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A search of a formulation for stable numerical evolution

e Adjust ADM formulation with constraints =—> Attractor System

e A New Criteria for adjusting rules

e Numerical test with 3D Teukolsky wave evolution —- Longer Stability
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Plan of the talk

1. Introduction
(0) Arnowitt-Deser-Misner

2. Three approaches
(1) Baumgarte-Shapiro-Shibata-Nakamura formulation

(2) Hyperbolic formulations
(3) Attractor systems — “Adjusted Systems”

3. Adjusted ADM systems
Flat background
Schwarzschild background
+ Numerical Examples

4. Adjusted BSSN systems
Flat background
+ Numerical Examples

5. Summary and Future Issues



General Relativity: historical overview

FroRMEXT 325 (Special Theory of Relativity) | 1905 Einstein
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All inertial observers are equivalent.
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The velocity of light is the same in all inertial systems.

— FFE S XTI D D TIEARLY, time is relative!
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—AZFEXT 4IRS (General Theory of Relativity) 1916 Einstein

—fi1t 1 IHEES U TWBRICEWTHAIZT D FEBI? in an accelerated frame?
—fig{k 2 HANZEORDAFE? including gravity?

— FMREBEFPAEMERDEAN equivalence principle, local inertial frame
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Riemannian Geometry

metric (FT£)
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for flat spacetime (Minkowskii spacetime):
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Christoffel symbol

Covariant derivative

Geodesic deviation equation

Riemann tensor

Ricci tensor

Ricci scalar

Einstein tensor
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The Einstein equation

1

For the perfect fluid,
(no shear, no viscosity, and isotropic pressure)
—p
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0.1 Application 1: Black Holes

Schwarzschild (1917) : spherical symmetric, vacuum spacetime

2M dr?
ds* = —(1 — T)dt2 + 7 _Tw + 7%(d6* + sin® Odp?)

r

or in the Kruskal coordinate ;
32M
ds? = =" Mqudv + r}(d6* + sin® 0dp?)
r
where W= —(r/2M — 1)Y2eUr=0/AM 5 — (g j2 M — 1) 2elr=0/AM

The solution has a horizon at r = 2M, a singularity at » = 0 (R, R =
48M? /1),



0.2 Application 2: Cosmology

Friedman-Robertson-Walker spacetime: homogeneous and isotropic with perfect
fluid

2
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The standard Big-Bang model| is supported by

e observation of the expanding Universe
e cosmological microwave background (2.7K)

e light element amount from nucleosynthesis theory

The inflationary scenario| explains

e flatness/horizon problem in FRW model
e topological defect problem in high energy theory

e origin of the structure formation



0.3 Application 3: Gravitational Wave

LIGO USA 4Km |~ 20027 | http://www.ligo.caltech.edu/
VIRGO | Italy/France 3Km |~ 20027 | http://www.virgo.infn.it/

GEO Germany /UK | 600m |~ 20027 | http://www.geo600.uni-hannover.de/
TAMA Japan 300m 1999 ~ | http://tamago.mtk.nao.ac.jp/

LISA NASA/ESA |5 10° Km | 20087 ~ | http://lisa.jpl.nasa.gov/




0.4 Application 3: Weak field limit



Numerical Relativity := Solve the Einstein eq. numerically

TARGET

To figure out gravitational wave form in the final process of coalescence
of binary blackholes and /or neutron stars.

What are the difficulties?

e Einstein eq. is for 10-component metric, mixed with 4 elliptic eqs and 6
dynamical eqs.

e Completely free to choose coordinates, gauge conditions, and even for decom-
position of the space-time.

e Has singularity in its nature.
e How to construct a realistic initial data?
e Cannot evolve the system stably in long-term evolution. Why?

Not only computational power, but still theoretical understanding, we need




The standard approach :: ADM formulation (1962)

e Use Arnowitt-Deser-Misner formulation, 3+1 decomposition of the spacetime.
Evolve 12 variables in (z,y,z) Cartesian grid, with a choice of appropriate
gauge condition.

Maxwell eqs.

ADM Einstein eq.

constraints

div E =4mp
div B=20
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evolution egs.
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Status of Numerical Relativity May, 2001
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