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Summary
Our goal is to constrain the conditions under which plan-

etesimals are able to accrete into terrestrial-type planets in
systems containing giant planets, brown dwarfs, and/or com-
panion stars. We have modified the PSI multi-zone accretion
code [1] to accurately compute the planetesimal forced orbital
elements due to perturbations from one or more massive com-
panions. Evolution of the planetesimal proper orbital elements
includes effects of collisions, fragmentation, nebular gas drag,
and mutual planetesimal perturbations (stirring and dynamical
friction). The proper orientation angles (pericenter and node)
arising from these effects are assumed to be randomly dis-
tributed. However, the forced elements due to the companion
perturbations are not random but instead cause the orbits to be
aligned in phase. The effects of nebular gas drag also influence
the alignment of the forced orbital elements. This alignment
is an essential component of the physics of accretion in these
systems, because it allows even planetesimals with high values
of forced eccentricity to have relative velocities that are con-
siderably lower than if their orbits had random phasing. The
new code accounts for this non-random phasing of the forced
orientation angles when calculating the relative velocities and
collision rates of planetesimals. Preliminary results (see Fig-
ure below) show that the lower relative velocities arising from
the orbital alignment favor accretion of planetesimals. This
may allow terrestrial-planet embryos to grow in systems with
massive companions on relatively compact orbits.
Introduction

The standard model of planet formation was initially de-
veloped to help explain how planets could have formed around
our isolated sun. This model typically begins with a protoplan-
etary disk of gas and dust orbiting a young protostar. Growth
of terrestrial planets in such a disk is usually treated in three
stages: [stage I] accretion of dust particles into 1012 to 1018

gram (kilometer-size) planetesimals in ∼104 years, [stage II]
gravitational accumulation of planetesimals through a process
known as “runaway growth,” which produces 1026 to 1027

g (Mercury- to Mars-size) planetary embryos in ∼105 years,
and [stage III] giant impacts between embryos, resulting in
full-size 1027 to 1028 g terrestrial planets in ∼107-108 years.

The three-stage standard model of terrestrial planet for-
mation may not be easily adaptable to planet formation in
multiple-star systems, such as Gliese 86 [2] and Gamma Cephei
[3]. Likewise, terrestrial planet formation in our own solar
system may have proceeded differently if Jupiter and Saturn
formed first [4].

The difference between planetesimal distributions in un-
perturbed and perturbed systems is attributed to the non-random
orbital alignment caused by the perturbing bodies. In unper-
turbed systems all orbits have randomly oriented longitudes of
pericenter and ascending node. This leads to a symmetrical
toroidal shaped distribution with an inner boundary defined by

a circle with radius equal to the minimum pericenter distance
and an outer boundary defined by a circle with radius equal to
the maximum apocenter distance.

The situation in a perturbed system is dramatically dif-
ferent. Here the proper elements may be identical to those
found in an unperturbed system, but additional forced orbital
elements must be considered due to perturbations from the
massive companions. These include the forced eccentricities;
inclinations; and longitudes of pericenter and ascending node.
The resulting toroidal distribution is no longer symmetrical,
now having inner and outer boundaries defined by ellipses
that are dependent on the combined proper and forced orbital
elements.

A further complication is that planetesimals with differ-
ent semi-major axes and/or different sizes will have different
forced elements, with the size dependence caused by the damp-
ing effect of nebular gas drag. To study planetesimal accretion
the dynamical and collisional evolution of the entire ensemble
of planetesimals as well as that of the companions must be
modeled. For unperturbed systems this is traditionally done
with either direct N -body integration or a statistically based
"particle-in-a-box" technique.
Approach

We have chosen to pursue the statistical approach by uti-
lizing the multizone accretion code developed at the Planetary
Science Institute [1]. This code can treat a much wider range
of particle sizes than is possible with N -body codes, allow-
ing realistic modeling of systems evolving with fragmenta-
tion/erosion. Processes that affect small bodies, such as gas
drag and collisional damping, can be modeled realistically.
The code divides a swarm of planetesimals into a series of
zones in semi-major axis (thus the name “multizone”). Within
each zone, the size distribution is represented by a statistical
continuum of bodies at small sizes, while above a selected
threshold size they can be treated individually. Each contin-
uum bin has mean values of proper eccentricity and inclination,
with an assumed range about that mean. Discrete large bodies
can have individual masses, semi-major axes, eccentricities,
and inclinations.

We incorporated perturbations from massive companions
into the code using analytical secular perturbation theory [5].
Algorithms were developed to follow the evolution of forced
orbital elements in each semi-major axis zone and for plan-
etesimals in each size bin (if size dependent effects such as
gas drag are used). These new secular perturbation algorithms
can account for multiple companions acting on each other as
well as the planetesimal swarm. While the forced orbital el-
ements are determined by these new algorithms the proper
elements are modeled as in the original code, using statisti-
cal techniques to account for gravitational stirring, dynamical
friction, gas drag, collisions, and ejection of fragments. The
overlap of planetesimal orbits as well as the velocity and rate
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of collisions are determined using the total osculating orbital
elements by combining the forced and proper components.

The original version of the multizone code assumes uni-
form distribution of angular elements (longitudes of pericenter
and node). The new version allows for alignment of orbits
arising from the forced angular elements. Orbital alignments
affect collision rates and impact velocities, may determine
rates of growth of terrestrial planets, or indeed whether they
can form at all in the presence of massive companions.
Preliminary Results

The figure below shows preliminary results from the new
code. A validation case was run in which the masses, eccentric-
ities and inclinations of the companions were essentially set to
zero (∼ 10−8). The had the effect of rendering the forced or-
bital elements insignificant. The plot on the left shows results
from this case after 25,000 years of evolution. By this time
lunar-size planetary embryos have formed near 1 AU. This is
consistent with current theories for planetary embryo forma-
tion. The plot on the right shows results at nearly the same

output time for a simulation that included Jupiter and Saturn
as the perturbing companions. This perturbed simulation also
produced lunar-size planetary embryos near 1 AU within about
25,000 years. However, the planetesimal size distribution is
dramatically different from the unperturbed case.
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Figure 1: Results from simulations of planetesimal accretion after about 25,000 years of evolution, for cases
with and without secular perturbations. Both cases started with identical initial planetesimal distributions (all
of equal mass at 1015 g and a minimum mass surface density of solids with a radial profile exponent of -1.5).
Fragmentation and nebular gas were not included in either case. The plot on the left shows results from a
simulation in which the perturbing companions were assigned masses and eccentricities essentially equal to
zero. The plot on the right shows results from a simulation where the perturbing companions were assigned
the masses and current orbital elements of Jupiter and Saturn. Symbols indicate the masses of Earth, Mars
and the moon. Note also that the plot on the right uses a narrower range of semi-major axis.
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