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“Throughout, the term N-body simulations is used
exclusively for methods based on direct summation, in

S. J. Aarseth, “Gravitational N-Body Simulations”




Binary Blac

- ejection of stars
-- interaction with gas
-- gravitational radiation




Radio-quiet AGN are only hosted by galaxies.

Radio-loud AGN are only hosted by galaxies, even at galaxy
luminosities well below that of classical radio galaxies.
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Radio-quiet AGN are only hosted by galaxies.

Radio-loud AGN are only hosted by galaxies, even at galaxy
luminosities well below that of classical radio galaxies.
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What Values of N are Required to Simulate Nuclei?
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In loss-cone problems, this requirement is more severe.
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and a much larger N.
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An "empty’ loss cone has

q<<1.




Minimum Number of Stars Required to "Resolve” Central Object

e minimum N
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N-Body Decay of a Massive BH Binary
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N-Body Decay of a Massive BH Binary
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N-Body Decay of a Massive BH Binary
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N-Body Decay of a Massive BH Binary
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The GRAPE Cluster
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» 32 dual-Xeon nodes

» 32 GRAPE-6A’s

* 14 Tbyte RAID
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Algorithms
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Regularization of the 1D Problem

2 m, +m, R’

R

Time transformation : df = R(¢)dt

d’R 1(dR\
it =E(d_1:) _G(m1+m2)

Energy integral : h = % R - (m%mz)

__L (dR\" _(m +m,)
2R2(dr) R

2
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3D: Kustaanheimo & Stiefel 1965




Algorithms

» Implementation by A. Szell, S. Mikkola




Performance: Chain Regularization Algorithm




Performance: Chain Regularization Algorithm
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Communication vs. Computation
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Communication vs. Computation
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Performance: Parallel GRAPE C




Performance: Parallel GRAPE Code

Erriciency

S. Harfst




Growth of a Bahcall-Wolf Density Cusp
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around a black hole on
a time scale of ~T,

(Bahcall & Wolf 1976, 77)

Preto, DM &
Spurzem
2004

log M(r<0.1r)




Eccentricity Evolution
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inary Black Hole Evolution with a GRAPE Cluster
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inary Black Hole Evolution with a GRAPE Cluster

For the same initial
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Binary Black Hole Evolution with a GRAPE Cluster
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Cusp Regeneration
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Going to Larger N. 1. Approximate Algorithms
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Yoshikawa & Fukushige (2005)
PPPM and TreePM methods on a GRAPE cluster.

Main worry: accuracy vs. speed
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N-body codes on the Pan-European CrossGrid network.

Main worry: communication losses




Going to Larger N. I1I. Dynamic Renormalization

“lift” N-body code
J J
J 7> x,v, |7/ | X,V

T “restrict’i

steady-state | Newton _(n), F(E), | rescale ’
solutions Solver etc. > A_(Br)

llift
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A

self-similar solutions

« Oscillatory solutions (gravothermal oscillations)

* Acceleration of N-body evolution (almost everything else!)




Core Collapse — Without the Binaries!
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CONCLUSIONS




Dark Matter Distribution at the Galactic Center
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trength of particle annihilation signal depends on
within inner pc of Galactic center.




Massive Black Hole Bina
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Dimensionless Core-Collapse Rate
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Figure-of-Merit for Loss Cone at Center of N-Body Galaxy




