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ABSTRACT

Aims. We investigate the dynamics of pebbles immersed in a gas disk interacting with a planet on an eccentric orbit. The model has a
prescribed gap in the disk around the location of the planetary orbit, as is expected for a giant planet with a mass in the range of 0.1-1
Jupiter masses. The pebbles with sizes in the range of 1 cm to 3 m are placed in a ring outside of the giant planet orbit at distances
between 10 and 30 planetary Hill radii. The process of the accumulation of pebbles closer to the gap edge, its possible implication for
the planetary accretion, and the importance of the mass and the eccentricity of the planet in this process are the motivations behind
the present contribution.

Methods. We used the Bulirsch-Stoer numerical algorithm, which is computationally consistent for close approaches, to integrate the
Newtonian equations of the planar (2D), elliptical restricted three-body problem. The angular velocity of the gas disk was determined
by the appropriate balance between the gravity, centrifugal, and pressure forces, such that it is sub-Keplerian in regions with a negative
radial pressure gradient and super-Keplerian where the radial pressure gradient is positive.

Results. The results show that there are no trappings in the 1:1 resonance around the L, and Ls Lagrangian points for very low
planetary eccentricities (e, < 0.07). The trappings in exterior resonances, in the majority of cases, are because the angular velocity
of the disk is super-Keplerian in the gap disk outside of the planetary orbit and because the inward drift is stopped. Furthermore, the
semi-major axis location of such trappings depends on the gas pressure profile of the gap (depth) and is ¢ = 1.2 for a planet of 1 M.
A planet on an eccentric orbit interacts with the pebble layer formed by these resonances. Collisions occur and become important for
planetary eccentricity near the present value of Jupiter (e, = 0.05). The maximum rate of the collisions onto a planet of 0.1 M, occurs
when the pebble size is 37.5 cm < s < 75 cm; for a planet with the mass of Jupiter, itis15 cm < s < 30 cm. The accretion stops when
the pebble size is less than 2 cm and the gas drag dominates the motion.
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1. Introduction

The Sun, like other stars, was formed as a result of the gravi-
tational collapse of a large volume of interstellar dust and gas
(Shu et al. 1987). Because this interstellar material has a certain
amount of angular momentum, the largest part of it could not
fall directly into the sun and has formed part of a disk of gas and
dust (the solar nebula) in orbit around the protosun. In fact, the
interstellar material was incorporated into the nebula through a
process of accretion, and part of it lost its angular momentum
and precipitated into the primitive Sun. Therefore, most of this
material formed part of the protosun, and only a small fraction
of it remained in a disk to give rise to the solar planetary system.
Given a purely Keplerian gas flow (axially symmetric) in the so-
lar nebula, it is known that a pebble pushing towards the central
star follows a spiral trajectory. If we consider a pressure gradient,
the flow ceases to be purely Keplerian because of the systematic
difference between the velocity of the gas, which is supported
by the pressure, and the velocity that characterises the purely
Keplerian motions (Weidenschilling 1977). If these pebbles are
disturbed by a planet, the formation of co-orbital systems can
occur.

* Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

The formation of these systems that occur when the peb-
bles cross the planet have been studied extensively by Kary &
Lissauer (1995) and Chanut et al. (2008). It was shown that the
efficiency of trapping at the Lagrangian points not only depends
on the pebble size but also on the planet mass ratio and eccentric-
ity. Recently, Ormel & Klahr (2010) have performed simulations
of the two-dimensionally restricted, three-body problem for the
accretion of small bodies onto protoplanets of a few hundred
kilometres in two regimes of velocity (Stokes and Epstein). They
have shown that the impact probability agrees with the findings
of Kary et al. (1993) for pebbles in the Stokes regime. Moreover,
Muto & Inutsuka (2009) find that the trapping of pebbles in res-
onance with low-mass planets is apparently independent of the
pebble size or Stokes number, and the minimum mass planet for
a dust gap opening has over 10 Mg,

In an accretion disk, the material loses angular momentum
and spirals towards the central object, while a viscous mecha-
nism, due to the gas, redistributes the angular momentum in the
disk. Lin & Papaloizou (1980) showed that the redistribution of
viscous angular momentum is overloaded when the planet mass
ratio 1, exceeds 1074, In the presence of a nebula there are for-
mations of spiral density waves, and if they are non-linear and
form shocks at the point where they are launched at Lindblad
resonances, then it leads to a gap formation. When the gap
is formed, it is expected that the surface density changes and,
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consequently, that the angular velocity changes (Peale 1993). In
terms of observational data, Wolf et al. (2002) show that ALMA
will be able to detect a gap at 5.2 AU caused by the presence
of a Jupiter-mass planet in a disk 140 pc away from the Taurus
star-forming region.

Planet formation is, generally speaking, still an unsolved
puzzle. The particle-disk-planet interaction has not been fully
explored. For example, two-dimensional flat disks with plan-
ets were modelled by Bryden et al. (1999), Kley (1999), and
Lubow et al. (1999) by applying a locally isothermal assumption
for the radial distribution. Klahr & Kley (2006) have performed
a full 3D radiation hydrodynamical simulation of embedded
protoplanets in disks and compared the results to the standard
isothermal approach. They show that the mean torques and the
migration rates are not strongly affected by thermodynamics.
D’Angelo et al. (2003a) have shown that the two-dimensional
approximation works reasonably well, as long as the planetary
mass is higher than a tenth of the mass of Jupiter.

On the other hand, it is well known that Jupiter is more en-
riched in solids than to the Sun. If Jupiter was formed by means
of gravitational instability, it would have had to accrete these
solids in a later stage. Thus, Paardekooper & Mellema (2004,
2006) have performed simulations of a 2D gas and dust cloud
with the presence of planets of 0.1 Mj and 0.5 Mj. According to
the results, pebbles smaller than 10 cm do not enrich a newly
formed giant planet. Moreover, only pebbles larger than 1 cm
may accrete a planet with a mass of Jupiter, and the accretion
stops after hundreds to thousands of orbits in the 2D simula-
tion of the gap opening (Paardekooper 2007). The low accretion
rate lies in the mechanism of resonance trapping (Weidenchilling
& Davis 1985), where inward-moving pebbles are captured
in mean motion resonances (MMRs). However, Fouchet et al.
(2007) stated that accumulation of pebbles closer to the gap
edge, which is formed by high-mass planets, is unlikely to be
associated with planetary resonances. The process of the accu-
mulation of pebbles closer to the gap edge, its possible implica-
tion for the planetary accretion, and the importancy of the mass
and the eccentricity of the planet in this process are the motiva-
tions of the present contribution.

In the literature, only Patterson (1987), Kary & Lissauer
(1995) and Chanut et al. (2008) have considered a planet in
eccentric orbit, and none of them considered a gap in the neb-
ular disk. Kary & Lissauer (1995) have worked with small plan-
ets, which clearly justifies the assumption that the disk is un-
perturbed. However, it is necessary to model a gap in the disk
when we consider a system with high-mass planets (>107* Mj,).
Lubow et al. (1999) suggested that the mass-flow rate through
the gap surrounding an eccentric high-mass planet may be higher
than that for a corresponding circular orbit planet, but they did
not show this in their work.

In the present work we propose to investigate the behaviour
of pebbles that encounter a planet in an eccentric orbit when the
planet is large enough (1> > 107*) to open a gap in the nebula.
The main goal is to determine the fractions of pebbles that col-
lide with the giant planet, become trapped at exterior resonances,
become trapped in a 1:1 mean motion resonance (co-orbital) or
cross the orbital semi-major axis of the planet. We analyse the
evolution of these pebbles with different masses and orbit eccen-
tricities of the giant planet. The dependence on the value of the
gas drag parameter k, which represents the size of the pebbles, is
also investigated. The scenario described in this work might not
be directly applied to our solar system (e.g. Gomes et al. 2005;
Walsh et al. 2011), but the numerous examples of eccentric exo-
planets shows that it may be important in a number of systems.
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In Sect. 2, we describe the nebular model and present the gap ef-
fects in detail. In Sect. 3, we present the equations of motion and
the nebular drag that we use in this work. Then, we show the ini-
tial conditions of the simulations in Sect. 4. We describe the sim-
ulation results in Sect. 5 and discuss them in Sect. 6. Conclusions
are given in Sect. 7.

2. Nebular model

Peale (1993) chose the nebular model described by
Weidenschiling (1977) to investigate the effects of nebular
gas drag on pebbles near the Lagrangians points Ly and Ls. In a
steady state of the nebula, where all of the gas is in a circular
orbit, the density p is constant at each radial distance r, and the
motion is governed by

do
P i pVO — VP,
where v is the velocity vector, @ is the gravitational potential per
unit of mass, and P is the pressure, where the effects of viscos-
ity are neglected. With #, %, ¢, i, and z all equal to zero in the
steady state, the equation above in cylindrical coordinates r, ¢,
z becomes
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with P(r,z) = p(r, kg Tmp(r)/m for T = Ty, (midplane tem-
perature) being constant in the z direction, where m is the mean
molecular mass (~3.8 X 107 g), and kg the Boltzmann’s con-

stant, or with P = P, (1)[p(7, 2)/pmp(r)]” for an adiabatic tem-

.. . 12
perature gradient in the z direction, and ® = ~GMy/(r? + z°) /

for a negligible disk mass, where G is the gravitational constant
and M,, is the solar mass. Thus, the last of Egs. (2) can be solved
to give

2

o(r,2) = pmp(r)e” 7 3)
or

-1 72 y_;l
p(r,2) = pmp<r)(1 - YT%) , )

for the two temperature gradients in the z direction. Here vy is
the ratio of the specific heats, and H is the scale height, which is
given by

) (2kBTmPr3)%

G Mgm )

Finally, the shape of Egs. (3) and (4) simplify if z < r. The
surface mass densities X(r) for the two cases are found by the
integration of Egs. (3) and (4) over z; thus,

2(r) = \/EpmpH (isothermal), (6)

5 7
(r) = Zﬂ \/; pmp H (adiabatic), )

where y = 7/5 is assumed and H is the scale height evalu-
ated for the midplane temperature. Peale (1993) assumes that
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Fig. 1. Distribution of surface mass density of the nebula with a reduc-
tion in the surface density at the centre of the gap for p = 0. Here, we
show two models of nebular parameters (Peale 1993 and Lubow et al.
1999).

X =2p(a/r)’ and T = Ty(a/r)?, where Xy and T, are the values
of surface mass density and the temperature at the midplane at a
Jupiter distance a from the Sun. Weidenschilling (1977) showed
some models with 0.5 < ¢ < 1.0. The observations of disks
around T Tauri stars imply a surface temperature distribution
with ¢ ~ 1/2 to 3/4 (Beckwith et al. 1990). The surface mass
density cannot be described through observation, but theoreti-
cal values of p are limited between 1/2 and 2 (Kusaka et al.
1970; Cassen & Moosman 1981; Lissauer 1987). Following
Peale (1993), we can fix Xy and assume p and g apply only to
the local region of interest.

Because Jupiter creates a large, axially symmetric reduc-
tion in the nebular density when it nears its current mass (Lin
& Papaloizou 1986, 1993), and assuming that up to 30 Mg
(Mg = Earth’s mass) it does not disturb the distribution of the
mass of the nebula, we have

Pmp(r) = X0 %o (a)?p_%(l—be_(%)j, (8)

r

VEH(r)  NrH
kg T
Pup(r) = 22 °(§)qpmp<r>, ©)

where 0 < b < 1. The surface density distribution is shown
in Fig. 1 for the chosen value p = 0 and two values of b. We
see that the density at the centre of the gap decreases from 10
up to 100 times, depending on the chosen value of b, when the
planet reaches 300 Mg. The reduction of the density depends
on the values of the nebular model chosen. However, the local
behaviour is in reasonable agreement with the gap shape and size
obtained by D’ Angelo et al. (2003a) and Klahr & Kley (2006).
For example, we obtain a width similar to what is observed in
the hydrodynamic simulations for a scale height that is larger by
a factor of two. The depth is equal to the one in the isothermal
model of Lubow et al. (1999) and the cold model of D’ Angelo
et al. (2003a) when b = 0.99. For b = 0.9 the depth represents
the warm model of D’ Angelo et al. (2003a).

Because p = 0 is not realistic for the entire nebula, a flat
density distribution should persist around the co-orbital region.
The presence of a gap means that the negative pressure radial
gradient is enhanced in the inside region of the gap, further re-
ducing the nebular gas angular velocity, but the pressure gradient
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Fig. 2. Angular velocity of the nebular gas compared to the Keplerian
velocity with and without the gap (b = 0) ) versus the radial distribution
of the surface mass density. Here we choose to show the effect of the
gap on the angular velocity for three values of b from 0.3 to 0.9.

is reversed outside of the gap, leading to an angular velocity that
exceeds the Keplerian value, as shown in the following equation
(Peale 1993):

Q\ a1 (He\?(3 g\ (a\ bfl—%e_(%)
(o) =32 (o gy

o r 2 2 2/\r - be_(%)z
(10)

for the nebular angular velocity, where ng is the mean angular
velocity of the pebble, r the radial distance, and a the semi-major
axis of the planet. In the absence of a gap (b = 0), Eq. (10)
shows that the radial pressure gradient leads to a reduction in the
angular velocity below the Keplerian value at all radii. When b #
0, a reversal in the gas angular velocity relative to the Keplerian
velocity occurs. We show this behaviour in Fig. 2 for p = 0,
q = 1 and four values of b.

3. Dynamical system
3.1. Nebular drag

Because the nebular gas rotates around the primary body with
a lower angular velocity than the Keplerian value, a pebble
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orbiting with a Keplerian velocity will suffer a headwind that
continuously reduces its orbital energy and angular momentum
(Weidenchilling 1977). The drag dynamics are the same as those
used by Peale (1993) and Kary & Lissauer (1995). Thus, we can
write, for a spherical pebble (e.g., Prantl 1952),

Fq camR 2p 3cap
— == Urel Viel = —5— Urel Viel,
8opR

(1)

mp 2m,

where my, is the pebble mass, R the pebble radius, pp the pebble
density, p the gas density, and cq4 is the drag coefficient which
is a function of the Reynolds number. Malhotra (1993) used a
simplified form of Peale’s drag force where ¢4 = 0.5 for the
Stokes regime. For the densities, we adopt p = 10710 g/cm®
and p, = 2 g/cm® (Kary et al. 1993; Kary & Lissauer 1995;
Marzari & Scholl 1997). A transition regime between the Stokes
drag and the Epstein drag is expected for bodies smaller than
30 cm when the gas density is ten times less than the density used
here (i.e., p = 10~1 g/crn3; Paardekooper 2007). Moreover,
Ormel & Klahr (2010) show that their impact probability agrees
with the findings of Kary et al. (1993) for the pebbles in the
Stokes regime. In these units, a pebble of a few centimetres still
suffers a Stokes drag, and the value of the gas drag parame-
ter k = (3/8)ca(p/pp)/Rp is 0.014 per AU of orbital radius for
Rp = 100 m. Finally,

Vi =V =V = (£ +1Q) e + (71— £Q)ey, (12)
where V is the pebble velocity with components ¢ and 77 along
the orthogonal directions denoted by the unit vectors e; and e,
on the midplane of the nebula, and Q is the gas angular velocity.
All of the motions are confined to the midplane of the nebula.

3.2. Equations of motion

Here, we consider the dynamic effect of the nebular drag forces
on a pebble in the elliptic restricted three-body problem (Murray
& Dermott 1999). Thus, the equations of motion of the pebble
in the inertial system (&, 77) are

s b-E H-¢ »
E= =5 + 2 + Fe (6 &), (13)
l’1 I“z
m-n m-n -
i = T+ e+ Fy (), (14)
ri I’z
where

=& -8+ —n)?
r=E -6+ 0n -1’

and Fz and F), are the ¢ and 7 components of the gas drag, which
can be expressed as a function of the position and velocity in the
inertial frame.

4. Numerical simulations

Here we adopt the same model of nebular drag as used by Kary
& Lissauer (1995) where ¢ = 1 and Hy/a = 0.1 is the scale
height that serves to estimate the difference between the gas ve-
locity and the local Keplerian velocity. In this case, the gas veloc-
ity is v = 0.995vk. The Bulirsch-Stoer numerical algorithm inte-
grates the Newtonian equations in the planar, elliptical restricted
three-body problem with the planet and the pebble orbiting the
primary, as in Chanut et al. (2008). The initial position of planet
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is always taken at its pericentre, and the pebbles are in a ring with
a width of 10 to 30 Hill radii (RH]'" = (ﬂ2/3)1/3 —> RHilI ~ 0.07
for 1p = 1073).

At alater stage of planet formation, we know that tidal forces
due to the planet open a gap in the disk, typically when the planet
reaches a mass close to the mass of Neptune. We choose four
values of the planet mass to better cover the ultimate stage of
its accretion. We adopt p» = 107 for the initial mass up to
o = 1073, the actual mass of Jupiter. The initial positions of
pebbles are arrayed at each 30° in the ring, and the initial ve-
locities are given by the Keplerian velocity. As a pebble mi-
grates towards the planet, it may follow one of several possible
paths. It can be trapped in an exterior resonance with or with-
out a close encounter with the planet. It can also cross the or-
bit of the planet and continue its migration toward the primary
body. Alternatively, the encounter could capture the pebble in a
stable libration within a 1:1 mean motion resonance or allow it
to collide with the planet and increase the planetary mass. The
simulation time is approximately 10° units of time, or approx-
imately 16 000 planetary orbital periods, which is sufficient for
the pebbles to reach their final state.

For the gap parameter, we chose values that represent two
different decrease functions of the density in the centre of the
gap, one presented by Peale (1993) with b = 0.1, 0.25, 0.5,
and 0.9 when Jupiter reaches its current mass and the other pre-
sented by Lubow (1999) with b = 0.1, 0.3, 0.6, and 0.99. If the
pebble continues to orbit the primary body with a semi-major
axis within 1 Ry around the orbit of the secondary body, then
it is assumed to be trapped in a 1:1 resonance. As in Chanut
et al. (2008), we chose two cutoff collision radii, (<0.005 Ry;ipp)
and (<0.05 Ryp). If the pebble comes too close to the secondary
body’s centre (collision radius), then the integration is stopped,
and a collision is assumed. Similarly, if the pebble’s semi-major
axis ap becomes smaller than 0.8, the inferior limit, the integra-
tion is stopped.

Theoretically, by considering the dynamical drag effects on
a three-body problem, Murray (1994) showed that Ly and L;
move and disappear when k > 0.7265(1)%(/ véas) M. For example,

if vgas/vg = 0.005 and p = 107%, all of the values of the gas
drag parameter higher than k =~ 2.9 satisfy this condition. We
take the lower values of k from 2.5 for u, = 10~ up to 25 for
> = 1073 with the same intervals as our previous work (Chanut
et al. 2008). These values of k characterise the size of the pebble:
Rp ~ 3mfork =2,5and Rp = 30 cm for k = 25 at a Jupiter dis-
tance from the Sun. The planets in eccentric orbits are believed to
begin their formation in nearly circular orbits because of strong
eccentricity damping in the protoplanetary disk and their orbits
thus later remain nearly circular (i.e., with eccentricity e; < 0.1;
Lissauer 1993, 1995). For this reason, we increase the eccentric-
ity of the planet up to about 0.1 in comparison with the ultimate
value (0.07) taken by Kary & Lissauer (1995) and Chanut et al.
(2008) to show what occurs in this interval.

5. Results
5.1. General distribution of the pebbles

In a previous paper (Chanut et al. 2008), we presented numerical
results on trapping in a 1:1 mean motion resonance, collisions,
crossings, and other events (such as external resonances) related
to the dynamics of pebbles under the influence of a planet in
a unperturbed nebular disk (without gap). “Crossings” refers to
the pebbles that cross the planetary orbit. We listed the percent-
age of events for two different cutoff collision radii, 0.005 Ry
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Table 1. Summary of results from Chanut et al. (2008).

Mass ratio  Collision radius ~ Co-orbitals  Collisions  Crossings  Others
a = 1077 0.005 Ryin 3% 12% 68% 17%
0.05 Ry 3% 43% 41% 13%
iy = 1076 0.005 Ry 8% 7% 79% 6%
0.05 Ruin 7% 28% 59% 6%
Ha = 1073 0.005 Ryin 5% 4% 88% 3%
0.05 Ry 5% 23% 69% 3%
r = 1074 0.005 Ruyin <1% 1% 98% <1%
0.05 Ruin <1% 24% 75% <1%
ity = 1073 0.005 Ry - 23% 77% -
0.05 Ryin - 27% 73% —

Notes. Distribution of trapping in 1:1 resonance, collisions, crossings, and other events related to the dynamics of a pebble submitted to the effect

of gaseous drag. The range of planet eccentricity was 0 < e, < 0.07.

Table 2. Distribution of trapping in a 1:1 resonance, collisions, crossings, and trappings that are MMRs or gap trappings due to the equality

between the gas disk and pebble angular velocities.

Mass ratio Collision radius ~ Co-orbitals  Collisions  Crossings  Trappings
o =107 0.005 Ryin - 40% 58% 2%
(b=0.1) 0.05 Ruyin - 42% 56% 2%
o =3x107* 0.005 Ry - 39% 1% 60%
(b =10.25) 0.05 Ryin - 40% 1% 59%
Mo =3x1074 0.005 Ry - 22% 1% 77%
(b=0.3) 0.05 Ryin - 23% 1% 76%
o =6x107* 0.005 Ry - 6% 1% 93%
(b=0.5) 0.05 Ryin - 6% 1% 93%
My = 6x107* 0.005 Ry — <1% <1% 99%
(b=0.6) 0.05 Ruyin - 1% <1% 98%
Mo = 1073 0.005 Ry — <1% <1% 99%
(b=0.9) 0.05 Ruyin - <1% <1% 99%
w =107 0.005 Ry - <1% <1% 99%
(b =0.99) 0.05 Ry - <1% <1% 99%

Notes. The range of the planet eccentricity is the same as the one in Table 1.

and 0.05 Ryn- These two collision radii correspond to the dis-
tances of 3.5 and 35 Jupiter radii. Kary & Lissauer (1997) chose
the same values, which are lower than the limit presented by
Ormel & Klahr (2010), bgr = 0.06 Rypi, where by is the limit
radius bellow which there is no trapping in a 1:1 resonance (co-
orbital). Moreover, if a circumplanetary disk is considered with
a high-density core surrounding the central planet (D’Angelo
et al. 2002), the critical radius is where the material inflow to
the planet is almost the same, 0.06 Ryy; (240 Jupiter radii). To
understand the results of the present work (a nebular disk with a
gap), it is instructive to see the results from Chanut et al. (2008)
(aunperturbed nebular disk). A summary of the results of Chanut
et al. (2008) is shown in Table 1. The distribution considers sev-
eral mass ratios of the planet and two cutoff collision radii. In
this case, the existence of a nebular gap was not considered. In a
unperturbed disk, the crossings dominate the results, with a de-
tectable difference depending on the cutoft radius, and the col-
lision radii determine the accretion percentage. As discussed in
the previous section, a planet with a mass ratio u, of the order of
10~* (~0.1 Mj) opens a gap in the density distribution of the neb-
ula disk. The dynamic effects of the gap on the pebble that were
generated in our numerical simulations are presented in Table 2.
The distribution considers different mass ratios of the planet and
two cutoff collision radii. There are no more trappings in a 1:1
resonance (co-orbital) for a nebular gap with very low eccen-
tricity of the planet (less than 0.07). If we consider the gap in

the nebula, the collisions represent approximately 40% when the
gap is weak (b < 0.3), and when the gap is strong (b > 0.5) there
is much more material trapping in the gap: it reaches more than
90%. Table 2 also shows that the accretion rate no longer de-
pends on the cutoft collision radius chosen. Paardekooper (2007)
shows that the mass accretion decreases and stops after a few
hundred orbital periods for a planet of 1 Mj in a circular orbit.
However, we found that it still occurs for an eccentric planet,
even for a planet in a very low eccentric orbit (0 < e; < 0.07).
The higher nebular gap density increases the material trapped
by gap significantly, and consequently, there is a decrease in the
quantity of material that crosses the planet, as shown in the case
of uy = 6x107*, whose collisions and crossings represent a total
of 7% for b = 0.5 and 1% for b = 0.6.

The eccentricity growth of embedded planets associated with
deep annular gaps is discussed by Artymowicz (1992), Lin &
Papaloizou (1993), and Goldreich & Sari (2003). Therefore,we
extend our simulations to consider a planet with an eccentricity
from 0.07 up to 0.1, and the results are presented in Table 3.
The distribution considers different mass ratios of the planet
and two cutoff collision radii. A low eccentricity (greater than
0.07) favours the accretion rate where 17% of the pebbles col-
lide with a planet with Jupiter’s actual mass, while no eccen-
tricity of the planet orbit favours the accretion rate in an un-
perturbed disk (Kary & Lissauer 1995). Table 3 shows that the
collisions represent yet 37% for b = 0.6 and the higher numbers
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Table 3. Distribution of trapping in a 1:1 resonance, collisions, crossings, and trappings that are MMRs or gap trappings due to the equality
between the gas disk and pebble angular velocities.

Mass ratio Collision radius ~ Co-orbitals  Collisions  Crossings  Trappings
= 1074 0.005 Ryin <1% 36% 62% 2%
(b=0.1) 0.05 Ryin <1% 38% 60% 2%
Mo =3x1074 0.005 Ryin - 47% 4% 49%
(b =0.25) 0.05 Ryin - 48% 3% 49%
Mo =3x1074 0.005 Ryin - 68% 3% 29%
(b=03) 0.05 Ry - 69% 2% 29%
Mo =6x1074 0.005 Ryin - 60% 2% 38%
(b=05) 0.05 Ry - 61% 1% 38%
= 6x1074 0.005 Ryin - 37% 1% 62%
(b=0.6) 0.05 Ryin - 38% <1% 62%
ity = 1073 0.005 Ryin - 13% 1% 86%
(b=0.9) 0.05 Ryin - 14% <1% 86%
=107 0.005 Ryin - 17% 2% 81%
(b =0.99) 0.05 Ryin — 18% 1% 81%
Notes. The range of the planet eccentricity is 0.07 < e; < 0.105.
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Fig. 3. Temporal evolution of the semi-major axis a); eccentricity b); and pebble-gas relative velocity ¢) of a pebble in a gap trapping. This case
considers i, = 3 x 107, e; = 0.105, k = 165, and b = 0.3. A gap trapping occurs when the pattern speed matches the angular velocity of the gas
(Fig. 2b).

of collisions occur when the coefficient of the reduction of the disk continue at a very low rate, and trappings in 1:1 resonances
gas density in the gap is b = 0.3. The changes in the behaviour (co-orbital) when the gap is still weak (b = 0.1) reappear for
of the pebbles are confirmed in Appendix A when the planet planetary eccentricities above 0.07. Examples of trappings in the
eccentricity grow from zero to the maximum value of 0.105 1:1 resonance with two planetary eccentricities are presented in
(Table A.1). Another interesting fact is that crossings to the inner ~ Appendix B.
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5.2. Resonances

The low accretion rate lies in the mechanism of resonance trap-
ping (Weidenchilling & Davis 1985), where inward moving peb-
bles are captured in mean motion resonances (MMRs). More re-
cently, Paardekooper (2007) has shown that pebbles in a Stokes
gas drag regime could become trapped in MMRs in unperturbed
disks (without gap). However, Fouchet et al. (2007) state that ac-
cumulation of pebbles closer to the gap edge, which is formed
by high-mass planets, is unlikely to be associated with planetary
mean motion resonances. The analysis of our results shows that
two different phenomena of resonance occur. We refer to the first
one as gap trapping. This resonance is a response of the pebbles
to the gas density structure (maximum pressure) near the outer
edge of the gap. It occurs where the gas velocity is close to the
Keplerian velocity value (see Fig. 2b). In this way, a suppression
of the headwind and the associated inward drift occur. Figure 3
illustrates the behaviour of a pebble, where the mean pebble-
gas relative velocity (Fig. 3c) is nearly cancelled due to the gas
pressure structure of the gap and its associated angular velocity.
The second resonance phenomenon is due to the commensura-
bility between the mean motions of the pebble and the planet
(Murray & Dermott 1999). Such resonances still act against the
gas pressure structure of the gap to slow and cancel the inward
drift. A pebble trapped in a 6:5 mean motion resonance is pre-
sented in Fig. 4, with a planetary mass of 0.3 Mj on an eccentric
orbit, e, = 0.1. The amplitude of the resonant angle, ¢, is ap-
proximately 120° (Fig. 4d). Thus, resonant perturbations that are

directed away from the planet balance the drag force that moves
the pebble inward. As evidence, Fig. 4c shows that the mean
relative velocity between the pebble and the gas remains posi-
tive. In the case of gap trapping, it is negative; see Fig. 3c. Now,
focusing on the gap trappings, we find that the resonant semi-
major axis depends on the planet size. Figure 2 was derived from
Eq. (10), and it indicates that, for larger planets and greater b, the
angular velocity of the gas equals the Keplerian velocity farther
from the planet. To verify this conclusion, we performed some
simulations, and the results are presented in Figs. 5 and 6. For
the sake of simplicity, we adopted e, = 0. Figure 5 shows that
the inward drift of the pebble stops closer to the gap edge for
a planet of 1 Mj, while a planet with 0.3 Mj captures the pebble
closer to the planet. Figure 6 shows that pebbles with a small size
are highly coupled to the gas, and the motion is dominated by gas
drag. Therefore, these small pebbles adhere to the gas velocity,
which slows the inward drift, as shown in the temporal evolution
of the semi-major axis. On the other hand, the motion of the peb-
bles that are more decoupled from the gas is more perturbed by
gravitational interactions with the planet. The size of the pebble
on the right hand side of Fig. 6 is ten times larger than the one to
the left, and the amplitude of libration of its eccentricity is larger
by a factor of 5.

In unperturbed disks (without a gap), a planet on a circu-
lar orbit is statistically more likely to capture pebbles in mean
motion resonances. However, a planet with an eccentric orbit
exerts a torque on the disk (Goldreich & Tremaine 1980) that
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Fig. 5. Temporal evolution of the semi-major axis of pebbles trapped
by gap for different masses of the planet. In this case, k = 250 for the
pebble and the planet is in a circular orbit (e, = 0).

increases the pebble eccentricity and enlarges the feeding zone.
The chance that the pebble has a close encounter with the planet
is higher. The close encounters can trap them in a 1:1 reso-
nance (co-orbital) or remove them toward the inner disk (Kary
& Lissauer 1995; Chanut et al. 2008). However, when the planet
clears an annular gap in the disk, as is done in the present work,
the gap trappings dependence on the planetary eccentricity is
weak when the planet reaches a mass higher than 0.3 M; (see
Fig. 7). Nevertheless, the behaviour of the distribution of the res-
onances for a 0.1 Mj planet is the same as that for a unperturbed
disk. For example, for u, = 107, the resonances are approxi-
mately 24% when e, = 0 and 5% when e, = 0.1. For yp = 1073,
the gap trappings are approximately 6% when e; = 0 and 5%
when e, = 0.1. In fact, as we diskussed before, the gap trappings
must dominate the motion of the pebbles when the planet reaches
half of Jupiter’s present mass. We can generally state that the
amount of pebbles trapped in these resonances is weakly depen-
dent on the planetary eccentricity, while the MMRs are strongly
dependent on the distance from the planet and eccentricity (Kary
& Lissauer 1995).

5.3. Planetary accretion

The role of the eccentricity in the planetary accretion has been
emphasised by Kary & Lissauer (1995) in a unperturbed disk for
planets with a mass <1 Mg. Statistically, they showed that, for a
nebula without gap, the impact probability decreases exponen-
tially for a planetary eccentricity e, < 0.028 and is constant for
values of 0.028 < e; < 0.07. In Chanut et al. (2008), we ex-
tended the study to other mass ratios, and the tendency is for the
impact probability to be constant and not depend on the eccen-
tricity when the planet reaches 0.1 Mj. However, Paardekooper
& Mellema (2006) show in 2D simulations of gas and dust with
the presence of a planet of >0.1 Mj that the tendency of the dust
accretion, in the circular case, is to stop, and more gas is ac-
creted in comparison to solids. This phenomenon also occurs for
aplanet of 1 My (Paardekooper 2007), where the accretion rate of
the amount of pebbles is one order of magnitude below the gas
accretion after 500 orbits, which makes further dust accretion
negligible. In Appendix C, we show a collision test of a pebble
with a large planet on an eccentric orbit. Because the planetary
eccentricity promotes close encounters that cause the amplitude
of librations to increase, the pebble collide with the planet. In the
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case of a planet on a circular orbit, the close encounters do not
occur, and the pebble remains in the resonance (Fig. 6). To com-
pare, our results of the collisions rates per eccentricity for each
planetary mass are shown in Fig. 8. For a weak gap (1, = 107*
or 0.1 Mj), the distribution of the collision rates is similar to our
previous results in a unperturbed disk (Chanut et al. 2008). If
the gap becomes stronger, the distribution of the collision rates
varies with planetary eccentricity. For example, there is no more
accretion in the circular case when » > 0.25 (0.3 Mj), and the
accretion rate is maximum when e; = 0.04. When b > 0.3
(Fig. 8b) the maximum rate occurs for e; = 0.04. Furthermore,
when p, > 0.5 Mj, the collision rate begins for an eccentric-
ity value e, near the actual value of Jupiter (0.05) and increases
exponentially for a value higher than 0.07. Thus, we show that
the non-accretion found by Paardekooper (2007), when e, = 0,
continues for orbits with very low eccentricity.

On the other hand, Paardekooper (2007) has studied the size
of the pebbles that accrete onto the planet. In contrast to Kary
et al. (1993), who considered low-mass planets that do not dis-
turb the disk, he concluded that only pebbles with 1 cm < s <
1 mfor 1 My and 10 cm < s < 10 m for 0.1 My accrete onto
the planet at a higher rate than the gas. Pebbles with s > 10 m
are sufficiently decoupled from the gas and the accretion rate is
therefore very low. As discussed in Sect. 4, we can calculate the
pebble size as a function of the drag parameter k. Because we
use the same gas parameters as Malhotra (1993) and Kary &
Lissauer (1995), the transition regime occurs for a pebble size
of a few centimetres. The behaviour of the collision distribu-
tion relative to the gas drag parameter k is shown in Fig. 9. The
distribution of size for each planetary mass ratio is in the range
defined in Sect. 4. The collision rate generally decreases for high
values of k. For 0.1 Mj, the maximum number of collisions oc-
curs for pebbles in the range of sizes of 37.5cm < s < 75 cm or
for k from 10 to 20. For greater planetary masses (0.3 M;—1 My),
the maximum rate of collision occurs for higher k. However, the
optimal size increases when the planetary mass increases from
k=2500rs =3cmfor0.3Mjuptok =500rs = 15cm
for 1 M;. Moreover, the collisions stop for k£ > 400 because the
pebbles with this size (s ~ 2 cm) adhere very well to the gas
and are not very perturbed by the gravity of the planet. This
value of k makes close approaches difficult even for a planet
of 1 My with a high eccentricity (0.1). In Fig. 10, we use two
models of nebular decrease of the density for all pebble simu-
lations: the weaker model is from Peale (1993) (Fig. 10a), and
the other, stronger model is from Lubow et al. (1999) (Fig. 10b).
We note that the dominance of the collisions occur for a lower
value of the planetary eccentricity (e; < 0.04) in Fig. 10a than
in Fig. 10b (e > 0.05). However, the collision rate decreases
and equals the resonance rate to eventually dominate and in-
crease exponentially for an eccentricity of e; > 0.07. In the
other case (Fig. 10b), the collision rate does not decrease but in-
creases exponentially for the same eccentricity, e; > 0.07. These
new interesting results show that a moderate planetary eccentric-
ity reverses the cessation of the accretion of pebbles onto high-
mass planets. In this way, the stronger the gap density of the
gas (e.g. Lubow et al. 1999; D’ Angelo, Henning & Kley 2003a;
Paardekooper 2007), the higher the planetary eccentricity must
be to increase planetary accretion when its mass is near Jupiter’s
current value.

6. Discussion

Currently, we know that over half of the extrasolar planets
observed beyond 0.1 AU have eccentricities greater than 0.3.
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Theorists have suggested numerous mechanisms to excite the
orbital eccentricity of giant planets (Artymowicz & Lubow
1996; Goldreich & Sari 2003; Ford & Basio 2008; Moorhead &
Adams 2005, 2008). However, only Patterson (1987) and Kary &
Lissaeur (1995) have studied the effect of a nonzero eccentricity

of the planetary orbit on resonance trapping and accretion. In
Chanut et al. (2008), we extended the study for larger planets.
However, these studies were only valid for a disk that is unper-
turbed by the planet. In this paper, we have focused on planets
of relatively high mass that open a gap density in the disk.

Following Kary et al. (1993), we have shown in a previous
work (Table 1) that pebbles have a significant chance to be trans-
ferred to interior orbits rather than being accreted to the planet
in a disk without a gap. When the planet is massive enough to
induce a significant pressure gradient in the disk and the planet
is in circular orbit (e; = 0), the pebbles will be trapped in res-
onances, and accretion will become insignificant (Paardekoper
2007). In Table 2, we have shown that this result may occur even
with a planet on a very low eccentricity orbit (e; < 0.07) where
99% of the pebbles are trapped by a gap. Figure 4 shows that
the mean motion resonances exist for a planet of 0.3 Mj, but,
as Fouchet et al. (2007) suggest, the majority of these trappings
are due to the pressure maxima gradient in the outer edge of the
gap. In fact, Fig. 3c shows that the super-Keplerian velocity of
the disk stops the inward drift of the pebbles. We find that the
position of such resonances depends on the gas pressure profile
in the gap due to the planetary mass (see Fig. 5), and the eccen-
tricity pumping on the pebble size when the planetary gravity
dominates the gas drag (see also Fig. 6).

On the other hand, it has been shown (Klahr & Kley
2006) that accretion stops after hundreds orbits in non-viscous
2D simulations of gap openings for the circular case (e; = 0).
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Paardekooper & Mellema (2006) used 2D simulations of gas
and dust with the presence of a planet (>0.1 Mj), to show that
the tendency of the dust accretion in the circular case is to stop,
and much more gas can be accreted compared to solids. This re-
sult also occurs for a planet of 1 M; (Paardekooper 2007), where
the accretion rate of the pebbles is one order of magnitude be-
low that of gas accretion after 500 orbits, which makes further
dust accretion negligible. However, it has long been assumed
that planets form in nearly circular orbits because of the strong
eccentricity damping in the protoplanetary disk, and that their
orbits later remain nearly circular (i.e., with an eccentricity of
e> < 0.1; Lissauer 1993, 1995). For this reason, in this work,
we have focus on simulating planets with e, < 0.1. In this way,
Kary & Lissauer (1995) showed the impact probability in a un-
perturbed disk (without gap) for planets smaller than 1 Mg, in
eccentric orbits. Their results were that the impact probability
decreases exponentially for a planetary eccentricity <0.028 and
is constant for values of 0.028 < e, < 0.07. However, accord-
ing to our results (with a gap), when up > 0.5 Mj, the colli-
sions rate begins for an eccentricity value e, higher than 0.04
and increases exponentially for a value over 0.07. Because the
gap density of the gas is stronger, the planetary eccentricity must
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be higher to increase the material accreted onto the planet when
its mass is over 0.5 Mj (see also Figs. 8 and 10). Our results
have also shown that a planet with a moderate orbital eccentricity
(e2 > 0.05) crosses the layer of the pebbles trapped in resonance.
Thus, the formation of planetesimals due to the gravitational col-
lapse of the dense pebble layer (Lyra et al. 2009) may not occur
with planets on an eccentric orbit. However, by increasing their
eccentricities, the pebbles may grow due to collisions between
themselves.

We have neglected the self-gravity of the disk. Theoretically,
Goldreich & Sari (2003) defined pressure-dominated disks as
disks with K.r < 1 and self-gravity-dominated disk as those
with K.r > 1 where K.r = (Mp/My)(r/H)?. In the model
adopted here, K.r = 1 and, if we diminish the scale height, we
are only very slightly in the self-gravity regime.

In protostellar disks smaller than the Hill radius of a Jupiter-
mass planet, the gas might be at least temporarily trapped
in quasi-two-dimensional horseshoe orbits (Goldreich & Sari
2003). D’Angelo, Henning & Kley (2003a) notes that this is
the effect of the material lingering around Lagrangian points Ly
and Ls. With a scale height H/r of approximately 0.04, we can
expect that more material will be trapped in the co-orbital region
and may collide with the planet or be captured by the planet as
a satellite, which does not occur with a higher scale height (0.1).
We will investigate these much flattened disks in a future work.

7. Summmary and conclusion

We investigated the dynamics of pebbles interacting with a
planet in an orbit that may be eccentric. The standard model of
the protostellar disk and the simulation techniques considered
the particle phase under gas drag. The model has a prescribed
gap around the location of the planet orbit, which is expected for
a giant planet with a mass in the range of 0.1-1 Jupiter masses.
The angular velocity of the disk was determined by an appropri-
ate balance between the gravity and the centrifugal and pressure
forces, such that it is sub-Keplerian in regions with a negative ra-
dial pressure gradient and super-Keplerian when the radial pres-
sure gradient is positive. The initial conditions have placed the
pebbles with sizes in the range of 1 cm to 3 m in a ring outside
the giant planet at distances between 10 and 30 planetary Hill
radii. The main goal of this work was to determine the fractions
of pebbles that collide with the planet, become trapped in exte-
rior locations, become trapped in a 1:1 resonance (co-orbital),
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or migrate to the inner disk after 16000 orbital periods of the
planet.

We found that there is no trapping in 1:1 resonance (co-
orbital) for very low planetary eccentricities (e, < 0.07). We
showed that the trappings in exterior resonances in their major-
ity are because the angular velocity of the disk is super-Keplerian
in the part of the disk gap outside the planetary orbit, so the in-
ward drift is stopped. The value of the resonant semi-major axis
depends on the gas pressure profile of the gap (depth) and is lo-
cated farther from the planet (a = 1.2) when the depth of the gap
is maximal (1 Mj).

We found that a planet on an eccentric orbit interact with
the pebble layer formed by these resonances. Collisions occur
and become important for a planetary eccentricity near Jupiter’s
actual value (e; = 0.05). We showed that the sizes of the peb-
bles that collide with the different planetary masses agree with
those found by Paardekooper (2007) but, due to the eccentric-
ity pumping of the larger pebbles, less coupled to the gas in the
region where the planetary gravity dominates the gas drag.
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Appendix A: Behaviour of the pebbles related to the planet mass and eccentricity

The behaviour of the pebbles shown in Tables 2 and 3 is presented here with regards to eccentricity changes. We have chosen six
specific values of the planet eccentricity from zero up to the maximum value 0.105 for each mass ratio of the planet. The distribution
of the gap coeflicientis b = 0.1;0.3;0.6;0.99 (Lubow et al. 1999). The accretion stop for very low values of the planet eccentricity
when the planet reaches a mass larger than 0.3 Mj. For the maximum value (e = 0.105) the accretion represents approximately 30%
and only a little part crosses the planet orbit.

Table A.1. Distribution of trapping in a 1:1 resonance, collisions, crossings and trappings related to the planet eccentricity.

Mass ratio Planet eccentricity ~ Co-orbitals  Collisions  Crossings  Trappings
=107 e=0 - 38% 55% 8%
(b=0.1) e =0.021 - 41% 57% 2%
e =0.042 - 42% 56% 2%
e =0.063 - 43% 56% 1%
e =0.084 - 40% 58% 2%
e =0.105 <1% 34% 64% 2%
ty =3%x107* e=0 - - - 100%
(b=0.3) e =0.021 - 3% - 97%
e =0.042 - 11% 1% 88%
e =0.063 - 27% 1% 72%
e =0.084 - 28% 2% 70%
e =0.105 - 32% 2% 66%
= 6x107* e=0 - - - 100%
(b =10.6) e =0.021 - - - 100%
e =0.042 - - - 100%
e =0.063 - 3% - 97%
e =0.084 - 26% 1% 73%
e =0.105 - 30% <1% 70%
uy =1073 e=0 - - - 100%
(b=0.99) e =0.021 - - - 100%
e =0.042 - 2% <1% 98%
e =0.063 - 3% <1% 97%
e =0.084 - 12% < 1% 88%
e =0.105 - 31% 4% 65%

Notes. The distribution considers different mass ratios of the planet and the cutoff collision radius is 0.05 Ry The existence of a nebular gap has
been considered.

Appendix B: Trappings in the 1:1 resonance

In Fig. B.1, two examples are shown to compare the time variations of the semi-major axis, eccentricity and longitude of a pebble
in the case of the existence of an annular gap in the nebula. The behaviour of the longitude shows that the equilibrium point Ls
has not moved forwards. Peale (1993) showed that the reduction of the surface mass density can drive the stationary points back to
+60° in the circular case. On the other hand, Namouni & Murray (2000), in the case without gas, have suggested that the planetary
eccentricity has a reversal effect relative to the drift of the equilibrium points due to the gas (Murray 1994). In a previous work
(Chanut et al. 2008), without considering a gap density, we have verified the shift in the position of the equilibrium point. However,
for a planetary eccentricity near 0.1 and a gap density in the disk nebula, we show that a position shift does not occur (Fig. B.1).
Furthermore, other trappings have been investigated with the same values of k and e, and show the same tendency as the oscillations
of the eccentricity and the longitude of the pebbles trapped in 1:1 resonances (co-orbital), which decrease when the eccentricity of
the planet increases. The planetary eccentricity must have had an important role in the origin and the stability of the Trojans and
other co-orbital bodies.
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Fig. B.1. Temporal evolution of the semi-major axis (fop), eccentricity (middle) and longitude (bottom) of a pebble captured in co-orbital motion.
In this case g, = 107* is the mass ratio, k = 2.5 and b = 0.1. The initial conditions are ry = 1.74 for the pebble and ¢, = 0.105 for the planet in the

left column and ry = 1.77 and e, = 0.091 in the right column.
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Appendix C: Collision test of a pebble with a planet on an eccentric orbit

The early behaviour of the pebble is similar to that shown in Fig. 3. However, Fig. C.1 show that the motion of pebbles that are more
decoupled from the gas is more perturbed by gravitational interactions with the planet. Because the planetary eccentricity promotes
close encounters that cause the amplitude of librations to increase, the pebble collide with the planet. In the case of a planet on a
circular orbit, the close encounters not occur and Paardekooper & Mallema (2006) showed in 2D simulations of gas and dust with
the presence of a planet of >0.1 Mj that the tendency of the dust accretion is to stop. This phenomenon also occurs for a planet of
1 My (Pardekoopeer 2007).
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Fig. C.1. Temporal evolution of the semi-major axis a), eccentricity b), relative velocity with the gas ¢) and radial distance from the planet d) of a
pebble that collides with the planet. This case considered p, = 3 X 1074, e, =0.07, k =50 and b = 0.3.
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