planets, our results suggest that efficiencies of gas drag capture are also expected to

be different among the planets.

Finally, we compare our results and observed orbital elements of irregular satel-

lites. Irregular satellites have a/RH values between 0.1 and 0.5 (Jewitt & Haghigh-
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ipour, 2007; Bottke et al., 2010). However the prograde irregular satellites have

smaller semi-major axes (0.1−0.3RH) than the retrograde ones (0.2−0.5RH). Their

eccentricity values range 0.1 < ep < 0.7. In the case of inclination, the region

60◦ < i < 120◦ contains no satellites due to Kozai resonance (Nesvorný et al., 2003).

The final distribution of captured planetesimals obtained from our numerical simu-

lations show that eccentricities are slightly larger and semi-major axes are slightly

smaller compared to observed distributions (Figure 4.10). Although the difference in

eccentricities may be explained by subsequent evolution such as collisions between

captured planetesimals (Nesvorný et al., 2003; Bottke et al., 2010, 2013), it is difficult

to explain capture of retrograde irregular satellites with large semi-major axes by the

gas drag capture model. Therefore, other capture models, such as those based on

purely gravitational interactions, seem to be required for the capture of such irregular

satellites.
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Chapter 5

Distribution of captured
planetesimals in circumplanetary
disks

5.1 Introduction

When growing giant planets become massive enough by capturing gas from the pro-

toplanetary disk, circumplanetary disks are formed around the planets. Regular

satellites of giant planets have nearly circular and coplanar prograde orbits, and are

thought to have formed in the circumplanetary disks (Canup & Ward, 2009; Estrada

et al., 2009). Therefore, clarification of the origin of regular satellites would lead to

constraint the formation processes of giant planets.

Recent theoretical studies including high-resolution hydrodynamic simulations of

gas flow around growing giant planets have significantly advanced our understanding

of their formation processes. Canup & Ward (2002) proposed the so-called gas-

starved disk model for the formation of regular satellites of giant planets, where

the satellites are formed in waning circumplanetary disk of gas and solids at the

very end stage of giant planet formation. Canup & Ward (2006) performed N-body

simulation of satellite formation based on the above model, and showed that mass

fraction of satellite system relative to the host planet is regulated to ∼ 10−4, which is

consistent with observations. Later studies revised the above model to try to explain

the difference between the satellite systems of Jupiter and Saturn (Sasaki et al.,
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2010; Ogihara & Ida, 2012). For example, Ogihara & Ida (2012) performed N-body

simulation, and found that several large satellites are captured into mutual mean

motion resonance, like Galilean satellites of Jupiter. However, their simulations failed

to reproduce the satellite system of Saturn, i.e., only one big satellite in the system.

Diversity in satellites systems would be explained by differences in distributions of

gas and solid materials in circumplanetary disks (Ogihara & Ida, 2012). Although

recent studies based on hydrodynamic simulations have significantly advanced our

understanding of the distribution of accreting gas in circumplanetary disks (Machida

et al., 2008; Tanigawa et al., 2012), distribution of solid materials in circumplanetary

disks have been poorly understood. Therefore, in the above simulations of satellite

accretion, the initial distribution of solid bodies in the disk is usually assumed based

on a rather simple model.

Since giant planets were formed by capturing gas from the protoplanetary disk,

gas drag on solid bodies play various important roles in the formation of the planets

as well as their satellites systems. For example, in the growth of the solid cores

of giant planets by planetesimals accumulation, gas drag from atmospheres of large

protoplanets enhances their growth rates significantly (Inaba & Ikoma, 2003; Tani-

gawa & Ohtsuki, 2010). Some of the irregular satellites of the giant planets would

have been captured by gas drag from circumplanetary disks (Pollack et al., 1979;

Ćuk & Burns, 2004). Regular satellites are formed by accretion of solid bodies in the

circumplanetary disk. Canup & Ward (2002) assumed that major building blocks of

the satellites are meter-sized or smaller bodies that are brought to the disk with the

gas inflow from the protoplanetary disk. Possible contribution of larger planetesimals

that are decoupled from the inflowing gas has been briefly discussed (Canup & Ward,

2009; Estrada et al., 2009), but was not studied in detail.

Recently, supply of solid bodies to circumplanetary disks has been studied using

detailed orbital integration. Assuming an axisymmetric structure for the circum-

planetary disk, Fujita et al. (2013) performed three-body orbital integrations and
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examined capture of planetesimals from their heliocentric orbits to the circumplan-

etary disk. They found that planetesimals approaching the circumplanetary disk in

the retrograde direction (i.e., in the direction opposite to the motion of the gas in

the disk) are more easily captured by gas drag, because of the larger velocity relative

to the gas. They also obtained the capture radius for planetesimals on prograde

and retrograde orbits, respectively, within which planetesimals become captured by

a single encounter with the disk. However, Fujita et al. (2013) did not examine sub-

sequent orbital evolution of captured planetesimals. More recently, Tanigawa et al.

(2014) examined capture process of solid materials with various sizes, using results

of hydrodynamic simulations of gas flow around a growing giant planet (Tanigawa

et al., 2012) and three-body orbital integration for initially circular orbits. They

found that distance from the planet when the planetesimal is captured by the cir-

cumplanetary disk decreases with increasing planetesimal sizes. However, they did

not obtain the distribution of captured solid bodies in the disk. Also, it seems that

they underestimated gas drag force on larger bodies that would be captured in the

densest part of the disk in the vicinity of the planet, because the gas surface density

in such a region obtained by hydrodynamic simulations is artificially reduced due to

numerical treatment.

The distribution of solid bodies in the circumplanetary disk is expected to affect

the birth location and timescale of accretion of regular satellites and, consequently,

their thermal history. Also, if capture of planetesimals by the circumplanetary gas

disks into long-lived orbits around giant planets is quite common in the late stage of

their formation, it would have significant influence on the formation and evolution

of satellite systems. For example, if there are many such captured planetesimals and

their orbits have large eccentricities and inclinations, they would likely experience

significant mutual collisions and disruption (Bottke et al., 2010). As a result, many

fragments and dusts would be generated, and they would have influenced surfaces

of regular satellites (Bottke et al., 2013). Moreover, if such collisional grinding of
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captured planetesimals occurs around exoplanets and produces a sufficient amount

of dusts, they would be observable and provide us with important constraints on the

evolution of satellite system of exoplanets (Kennedy & Wyatt, 2011).

In the present work, we perform orbital integration for planetesimals that are de-

coupled from the gas inflow but are affected by gas drag from the circumplanetary

gas disk around a giant planet. We examine capture of planetesimals from their

heliocentric orbits by gas drag from the circumplanetary gas disk and orbital evo-

lution of captured planetesimals in the disk. Using our numerical results, we derive

distribution of the surface number density of captured planetesimals in the circum-

planetary disk. In Section 5.2, we describe basic equations, disk model and numerical

methods used in the present work. We show dynamical evolution and distribution of

captured planetesimals in the circumplanetary disk in Sections 5.3 and section 5.4.

Section 5.5 summarizes our results.

5.2 The model

5.2.1 Numerical procedures

We consider a local coordinate system centered on a planet. We assume that the

planet is on a circular orbit with semi-major axis a0, and is embedded in a disk of

planetesimals. Also, the planet is assumed to have a circumplanetary gas disk, whose

mid-plane coincides with the planet’s orbital plane. In the present work, we assume

that the mass of a planetesimal (ms) is much smaller than that of the planet (M),

and neglect gravitational interaction between planetesimals. At azimuthal locations

far from the planet, planetesimals are assumed to have uniform radial distribution,

and they approach the planet due to the Kepler shear (Figure 5.1). Planetesimals are

supplied through the azimuthal boundaries at y = ±100RH, which is far enough to

neglect the planet’s gravitational effect. Positions and velocities of supplied planetes-

imals are given according to the assumed dynamical properties of the planetesimal

disk; their guiding centers are assumed to be uniformly distributed, as mentioned
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x̃

ỹ

Planet
Circumplanetary disk

Figure 5.1: Schematic illustration of our numerical setting. Planetesimals initially on unperturbed
orbits are supplied through the azimuthal boundaries to the simulation cell, and their orbits are
numerically integrated taking account of the gravity of the planet and gas drag from the circum-
planetary disk. Mutual gravity between planetesimals is neglected. The planet is located at the
origin of the rectangular simulation cell, and has an axisymmetric thin circumplanetary disk.

above, and, in the present work, we assume focus on a dynamically cold disk and

that they are initially on coplanar circular orbits. In this case, only planetesimals

whose semi-major axis relative to the planet (b ≡ a−a0) is in a certain range can en-

ter the planet’s Hill sphere and interact with its circumplanetary disk. Therefore, we

assume the range of the initial values of b for supplied planetesimals to be |b| <∼ 3RH .

Some of the approaching planetesimals come sufficiently close to the planet and their

orbits are significantly altered due to gravitational interaction with it and also by

gas drag from the circumplanetary disk. As a result, some of them become captured

within the planet’s Hill sphere, while others do not.

We integrate the orbits of each planetesimal by solving Hill’s equation with the

effect of gas drag from the circumplanetary disk. When ms is given, equations of

motion can be written in a non-dimensional form, by scaling time by Ω−1 (Ω is the

planet’s orbital angular frequency) and distance by the mutual Hill radius RH =
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a0hH = a0{(M +ms) /(3M⊙)}1/3 (a0 is the semi-major axis of the planet). Then,

the non-dimensional equation of motion for a planetesimal can be written as (e.g.,

Ohtsuki, 2012; Fujita et al., 2013)

¨̃x = 2 ˙̃y + 3x̃− 3x̃

R̃3
+ ãdrag,x,

¨̃y = −2 ˙̃x− 3ỹ

R̃3
+ ãdrag,y,

¨̃z = −z̃ − 3z̃

R̃3
+ ãdrag,z, (5.1)

where R̃ =
√
x̃2 + ỹ2 + z̃2 is the normalized distance between the centers of the planet

and the planetesimal. Also, ãdrag = adrag/(RHΩ
2) with adrag ≡ F drag/ms being the

acceleration due to the gas drag force F darg given by

F drag = −1

2
CDπr

2
sρgasuu, (5.2)

where CD is the drag coefficient (we assume CD = 1), rs is the radius of planetesimals,

and u is the velocity of planetesimals relative to the gas (u = |u|). The non-

dimensional acceleration due to gas drag can be written as

ãdrag = −3

8
CD

ρ̃gas
r̃sρs

ũũ, (5.3)

where ρs is the internal density of planetesimals. When gas drag can be neglected,

Equation (5.1) holds an energy integral given as

E =
1

2

(
˙̃x
2
+ ˙̃y

2
+ ˙̃z

2
)
+ U(x̃, ỹ, z̃) (5.4)

with

U(x̃, ỹ, z̃) = −1

2

(
3x̃2 − z̃2

)
− 3

R̃
+

9

2
, (5.5)

where 9/2 is added so that U vanishes at the L1 and L2 Lagrangian points (Nakazawa

& Ida, 1988; Ohtsuki, 2012). However, E decreases by gas drag when planetesimals

pass through the circumplanetary disk. We remove planetesimals when their dis-

tance from the planet becomes large enough (R̃ > 100 + b̃) or when collision with

the planet is detected. We assume that the physical size of the planet relative to
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its Hill radius is 0.001, which corresponds to a planetary body at Jupiter’s orbit.

Orbital integration is continued until the number of planetesimals captured in the

circumplanetary disk reaches a quasi-steady state. Since we neglect mutual gravi-

tational interaction between planetesimals, their surface number density ns can be

taken arbitrary, and the system reaches the quasi-steady state faster when a larger

value of ns is assumed. However, when ns is too large, the number of planetesimals in

the system becomes to large for the simulation. Therefore, we set ñs ≡ nsR
2
H = 100

in our simulation, and continue the calculation typically for ∼ 100TK. In this case,

the number of planetesimals in the system in the quasi-steady is about 5× 104.

5.2.2 Gas drag

The distributions of the density and velocity of inflowing gas around a growing giant

planet show complicated behavior due to the effects of the planet’s gravity, tidal

force, and Coriolis force (e.g., Machida et al., 2008). However, in the case of large

planetesimals that are decoupled from the gas flow and are considered in the present

work, effects of gas drag on their orbits become significant when they pass through

the dense part of the circumplanetary disk in the vicinity of the planet (Fujita et al.,

2013). In such a region, the structure of the circumplanetary disk is approximately

axisymmetric. Therefore, in the present work, we assume an axisymmetric thin

circumplanetary disk, as in Fujita et al. (2013). The radial distribution of the gas

density is assumed to be given by a power law, and its vertical structure is assumed

to be isothermal. Under these assumptions, the gas density can be written by

ρgas =
Σ√
2πh

exp

(
− z2

2h2

)
, (5.6)

where h = cs/Ωp is the scale height of the circumplanetary disk (Ωp is the Keplerian

orbital frequency around the planet), and

Σ = Σd

(
r

rd

)−p

, cs = cd

(
r

rd

)−q/2

(5.7)

are the gas surface density and sound velocity, respectively, with r =
√
x2 + y2 being

the horizontal distance from the planet in the mid-plane. In the above, rd = dRH is a
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typical length scale roughly corresponding to the effective size of the circumplanetary

disk, and Σd and cd are the surface density and sound velocity at that radial location

from the planet. In our calculations, we set d = 0.2 and p = 3/2 based on results

of hydrodynamic simulations (Machida et al., 2008; Tanigawa et al., 2012), and also

assume q = 1/2 as a simple model (Fujita et al., 2013).

Although we have defined the effective size of the circumplanetary disk in the

above, in our orbital calculations we turn on gas drag using Equations (6) and (7)

when planetesimals enter the planet’s Hill sphere, in order to avoid effects of artificial

cutoff at r = rd. Because the gas density decreases rapidly with increasing distance

from the planet, the above assumption on gas drag does not affect results of our

calculations. Gas elements in the disk are assumed to rotate in circular orbits around

the planet with a velocity slightly lower than the Keplerian velocity due to radial

pressure gradient, i.e.,

vgas = (1− η)vK, (5.8)

where vK is the Keplerian velocity around the planet at the radial location considered.

Using Equations (5.6) and (5.7), η can be written as (Tanaka et al., 2002)

η =
1

2

h2

r2

(
p+

q + 3

2
+

q

2

z2

h2

)
. (5.9)

When the gas density is given by Equation (5.6), Equation (5.3) can be rewritten

as (Fujita et al., 2013)

ãdrag = −ζr̃−γexp

(
− z̃2

2h̃2

)
ũũ, (5.10)

where h = hd (r/rd)
(3−q)/2 with hd being the scale height at r = rd, and γ ≡ p+(3−

q)/2, and ζ is the non-dimensional parameter representing the strength of gas drag

defined by

ζ ≡ 3

8
√
2π

CD

rsρs

Σd

h̃d

dγ (5.11)

= 3× 10−7CD

(
rs

1km

)−1
(

ρs
1g cm−3

)−1 (
Σd

1g cm−2

)(
h̃d

0.06

)−1 (
d

0.2

)γ

.
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We set h̃d ≡ hd/RH = 0.06 in the present work (Tanigawa et al., 2012; Fujita et al.,

2013). The functional form of ζ is similar to the inverse of the Stokes number; the

Stokes number at r = rd in the disk mid-plane can be written as

St =
tstop
Ω−1

p

=
8
√
2π

3

rsρs
CD

hd

Σd

Ωp

u
(5.12)

= 7.8× 105C−1
D

(
rs

1km

)(
ρs

1g cm−3

)(
Σd

1g cm−2

)−1 (
h̃d

0.06

)
ũ−1.

Planetesimals are decoupled from the gas when St ≫ 1, while they are coupled to

the gas when St ≪ 1. In the present work, we consider planetesimals that are large

enough to be decoupled from the inflowing gas, with ζ ≪ 1 (Fujita et al., 2013).

5.2.3 Planet-centered orbits of captured planetesimals

Once planetesimals are captured by the planet’s gravity, it is convenient to express

their planet-centered orbits using orbital elements based on the two-body problem

for the planet and a planetesimal, although the elements are not constant due to the

effect of the solar gravity. The semi-major axis, eccentricity, inclination, and energy

of a planetesimal in the two-body problem can be expressed in terms of its velocity

v = (v2x + v2y + v2z)
1/2 and orbital angular momentum l (= |l|, where l = (lx, ly, lz)) as

ap =

(
2

R
− v2

GM

)−1

,

ep =

√
1− l2

GM
,

ip = cos−1

(
lz
l

)
,

E2b =
1

2
v2 − GM

R
= −GM

2ap
. (5.13)

Using scaled quantities such as ṽ ≡ v/(RHΩ) and l̃ ≡ l/(R2
HΩ), they can be written

as

ãp =

(
2

R̃
− ṽ2

3

)−1

,

ep =

√√√√1− l̃2

3ãp
,
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ip = cos−1

(
l̃z

l̃

)
,

Ẽ2b =
1

2
ṽ2 − 3

R̃
= − 3

2ãp
, (5.14)

where ãp ≡ ap/RH. Note that ep and ip are not scaled by hH.

5.3 Example of numerical results
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Figure 5.2: Example of snapshots of the spatial distribution of planetesimals in different scales
(ñs = 100, ζ = 10−5). The lemon-shaped curves in Panels (a) and (b) show the planet’s Hill sphere.
Black dots show unbound planetesimals (Ẽ > 0). Color circles show planetesimals permanently
captured by gas drag (Ẽ < 0). Blue represents prograde orbits, and green shows retrograde orbits.
The red circle in Panel (d) represents the physical size of a planet at Jupiter’s orbit.

Figure 5.2 shows an example of snapshots of the spatial distribution of planetes-

imals in the vicinity of the planet. Figure 5.2(a) shows the distribution of plan-

etesimals near the planet’ Hill sphere. Most planetesimals pass by or are scattered

by the planet, while some of them enter the Hill sphere. Figure 5.2(b) shows that

some of the planetesimal in the Hill sphere are permanently captured (E < 0) by the

gas drag from the circumplanetary disk. Some of these captured planetesimals have

93



prograde orbits about the planet, while others have retrograde orbits. Figure 5.2(b)

also shows that there are many planetesimals that are passing through the planet’s

Hill sphere but are not gravitationally bound within the Hill sphere (i.e., they have

positive E). In Figure 5.2(c), we find that the surface number density of captured

planetesimals is significantly large at r/RH
<∼ 0.03−0.04, or r/Rp

<∼ 30−40 (Section

5.4).

Planetesimals captured into retrograde orbits tend to have larger velocity rela-

tive to the gas than the case of prograde orbits. Thus, planetesimals in retrograde

orbits spiral into the planet more quickly (Fujita et al., 2013). In the case of pro-

grade capture, gas drag from the circumplanetary disk decreases the eccentricity

and semi-major axis of the planet-centered orbits, and the timescale for eccentricity

damping is shorter than that of the orbital decay (Adachi et al., 1976). Therefore,

first, planetesimals’ orbits become nearly circular, and then their semi-major axes

gradually decrease (Fujita et al., 2013). As a result, most planetesimals in the vicin-

ity of the planet have prograde orbits, whose semi-major axes decrease rather slowly

(Figures 5.2(c) and (d)).

Figure 5.3 shows the number of planetesimals permanently captured within the

planet’s Hill sphere for three values of the gas drag parameter. The red lines show

the total number of captured planetesimals, while the blue and green lines represent

those for prograde and retrograde orbits, respectively. The number of captured

planetesimals and the direction of orbital motion around the planet of each of the

captured planetesimals is checked every 0.1TK, because in some cases planetesimals

change their direction of orbital motion after they become permanently captured.

Figure 5.3(a) shows the results for ζ = 10−4. The number of captured planetesimals

(Ncap) gradually increases due to continuous capture of incoming planetesimals, while

some of captured planetesimals spiral into the planet and are removed from the

system. At t ≃ 20TK, the system reaches an equilibrium state with Ncap ≃ 180.

This means that for the value of ζ in the present case, typical lifetime of captured
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Figure 5.3: Number of captured planetesimals in the circumplanetary disk as a function of time for
several values of gas drag parameter: (a) ζ = 10−4, (b) 10−6, and (c) 10−8. Red, blue, green lines
show total number of captured planetesimals, number of planetesimals with captured into prograde
and retrograde orbits, respectively.

planetesimals in the circumplanetary disk is ∼ 20TK. Because planetesimals captured

on retrograde orbits spiral into the planet quickly, most of captured planetesimals

are on prograde orbits.

The number of planetesimals in the equilibrium state depends on the strength

of gas drag. When ζ is small, the weak gas drag makes capture of planetesimals

difficult, while captured planetesimals can survive in the circumplanetary disk for a

longer period of time because of the slower orbital decay towards the planet. Fig-

ure 5.3(b) shows the case with ζ = 10−6, where the number of planetesimals in the
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equilibrium state is slightly increased (∼ 250), because the effect of slower orbital

decay of captured planetesimals overcomes the lower capture rates. On the other

hand, Figure 5.3(c) shows the case with still weaker gas drag (ζ = 10−8). In this

case, planetesimals on prograde orbits survive in the disk for ∼ 102TK. As a result,

the number of captured planetesimals reaches the equilibrium state in about 102TK,

and the number at this state is rather small (∼ 140), because of the lower capture

rates. Since gas drag is very weak, even the lifetime of planetesimals in retrograde or-

bits becomes longer and their number increases, although their fraction is still rather

small.

5.4 Distribution of captured planetesimals in circumplane-
tary disk

Next, we examine radial distribution of captured planetesimals. Since the number of

planetesimals captured into prograde orbits is much larger than that of retrograde

ones, here, we focus on those on prograde orbits. Figure 5.4 shows the surface num-

ber density of captured planetesimals, ñcap scaled by that of supplied planetesimals

through the boundaries ñs, as a function of their semi-major axis for several values

of the gas drag parameter. These plots are created by using snapshots of the distri-

bution of captured planetesimals at ten different times after the system reached the

equilibrium state and calculating the average surface number densities at each radial

location, defined by aj/RH = 10(j−76)/25 (j = 1, 2, ..., 76).

In all the cases shown in Figure 5.4, the surface number density increases with

decreasing ãp, but we notice that it cannot be described by a simple power law

(Figure 5.4). For example, in the case of ζ = 10−6 (blue line), there are not much

planetesimals in outer circumplanetary disk. Surface number density rapidly in-

creases at ãp ≃ 0.03, but the slope becomes shallower at ãp ≃ 0.02. The values of

ñcap are nearly constant at 0.007 <∼ ãp <∼ 0.01, and then ñcap again increases with de-

creasing radial distance at ãp ≃ 0.007. It eventually becomes nearly constant again
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Figure 5.4: Distribution of surface number density of planetesimals captured in the circumplanetary
disk as a function of semi-major axis, for several values of gas drag parameter. Surface number
densities are scaled by the value of initial unperturbed planetesimal disk ñs. Different colors show
different strengths of gas drag. Red, green, blue, magenta, and cyan represent the cases with
ζ = 10−4, 10−5, 10−6, 10−7, and 10−8, respectively.

for ãp <∼ 0.004. Thus, there are two radial locations where the surface number density

rapidly increases with decreasing radial distance. The surface number distribution

shows different feature when gas drag is rather weak (ζ = 10−8) or rather strong

(ζ = 10−4). In the case of ζ = 10−8(cyan), the rapid increase of the surface num-

ber density with decreasing distance takes place decreases at ãp ≃ 0.002, thus, ñcap

increases only once. On the other hand, in the case of ζ = 10−4(red), the surface

number density increases with decreasing distance at three radial locations, and the

slope is steepest in the vicinity of the planet (ãp ≃ 0.003). We examine the relation-

ship between the change of surface number density of captured planetesimals and

strength of gas drag in the following subsections.

5.4.1 Case of moderate gas drag (ζ = 10−6)

As shown in Figure 5.4, with decreasing radial distance, surface number density

of captured planetesimals shows significant increase at two radial locations, and this

97



seems to be quite common for a wide range of gas drag parameters (ζ = 10−5−10−7).

This suggests that this behavior of the surface number density distribution reflects

properties of dynamical evolution of captured planetesimals in the circumplanetary

disk. If we assume the gas surface density based on the gas-starved disk model

(Canup & Ward, 2002), the above range of ζ roughly corresponds to planetesimal

sizes on the order of ∼ 10m−1km. In this subsection, we focus on the case with

ζ = 10−6 (blue line in Figure 5.4) and examine the relationship between the surface

number density distribution and dynamical evolution of captured planetesimals.

First, we will show that evolution of the orbit of a planetesimal passing through

the circumplanetary disk largely depends on whether the orbit passes through the

dense part of the disk or not. Figures 5.5(a) and (b) show behavior of five orbits

that have slightly different initial values of b̃, from 2.046 to 2.078. The orbit with the

smallest b̃ approaches the planet but escapes from the planet’s Hill radius without

being captured by gas drag. On the other hand, the one on the largest b̃ leads to

collision with the planet. The other three orbits result in capture within the planet’s

Hill sphere due to gas drag; we will focus on these three orbits. Figure 5.5(c) shows

evolution of the semi-major axis for these three capture orbits. We find that two

of the three result in rapid orbital decay into the planet, while in the case of the

other one (blue line) first the semi-major axis decreases rather rapidly, but then

it experiences a phase of rather slow decay before the orbit finally spirals into the

planet. Such a difference in the orbital evolution can be explained by the difference in

the minimum approach distance to the planet, as shown in Figure 5.5(d). In the case

of the former two orbits that result in rapid orbital evolution, the minimum approach

distance to the planet becomes smaller than the capture radius for prograde orbits

(shown in Figure 5.5(d) with the horizontal line; Fujita et al. (2013)). At the time of

such deep penetration into the dense part of the disk, planetesimals lose their energy

rapidly due to strong gas drag, which causes rapid orbital decay (Equation 5.14). On

the other hand, in the case of the long-lived orbit, the minimum approach distance
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Figure 5.5: (a) Planetesimals’ trajectories with b̃ = 2.046 (black), 2.054 (blue), 2.062 (green), 2.070
(red), and 2.078 (yellow), respectively. Dotted line represents the planet’s Hill sphere. Panel (b) is
the close-up of Panel (a). (c) Change of semi-major axes as a function of time after permanently
captured. (d) Change of radial distance from the planet. The dashed lines represent the phase
of temporary capture, and the solid lines show the evolution after permanently captured. The
horizontal line shows the prograde capture radius for ζ = 10−6 (Fujita et al., 2013). Among the
five orbits shown in Panels (a) and (b), only three orbits that lead to capture in the disk without
hitting the planet are shown in Panel (c) and (d).

at the time of the first close encounter was outside of the above capture radius, and

the planetesimal on this orbits becomes permanently captured while retreating from

the planet (Figure 5.5(d)). Immediately after permanently captured, the eccentricity

of the orbit is large (solid line in Figure 5.5(c)), and the planetesimal on this orbit

experiences strong gas drag near the peri-center, which decreases both its semi-major

axis and eccentricity rapidly. When the eccentricity becomes as small as 0.1, the rate

of orbital decay significantly decreases, thus the orbit becomes rather long-lived.

Figures 5.6(a) and (b) show evolution of semi-major axes and eccentricities of

planet-centered orbits of planetesimals captured into prograde orbits around the
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Figure 5.6: Evolution of semi-major axes (a) and eccentricities (b) of planet-centered orbits of
planetesimals captured into prograde orbits around the planet (ζ = 10−6). Cyan horizontal line in
Panel (a) shows the prograde capture radius (Fujita et al., 2013).

planet. These figures are created by plotting the semi-major axes (Figure 5.6(a))

and eccentricities (Figure 5.6(b)) of permanently captured planetesimals with dots,

every 0.1TK. Although the points are not connected, the patterns those dots create

allow us to examine orbital evolution of captured planetesimals. For example, the

nearly vertical patterns in Figure 5.6(b) represent rapid damping of eccentricities

when ep > 0.1, while the rate of damping apparently decreases for ep <∼ 0.1. On

the other hand, the evolution of semi-major axes show more complicated behavior

(Figure 5.6(a)). As shown in Figure 5.5(c), typically, eccentricities become ∼ 0.1

at about ãp ∼ 0.01 − 0.02, which we will call “outer accumulation radius”, and is

denoted ãacc,out. After their eccentricities become rather small (∼ 0.1) at ãp ∼ ãacc,out,

their semi-major axes slowly continue decreasing, but now rather slowly. Therefore,
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captured planetesimals tend to accumulate at ãp ≃ ãacc,out in the circumplanetary

disk, as long as the orbital decay timescale at this radial distance is longer than the

timescale of the increase of the number of planetesimals captured by the disk. Those

planetesimals accumulated at about ãacc,out experience gradual orbital decay; this

corresponds to the radial zone at ãp ≃ 0.007 <∼ ãp <∼ 0.01 in the present case of ζ =

10−6, where the slope of the surface number density becomes shallower (Figure 5.4).

On the other hand, with further decreasing radial distance, the surface number

density begins increasing rapidly again, at ãp ∼ 0.005, which we will call “inner ac-

cumulation radius”, ãacc,in. This roughly corresponds to the prograde capture radius

described by Fujita et al. (2013). Because of the sufficiently strong gas drag, plan-

etesimals are directly captured from their heliocentric orbits at around this radial

locations of the circumplanetary disk, resulting in the increase in the number. How-

ever, such strong gas drag also causes rather rapid orbital decay. As a result, the

surface number density does not continue increasing with decreasing radial distance

within ãacc,in, and becomes rather flat at ãp <∼ 0.003.

In summary, with decreasing distance from the planet, the surface number density

of captured planetesimals show rapid increase at two radial locations. The first

one, ãacc,out, corresponds to the location where initially highly eccentric orbits of

captured planetesimals are nearly circularized to have ep ∼ 0.1, which significantly

slows down the orbital decay. The second one corresponds to the capture radius

described by Fujita et al. (2013), where the gas density is high enough to directly

capture planetesimals from their heliocentric orbits. The locations of the above two

accumulation radii (ãacc,in and ãacc,out) change depending on the gas drag parameter,

as shown below.

5.4.2 Case of weak gas drag (ζ = 10−8)

If we assume the gas surface density based on the gas-starved disk model (Canup &

Ward, 2002), the size of captured planetesimals in this case corresponds to 30km. For

such large planetesimals to become captured by gas drag, they need to pass through
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denser part of the disk than the above case with ζ = 10−6, thus the distribution

of captured planetesimals shift radially inward (Figure 5.4; cyan line). The outer

accumulation region, where ep becomes about 0.1 and the orbital decay significantly

shows down (Figure 5.7), shifts to ãacc,out ≃ 0.002 − 0.004. On the other hand, the

capture radius for prograde orbits now becomes smaller than the physical size of the

planet. As a result, with decreasing radial distance, the surface number density of

captured planetesimals shows rapid increase only at ãp ≃ ãacc,out in the present case.

The decrease in the surface number density in the vicinity of the planet is due to

rapid orbital decay in the region.

a

b

Figure 5.7: Same as figure 5.6, but the case of ζ = 10−8.
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5.4.3 Case of strong gas drag (ζ = 10−4)

In this case, the size of planetesimals is on the order of ∼ 1m. Such small planetesi-

mals can be captured by gas drag even in the outer parts of the disk where the gas

density is rather low (Fujita et al., 2013). However, because of the larger values of η

in the outer part of the disk in our model, such captured planetesimals suffer rapid

orbital decay. As a result, the increase in the surface number density at ãp ∼ ãacc,out

is not so notable compared to the former two cases. As a result, the accumulation

region shifts outward (ãacc,in ≃ 0.02 and ãacc,out ≃ 0.07).

On the other hand, we note that the surface number density distribution in the

present case shows significant increase at the innermost region. This increase in the

number of prograde planetesimals is caused by those initially captured into retro-

grade orbits but changed direction of orbital motion due to strong headwind in the

innermost part of the disk. We can analytically estimate the distance where the

retrograde orbits turn to the prograde direction, using the Stokes number (Equa-

tion (5.13))(Fujita, 2013; Ohtsuki et al., 2014). Planetesimals are decoupled from

the gas when St ≫ 1, while they are coupled to the gas when St ≪ 1. Thus, the

radial location where planetesimals change their retrograde motion to the prograde

motion can be estimated from St ∼ 1. The Stokes number can be written as for

simplicity, we assume that planetesimals are moving in the mid-plane of the circum-

planetary disk. In this case, in terms of the scaled quantities, the Stokes number can

be written as

St =
r̃γΩ̃p

ζũ
. (5.15)

The velocity of planetesimals captured on retrograde orbits relative to the gas at

their peri-centers can be approximately given by ũ = 2ṽK (Fujita et al., 2013). Thus,

we have

St =
r̃γ−1

2ζ
. (5.16)

Setting St = 1, we obtain the radial distance where captured planetesimals change
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the direction of orbital motion from retrograde to prograde as

r̃St = (2ζ)
1

γ−1 (5.17)

and r̃St = 7.6 × 10−3 in the present case (ζ = 10−4, γ = 2.75). Figure 5.7(c) shows

comparison between our numerical results and the above analytic estimate of r̃St.

This figure is similar to Figure 5.7(c), but now shown here are semi-major axes

of the prograde orbits of planetesimals that were initially captured into retrograde

orbits and changed the direction of orbital motion. We find that the almost all the

points lie within r̃St, indicating the validity of the above analytic estimate. Using

the above analytic result, we can estimate the critical gas drag parameter with which

planetesimals initially captured into retrograde orbits can turn to the prograde orbits

before spiraling into the planet. From r̃st ≥ R̃p(= 10−3), the critical value of the gas

drag parameter is given by

ζcrit ≃ 2.8× 10−6. (5.18)

That is, the planetesimals captured into retrograde orbits will spiral into the planet

before they turn to the prograde orbits when ζ < ζcrit.

We have shown that orbital behavior of captured planetesimals largely depend on

the values of zeta, i.e., sizes of planetesimals for a given gas surface density. However,

it should be noted that we have assumed that planetesimals are large enough to be

decoupled from the inflowing gas, with ζ ≪ 1. The assumption of axisymmetric

circumplanetary disk is a reasonable one for such large planetesimals. However,

meter-sized planetesimals are likely coupled with the gas inflow (e.g., Tanigawa et

al., 2014), and interaction with such gas flow around growing giant planets needs to

be taken into account.

5.5 Conclusions

In the present work, we examined the distribution of planetesimals captured in cir-

cumplanetary disks using orbital integrations. We developed a new simulation code
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Figure 5.8: Same as figure 5.6, but the case of ζ = 10−4. Panel (c) shows planetesimals that are
originally captured on retrograde orbits and whose direction of motion changed to the prograde
direction. The red horizontal line in Panel (c) shows r̃St (Equation (5.17)).

that can deal with capture of planetesimals from their heliocentric orbits and their

subsequent orbital evolution in the circumplanetary disk in a unified, consistent man-

ner. Mutual gravitational interaction between planetesimals was ignored, but effects

of the gravity of the planet and gas drag from the circumplanetary gas disk are fully

taken into account.

We found that the number of planetesimals captured in the circumplanetary disk

reaches an equilibrium state as a balance between continuous capture of planetesimals

from their heliocentric orbits by the disk and orbital decay of captured planetesimals

into the planet. We found that the number of planetesimal captured into retro-
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grade orbits is much smaller than that on prograde orbits, because planetesimals

captured on retrograde orbits experience strong headwind in the disk and spiral into

the planet rapidly. On the other hand, a significant number of planetesimals were

found to become captured into prograde orbits around the planet. We found that

orbital evolution of these captured planetesimals largely depend on how radially deep

they can penetrate within the disk. When the peri-center distance of captured plan-

etesimals is smaller than the capture radius obtained by Fujita et al. (2013), within

which planetesimals can become captured from their heliocentric orbits by a single

encounter with the disk, planetesimals suffer from strong gas drag and spiral into

the planet rather rapidly. On the other hand, when the minimum approach distance

during the first close encounter with the planet is larger than the capture radius, the

planetesimal can avoid too strong gas drag. In this case, its orbit can be circularized

gradually without passing through the dense part of the disk, and experience rather

slow orbital decay afterwards.

From our numerical results, we derived distribution of surface number density

of permanently captured planetesimals in the circumplanetary disk. We found that

the derived surface number density distribution is not a simple power-law, but there

are two radial locations in the disk where the surface number density of captured

planetesimals significantly increases with decreasing radial distance from the planet.

The outer one corresponds to the above-mentioned radial location where initially

eccentric orbits of captured planetesimals are nearly circularized and the rate of

their orbital decay is decreased. Those planetesimals that had larger semi-major

axes and had experienced rather rapid orbital decay when they first became captured

migrate inward and pile up near this radial location, because of the reduced orbital

decay rate inside this location. On the other hand, the inner radial location where

the surface number density shows rapid increase with decreasing distance from the

planet corresponds to the capture radius obtained by Fujita et al. (2013). The

number of planetesimals increases here because they can be captured into this radial
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location directly from their heliocentric orbits. We found that the locations of these

accumulation radii change depending on the strength of gas drag, i.e, larger bodies

tend to accumulate in the inner part of the disk, while smaller ones accumulate in

the outer part. We also note that in the densest part of the disk in the vicinity of

the planet, the retrograde orbits of small captured bodies can be turned to prograde

orbits due to the strong headwind.

The radial locations of the above accumulation radii we found roughly correspond

to the current radial locations of the regular satellite of the giant planets, if we as-

sume the surface density of the circumplanetary gas disk based on the gas-starved

disk model (Canup & Ward, 2002) and the planetesimal sizes of 1m−10km. This

suggests that captured planetesimals would play an important role in the formation

and evolution of regular satellites of giant planets. For example, if captured plan-

etesimals collide with the satellites, they would influence their chemical composition

such as the ice/rock ratio (Barr & Canup, 2010; Sekine & Genda, 2012; Dwyer et

al., 2013). They may also influence orbital evolution of regular satellites (Harris &

Kaula, 1975; Morishima & Watanabe, 2001).

However, in order to derive definite constraints on these important issues, we need

to improve our numerical model in several ways. First, as a first step toward more

realistic simulations, we have assumed that planetesimals are initially on circular

heliocentric orbits, but they are expected to have elliptic and inclined orbits due

to gravitational interactions with the planet and other planetesimals. Second, we

have assumed that radial distribution of planetesimals in the protoplanetary disk is

uniform, but there may be a gap in the vicinity of the planet’s orbit. Third, we have

neglected mutual gravitational interaction between planetesimals, but it may play

an important role especially after planetesimals are captured in the circumplanetary

disk and their surface number density is enhanced compared to their initial value in

the protoplanetary disk (see Figure 5.4). Finally, gas flow perturbed by the planet’s

gravity needs to be taken into account in order to follow the orbits of small bodies
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that are coupled to the inflowing gas (Tanigawa et al., 2014). We plan to work on

these in our subsequent work, and we believe that our present work is an important

step toward such more realistic simulations.
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Chapter 6

Summary

In this thesis, we examined processes of capture of planetesimals from their helio-

centric orbits to planet-centered orbits in various ways, and studied effects of these

planetesimals on the origin and evolution of satellite systems of giant planets. Cap-

ture efficiencies of irregular satellite systems depend on the mechanism of capture and

dynamical states of planetesimals and the protoplanetary disk at the time of capture.

On the other hand, better understanding of the processes of the formation of regular

satellites would lead to better understanding of the formation mechanism of host

giant planets. Also, if we would be able to derive constraints on the source regions

of captured planetesimals, it would provide important clues about radial mixing of

small bodies in the Solar System.

In Chapter 2, we examined temporary capture of planetesimals using local three-

body calculation. We showed that planetesimals’ orbits about a planet during tem-

porary capture can be classified into four types, depending on their energy and di-

rection of orbital motion. We found that rates of temporary capture increase nearly

monotonically with increasing eccentricity of pre-capture heliocentric orbit of plan-

etesimals, and prograde temporary capture rates have a peak at a certain orbital

eccentricity of planetesimals.

The above local calculations are applicable to low-mass planets, but effects of the

curvature of the orbits of the planet needs to be taken into account in the case of

massive planets, like the giant planets. In Chapter 3, using global orbital integration
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that takes account of the curvature of the orbits, we examined the dependence of

orbital shapes and rates of temporary capture on the mass of planets. We found that

basic features of temporary capture rates are similar to results of local simulation

shown in Chapter 2, but that the curvature affects the shape and source regions for

low-energy, prograde temporary capture orbits. Based on our numerical results, we

examined source regions for long-lived prograde capture, because such low-velocity

encounters with a planet may facilitate capture of irregular satellites. We found that

the source region interior to the planet’s orbit in the case of Jupiter corresponds to

the Hilda region in the outer main belt, indicating that some of the prograde irregular

satellites of Jupiter may have been delivered from this region.

In Chapter 4, we examined capture of planetesimals from their heliocentric orbits

by weak gas drag from the circumplanetary disk. Previous models of gas-drag capture

of irregular satellites suffered from the problem of rapid orbital decay of captured

satellites, but detailed orbital integration of planetesimals from their heliocentric

orbits has not been performed. We found that some planetesimals captured in both

prograde and retrograde directions can survive in the circumplanetary disk for a

long period of time under weak gas drag. We examined effects of gradual dispersal

of the circumplanetary gas disk on the characteristics of planet-centered orbits of

captured planetesimals, and found that most of captured planetesimals have semi-

major axes smaller than one third of the planet’s Hill radius. Therefore, irregular

satellites with small semi-major axes may have been captured due to weak gas drag

from the waning circumplanetary disk at the end stage of giant planet formation,

but other mechanisms are necessary to explain the origins of irregular satellites with

large semi-major axes.

Finally, in Chapter 5, we examined capture of planetesimals from their heliocentric

orbits and their subsequent orbital evolution in the circumplanetary disk. Using

results of numerical simulations, we derived distribution of surface number density

of captured planetesimals in the circumplanetary disk. We found that the number
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of planetesimals captured into prograde orbits is much larger than that of retrograde

ones, and the numbers reach an equilibrium state by a balance between continuous

capture of planetesimals from their heliocentric orbits and loss to the host planet due

to orbital decay in the disk. We found that the surface number density of captured

planetesimals show rapid increase with decreasing radial distance from the planet

at two radial locations, one corresponding to the location where initially eccentric

orbits of captured planetesimals are nearly circularized and their orbital decay rates

decrease, and the other corresponding to the capture radius where the gas density is

large enough to capture planetesimals directly from their heliocentric orbits. Theses

radial locations roughly correspond to the current locations of regular satellites of

giant planets, if the size of planetesimals in about 1m - 10km. This suggests that

captured planetesimals would have played an important role in the formation and

evolution of regular satellites of giant planets, and more detailed studies are desirable

on this subject. We plan to continue working on these in our future work.
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Appendix

Effect of a gap in the radial distribution of planetesimals

We have assumed that the radial distribution of planetesimals in the protoplanetary

disk before encountering the planet is uniform. When the mass of a growing giant

planet becomes significantly large, it opens a gap in the protoplanetary disk and also

in the radial distribution of nearby planetesimals. When a gap is opened in the pro-

toplanetary disk, the gas density in the protoplanetary disk exterior to the planet’s

orbit first increases with increasing radial distance from the planet’s orbit due to

the effect of gap formation and then decreases with increasing distance according to

the unperturbed protoplanetary disk structure, thus taking on a maximum value at

a certain radial location. Simulations have shown that small planetesimals can pile

up at such a density maximum region formed near the outer edge of the gap in the

protoplanetary disk (e.g., Paardekooper & Mellema, 2006; Rice et al., 2006; Ayliffe

et al., 2012). Thus, the radial distribution of planetesimals would be non-uniform

and their surface density in the vicinity of the planet’s orbit would be significantly

depleted if the planetesimal disk is dynamically rather quiescent, although a signif-

icant amount of planetesimals would still be injected into the planet’s feeding zone

if the planetesimal disk is dynamically excited by other giant planets (e.g., Walsh

et al., 2011). In order to examine the effect of non-uniform radial distribution of

planetesimals, we assume that planetesimals in the vicinity of the planet’s orbit have

been removed and a gap centered on the planet’s orbit with a half width Wgap is

formed (Fujita et al., 2013). In this case, only planetesimals initially on orbits with
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|b̃| ≥ Wgap can approach the planet and the circumplanetary disk. Then, Equation

(4.16) should be modified as

Pcap = 2
∫ ∞

Wgap

pcap(b̃, ẽ, ĩ, τ, ω)
3

2
|b̃|db̃dτdω

(2π)2
. (1)

We examined retrograde capture rates with the effect of such a gap (ζ = 5×10−11, ĩ =

0). Since planetesimals with b̃ < 2 are not captured by weak gas drag, the capture

rates agree with the results of the case of uniform distribution when Wgap ≤ 2.

When Wgap ≥ 3, permanent capture does not occur for planetesimals with random

velocity in the shear-dominated regime, because most planetesimals with values of

b̃ that could lead to the plane’s Hill sphere are removed. With such a wide gap,

planetesimals need to have large eccentricities to become captured by gas drag. The

above behavior is similar to the case of strong gas drag (Fujita et al., 2013).
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