The Million-Body Problem:

Particle Simulations in
Astrophysics




N-body problems

The Gravitational
e Ubiquitous in Million-Body Problem

astrophysics

® N “particles” coupled
through gravity
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Types of N-body systems

® Stellar dynamical systems: star forming
regions, star clusters, galactic nuclei
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Other Types of N-body systems

® The Universe: galaxy clustering, large-scale
structure formation

® Galaxies
® Proto-planetary disks

® Planetary systems
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Gravity

de'

® The problem:

® Various approaches:
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Smoothed Particle Hydrodynamics

® |nvented by astrophysicists in 1977 as a way

of computing self-gravitating boundary-free
fluid flows in 3D
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The Euler equations of motion for a perfect adiabatic fluid

1
dv._ v v-V)iv=—=-Vp p=Ap’

Pl ;

can be derived from a Lagrangian principle with
pd3x

where u = p/|(v — 1)p] is the specific internal energy.
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SPH equations of motion for adiabatic flow:

r

p; = A;p]

The following energy and momentum conservation laws are satisfied
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Example |: hydrodynamic
calculations of stellar collisions

® Why? What? Where?
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Stars collide!
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Ultracompact X-ray Binaries

® Very bright X-ray sources ( L, ~ 10* L)

® Neutron stars accreting from companion
stars with Porb as short as minutes !

® Only plausible companion type (mass
donor) is a white dwarf
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Neutron star collisions

® White dwarf is core of red giant

® Red giants and neutron stars are massive
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time t=0.00 days

distance [solar radii]
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Example | 1:avoiding the
gravothermal catastrophe in
star clusters

® Why! What! Where!







Stars vs Star Clusters

® Spherical, self-gravitating (fluid vs
collisionless)

® Energy transport from hot interior to
rface (radiation/convection vs diffusion)
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Binary burning

20% binaries

All single stars
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Summary

® Particle simulations play a central role in
theoretical astrophysics, key to
understanding physical processes across
wide range of scales
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Brute force N-body

® Special-purpose supercomputing
(parallel clusters and/or accelerators
such as GRAPE boards

® Smart algorithms:

® [ndividual timesteps
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Fokker-Planck Limit

N
® Weakly Trel ~ T Tdyn > Tdyn (6> 1)

i e In N
collisional limit
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Monte Carlo

® |n spherical symmetry each orbit is
fully specified by E, | in potential ¢(r)

® Fach particle i=1,...,N in system has

Eia Jia g, - -

® |nteractions computed in Fokker-
Planck approximation by Monte Carlo
realization of small-angle scatterings




Binary burning

Most stars are in bound pairs (binaries)

In star clusters “hard” binaries are long lived and
act as a source of kinetic energy (“heat”)

Heggie’s theorem:“hard binaries get harder”

Computational c
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hallenge: interactions of binaries
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A numerical approach to the testing of the fission hypothesis

L. B. Lucy”

Institute of Astronomy, Cambridge, United Kingdom

European Southern Observatory, Geneva, Switzerland
(Received 12 August 1977; revised 16 September 1977)

A finite-size particle scheme for the numerical solution of two- and three-dimensional
gas dynamical problems of astronomical interest is described and tested. The scheme
is then applied to the fission problem for optically thick protostars. Results are given,
showing the evolution of one such protostar from an initial state as a single, rotating
star to a final state as a triple system whose components contain 60% of the original
mass. The decisiveness of this numerical test of the fission hypothesis and its relevance
to observed binaries are briefly discussed.

1022 L. B. Lucy: Fission hypothesis
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The Gravothermal Catastrophe
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