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Abstract

Recent advances in the field of numerical relativity have allowed stable long-term evolutions of
orbiting black-hole binaries to be performed. Using “quasi-circular” initial data, we have produced
simulations that yield as many as 4.5 orbits prior to merger. In this talk, we will explore the expected
dynamics of black-hole collisions, and then compare this with what we see in the simulations. The
results are telling us a great deal about the various phases of black-hole collisions. The simulations
are also giving us important information for the experimental search for gravity waves, and are
giving us important insight into what we must do to improve the simulations.
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History /Motivation

e Black hole binaries are among the most

JJU— likely sources for early detection with

LIGO, VIRGO, GEO, TAMA,. ..
E e Available computed waveforms should
increase chance of detecting collision

events.

Selected History

e Hahn & Lindquist (1964): “The two body problem in geometrodynamics.”
o Cade? (1971): “Colliding Black Holes.” (Ph.D. dissertation UNC-CH)

e Smarr (1977): “Space-times generated by computers: black holes with
graviational radiation.”

e Cook (1990): “Initial Data for the Two-Body Problem of General Relativity."
(Ph.D. dissertation UNC-CH)

e Binary-Black-Hole Grand-Challenge Alliance (1994-1998).



Recent Breakthroughs

e F. Pretorius: (PRL, Sept. 2005) “Evolutions of Binary Black-Hole
Spacetimes.”

e J. Baker, J. Centrella, D. Choi, M. Koppitz, J. van Meter: (PRL, Mar. 2006)
“Gravitational-Wave Extraction from an Inspiraling Configuration of Merging
Black Holes."

e M. Campanelli, C. O. Lousto, P. Marronetti, Y. Zlochower: (PRL, Mar. 2006)
“Accurate Evolutions of Orbiting Black-Hole Binaries without Excision.”

e P. Diener, F. Herrmann, D. Pollney, E. Schnetter, E. Seidel, R. Takahashi, J.
Thornburg, J. Ventrella: (PRL, Mar. 2006) “Accurate Evolution of Orbiting
Binary Black Holes.”

e F. Herrmann, D. Shoemaker, P. Laguna: (2006) “Unequal-Mass Binary Black
Hole Inspirals.”

e A. Buonanno, G. Cook, F. Pretorius: (2006) “Inspiral, merger and ring-down
of equal-mass black-hole binaries.”

e B. Brugmann, J. Gonzalez, M. Hannam, S. Husa, U. Sperhake, W. Tichy:
“Calibration of Moving Puncture Simulations.”



Black-Hole Collisions: Binary Formation

Population synthesis methods show that NS-NS, NS-BH, & BH-BH compact
binaries have many formation channels and should exist in sufficient numbers to
be observed “frequently” by the advanced LIGO detectors.

Galactic Coalescence Rates (Myr‘l)

Binary Type Mean Rate

NS-NS 2.7+ 1.1
NS-BH 8.1 £0.6
BH-BH 25.6 £0.8

Belczynski, Kalogera, Bulik (2002)

Predicted LIGO II Detection Rates (yr—!)

Binary Type Range

NS-NS 1 —4 x 102
NS-BH 9 — 4 x 102
BH-BH 0—8 x 103

Belczynski, Kalogera, Bulik (2002)

We expect to find a significant population of “tight” compact binaries with
varying eccentricities and separations that will merge within 1Gyr.

For BH-BH, the binary will form with a typical separation of 10R.




Black-Hole Collisions: Binary Inspiral

Gravitational waves remove energy and angular
momentum from a binary causing it to evolve to ever
smaller separations.

Radiation reaction causes elliptical orbits to circularize.

For large separations and slow speed (™* < 1 and ¥ < 1), the inspiral is well
described by post-Newtonian (PN) methods.

After orbits circularize, the inspiral evolves in a nearly adiabatic mannor with
the timescale for changes in the radius much larger than an orbital period
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Until very near the end of the inspiral, it is reasonable to think of the binary
as being in “quasi-equilibrium” and evoloving along “quasi-circular” orbits.

Using these assumptions, a relatively simple and accurate 3.5PN analytic
description of the inspiral (and the phase and amplitude of the gravitational
waves) has been obtained. Elliptical orbits can also be handled.




Black-Hole Collisions: The Plunge & Merger

e When the binary separation becomes small: = ~ 1, £ ~ 1, LENE T
T C Tw
e PN approximation breaks down.
e Conservative/secular instability point.
e Expect “dynamical” instability to plunge.
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Black-Hole Collisions: Ring-Down

e After merger, the merged black hole will be highly distorted.

e The distorted black hole must “settle down” to a stationary Kerr black hole
by emitting energy and angular momentum in the form of gravitational waves.

e The “quasi-normal modes” of the ring-down of a Kerr black hole (spin a;
mass M) are known analytically.

e QNM ~ et/ ™nem sin w,, pt. (\

e Modes are decomposed in terms of
“spin weight —2 spheroidal harmonics”
—2 Sﬁm (awnﬁm) .




Black-Hole Collisions: Gravitational Waves

Inspiral " Merger Ringdown
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