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Particle-Particle Particle-Tree : A Direct-Tree Hybrid
Scheme for Collisional N-Body Simulations
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The Mbody simulation is a simulation of motions of particles under the Newton's
Law of Gravity. Nbody simulations have been used for evolution of dynamical systems. For
example, Mbody simulations are used for the formation and evolution of structures in the
Universe. These cosmological Mbody simulations are using the cold dark matter model and
reconstruct observed large-scale structures. Mbody simulations are also used for dynamics
of the Galaxy as well as the formations of various structures of galaxies such as the spiral
structure, evolutions after collision between galaxies and stellar motion in each region of

- galaxies. Globular clusters are the system that contains about 106 stars with high ceniral
stellar densities and tend to be round. One of problems of Globular clusters is to remain such
dense stellar system for a long time. ANbody simulations confirmed the gravothermal
oscillation (Bettwieser & Sugimoto, 1983; Makino, 1996) which is the solution of this
problem. In planet formation, accretion between planetesimals to be protoplanet is gravity
dominant phase. N'body simulations discover the oligarchic growth (Kokubo & Ida, 1996) in
this phase. Dynamical systems can be divided as two parts by using the relaxation time. The
two body relaxation redistributes energy to be equilibrium state by close encounters. The
relaxation time is the time that dynamical systems become equilibrium state by two body
relaxation. Collisionless systems are the system that of relaxation time is larger than its life
time and collisional systems are the system that of relaxation time is shorter than its life
time. Therefore, close encounters are important for collisional systems. In collisionless N
body simulations, there are many schemes to treat large number of particles. For example,
the particle-mesh (PM) scheme (Hockney & Eastwood, 1981), the particle-particle particle-
mesh (P3M) scheme (Hockney & Eastwood, 1981), the tree method (Barnes & Hut, 1986) and
combinations of PM and tree (TreePM) scheme (Xu, 1995; Bagla, 2002; Dubinski et al., 2004;
Springel, 2005; Yoshikawa & Fukushige, 2005; Ishiyama et al., 2009) are used. These
schemes are powerful and useful for collisionless systems such as dynamics of galaxies and
large scale structure of universe.

Collisional systems, however, difficult to treat large number of particles. For the time
integration of collisional Mbody systems such as star clusters and systems of planetesimals,
the combination of direct summation for force calculation and the individual time step
algorithm has been the standard method for nearly half century (Aarseth, 1963, 2003). It is
important that integrating close encounters accurately when treating collisional systems.
Therefore, the individual time step algorithm has been used for calculating collisional
systems. It is not impossible to combine individual time step algorithm and fast and
approximate force calculation. For example, McMillan & Aarseth (1993) developed a high-
order integrator using individual time step combined with the tree algorithm. However, in
previous studies it was difficult to achieve good performance on distributed-memory parallel
computers for such scheme. The BRIDGE scheme is one of a solution for this problem. This
scheme uses the tree and the individual time step algorithm. The BRIDGE scheme can use
for motions of globular clusters in a galaxy. The BRIGDE scheme, however, specialized for
that problem, it cannot use for other collisional systems. In this Ph.D. thesis, we present a
new hybrid algorithm for the time integration of general collisional N body systems. In this
algorithm, gravitational force between two particles is divided into short-range and long-
range terms, using a distance-dependent cutoff function. The longrange interaction is
calculated using the tree algorithm and integrated with the constant-time step leapfrog
integrator. The short-range term is calculated directly and integrated with the high-order
Hermite scheme. We can reduce the calculation cost per orbital period from O(A2) to O(Vlog
N), without significantly increasing the long-term integration error. The results of our test
simulations show that close encounters are integrated accurately. Long-term errors of the
total energy show random-walk, because it is dominated by the error caused by tree
approximation, the forces due close encounters are calculated directly and that the orbits are
integrated with the high-order scheme.
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