R
$% &'&(

) & ! : I %

FRIEDRICH-SCHILLER- INFN @
UNIVERSITAT (- s

J E N A di Fisica Nucleare . e Galiei Institute for Theonetical Physics



mailto:sebastiano.bernuzzi@uni-jena.de

o) le))

/

o0 ! 12
% L % 7 %.89:;( &"
1 - 6 7 % 0 &&
= 2+@- ! 7 &"A
% > 2. 10 7 &(
241 -7 0&(9
06*22 0 %0 % 12 2
10 %% 5
50 |
4 1, B


http://sbernuzzi.gitpages.tpi.uni-jena.de/nr/

=2 44 n:'.l'l,rh + 2 |-|. L A4 ':2"1 t{. Ini

| =

FI9(2 K +8) — 8xFi s] -8,

T

¥5.8,8* + 67 8,1 — (Ta) 8,8'

T

1|1 8;58° = 2a K 1 - I:1.|,

38

G

}
r\_,|.—:.-:||‘-3-'.,-:||—

- o L E—
a[R—A; A7 4 3 (K +28)7

L
X
L
1

- 3 R
gl 2008 ~g e
1

000 4000.000




PRL 95, 121101 (2005)

PHYSICAL REVIEW LETTERS

k cndin
'Ils?l?ﬂ)dm

Evolution of Binary Black-Hole Spacetimes

Frans Pretorius'>*

‘Them!:‘écm’ Astrophysics, California Institute of Techaology, Pasadena, Califoraia 91725, USA
“Department of Plysics, University of Alberta, Edmonton, AR T6G 207 Canada
(Received 6 July 2005; published 14 September 2005}

We ﬂesmbe ear]\ SUCCESS in ﬂne\oluuun of binary black-hole spacetimes with a numerical code based

ona of harmanic ¢

ndications are that with sufficient resolution this scheme is

capable of evolving binary systems for enough time to extract information about the orbit, merger, and
eravitational waves emitted during the event. As an example we show results from the evolution of a
binary composed of two equal mass. nonspinning black holes, through a single plunge orbit, merger. and
ringdown. The resultant black hole is estimated to be a Kerr black hole with angular momentum parameter
a = 0.70. At present, lack of resolution far from the binary prevents an accurate estimate of the energy
emitted, though a rough caloulation suggests on the order of 5% of the initial rest mass of the system is
radiated as gravitational waves during the final orbit and ringdown.

DOL: 101103PhysRevlet 95.121101

I Introduction.—One of the more pressing, unsolved
problems in general relativity today is to understand the
structure of spacetime describing the evolution and merger
of binary black-hole systems. Binary black holes are
thought to exist in the Universe, and the gravitational
waves emitted dunng a merger event are expected to be
one of the most promising sources for detection by gravi-
tational wave observatories (LIGO, VIRGO, TAMA, GEO
60, etc.). Dietection of such an event would be an unpre-
cedented test of general relativity in the strong-field re-
gime, and could shed light on many issues related to the
formation and evolution of black holes and their environ-
ments within the Universe. Given the design-goal sensi-
tivities of current gravitational wave detectors, matched
filtering may be essential to detect the waves from a mer-
ger and extract information about the astrophysical source.
During the early stages of a merger, and the later stages
of the ringdown, perturbative analytic methods should
give a good approximation to the waveform [1,2]; how-
ever, during the last several orbits, plunge. and early stages
of the ringdown, it is thought a numerical solution of the
full problem will be needed to provide an accurate
waveform.

Smarr [3] pioneered the numerical study of binary
black-hole spacetimes in the mid-1970s, where he consid-
ered the head-on collision process in axisymmetry. The full
3D problem has, for many reasons, proven to be a more
challenging undertaking, and only recently has progress
been made in the ability of numerical codes to evolve
binary systems [4—8]. However, until now no code has
been able to simulate a nonaxisymmetric collision through
coalescence and ringdown. The purpose of this Letter is to
report on a recently introduced numerical method based on
generalized harmonic coordinates [9] that can evolve a
binary black hole during these crucial stages of a merger.
At a given resolution the code will not run “forever,”
though convergence tests suggest that with sufficient reso-
lution the code can evolve the system for as long as needed
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PACS numbers: 04.25.0m, 0430.Db, 04.70.Bw

o extract the desired physics from the problem. As an
example we describe an evolution that completes approxi-
mately one orbit before coalescence, and runs for long
enough afterwards to extract a waveform at large distances
from the black hole.

The code has several features of note, some or all of
wlucl\ may be responsible for i its stability pmp:mns (la

1 of the field based on h co-

ordinates as first suggested in [10], (2) a discretization
scheme where the only evolved guantities are the covariant
metric elements, harmonic source, and matter functions,
thus minimizing the number of constraint equations that
need to be solved [which is similar to the discretization
scheme used in [11]], (3) the use of a compactified coor-
dinate system where the outer boundaries of the grid are at
spatial infinity, hence the physically correct boundary con-
ditions can be placed there, (4) the use of adaptive mesh
refinement to adequately resolve the relevant length scales
in the problem. (5) dynamical excision that wacks the
motion of the black holes through the grd, (6) addition
of numerical dissipation to control high-frequency insta-
bilities, (7) a time slicing that slows down the "collapse™
of the lapse that would otherwise occur in pure harmonic
time slicing, and (8} the addition of "'constraint-damping™
terms to the field equations [12.13]. This final clement was
not present in the version of the code discussed in [9], and
though these terms seem to have little effect when black
holes are not present in the numerical domain, they have a
significant effect on how long a simulation with black holes
can run with reasonable accuracy at a given resolution.

An outline of the rest of the Letier is as follows. In
Sec. Il we give a brief overview of the numerical method,
focusing on details not present in [9]. Section 11 gives
results from the simulation of one such orbital configura-
tion. We conclude in Sec. IV with a summary of future
work. More details, including convergence tests, the effect
of constraint damping, and a thorough description of the
initial data calculation, will be presented clsewhere.

@ 2005 The American Physical Society
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Collision of two black boles: Theoretical framework*

Larry Smarr
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Andrej Cadez
Universs v Lubljani, Faulicto 21 Nargroslowie in Tehnologijo, Odsck 2a Flzika, 51000 Ljublilana, Fagoslavia
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Bryce De
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Kenneth Eppley
Depargment of Physics and Astronamy Unbversity of North Casaling, Chapel Hil, Norsh Caroliss 27514

(Received 21 June 1976)
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mdistion. W consider various attcmpts at catimating the cficiency of the gencration of radiation by

an Elsstein-Rosen bridge. The initlal data to be evolved re the time-symmetric conformally flat data
diveavered by Mismer, & new sct of spatial soordinates for these data is derived. Then the general spacs plus
time decompasitian of Einstein's equatians is presented and specialized to the axisymmetric noarotating case.

Details of the evolution will be given in later papers.

L. INTRODUCTION

Because of the rapid increase in the sensitivity
of Weber-1ype resonant-bar gravitational wave
antennas,’ we may soon be capable of detecting®
‘bursts of gravitational radiation emitted in cur
galaxy by collisions of black holes or by the non-
spherical final collapse of stars. Furthermore,
new techniques, such ag Doppler tracking of Inter-
planetary spacecralt,’ may let us observe these
violent events in the nuclel of distant quasars,
galaxies, or globular clusters.* Therefore, it is
important to ealeulate the detalls of the expected
waves. Unfortunately, Lt is precisely in these sit-
uations of strong gravitational field (R~ Rgs
=3GM/c%) and fast motion (v~e) that all known
approximation schemes in general relativity fall
(see Thorne and Kovdcs® for a review of existing
technigues). What is needed is & method for ob-
taining highly nonspherical, time-dependent, and
physically realistic solutions of the full nonlinear
Einstein equations which describe gravitational
fields produced by collapse or collision.

Since we could not solve this problem analytical-
1y, we developed a numerical melhod using digital
computer programs 0 integrate the axisymmetric,
finite-differenced, Einstein equations. (The re-
striction of axisymmetry was imposed solely be-
cause of limited computer memory and speed. Our
techniques can be generalized to the generic case
of no spatial symmetry.) In this procedure, we

i

start with some (nitial data specified on a space-
Like hypersurface. Using the 3 +1 (space +time)
decomposition of spacetime® we then bulld up both
the four=dimensional coordinate systen and the
Cauchy evolution of the initlal data simultanecusly.
The general theory of how to build a "good” space-
time coordinate system slice by slice will be de-
scribed elsewhere.” The present paper is the first
in & series describing the calculation of 2 specific
spacetime representing the head-on collision of
two black holes.

We chose the collision problem as a first *test
case” for several reasons. First, the spacetime
can be purely vacuum by using Einstein-Rosen
‘bridges® to represent the two black hales. This
means we can avoid all the messy hydrodynamics
which is needed even in spherical stallar collapse.”
Second, an initial data set is known analytically"™
and has been exhaustively analyzed (see Sec. I
for references). Third, the spacetime involves
many unexplored aspects of highly nonspharical
black holes, generation of gravitational waves in
time=dependent strong=field regions, and propa=
gation of the waves outward inlo the wave zone
where they can be measured. Fourth, the resulis
of this caleulation will be relevant for astrophysics
since they will test whether the high efficiancies
(~10%) which are usually assumed™* for con-
version of rest mass
ally oceur.

As the computational geometrodynamical tech-
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Collision of Two Black Holes
Peter Anninos," David Hobill,"* Edward Seidel,' Larry Smarr,' and Wai-Mo Suen®

"Wational mwhr Supercamputing Appil:

Beckman Instinute, 405 N. Mathews Acere, Urbara, m‘umuaal
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-‘mmwﬂ Cnter for the Space Sciences, Depariment of Physics. Washington University. St. Louts, M}uauidj:.w
(Received 13 August 1993}

We sudy the head-on collision of two equal-mass, noarstating black hales. We comsider various cxses,

from holes surroundsed by a common barizon to boles soparated by about 204, where M

the mas of

each hote. The wave forms and encrgy oulpul are computed, showing that narmal medes of the final
black bole are clearly excited. We also estimate amalytically the 1otal gravitational radiation emitted,
comsidering tidal heating of horizons and otber cffects. The analytic calculations, perturbation theory,
and strong-field, nonlinear numerical calculstions agree very well with cach sther.

FACS numbenc 04.30.+x, 04.20.Jb, 9530 SF, 97.60.L¢

The collision of two black holes s considered to be
onc of the most promising and important astrophysical
sources of detectable gravitational rediation in our
Universe [1]. Since LIGO [1) and VIRGO [1] are ex-
pected to begin taking data during this decade, it is im-
portant to perform accurate calculations detailing the
shape and strength of the wave forms generated during
such events. The information gained from the detected
wave forms should allow onc to reconstruct th
ical parameters of the system, and
dircct and unambiguous evidence for the existence of
black holes if the w ¢ signature of the quasinormal
modes [2] of the hole is excited,

In this paper we present results of numerical studies of
time symmetric, axigymmetric head-on collisions of
equal-mass black holes. We have been able 10 extract the
wave forms and the total energy emission resulting from
the collision. Analysis of the wave forms reveals clearly
for the first time that the quasinormal modes of the final
black hole are strongly excited from the collision. Al-
though the term quasinormal mode refers specifically to
the response of a black hole to infinitesimal perturbations,
we also use it here to describe the finite amplitude oscilla-
tiona of the final black hole. As we will see in the next
scction, the finitc amplitude ocscillations are described
very well by the true quasinormal modes of the fimal
black hole. This wark extends and refines the carly work
of Smarr and Eppley [3.4] that suggested that the normal
mades of the final hole were cxcited, but the resolution
and wave form extraction techmiques available at that
time did not permit a clean and unambiguous matching
1o black hole mormal modes. The numerical difficulties
inherent in this problem also led to fairly large uncertain-
ties in the total energy radiated (Smarr quotes a probable

The

thal data sets thai we adopt are analytic solu-
tiona criginally discovered by Misncr [5] and subscquent-
Iy analﬂed lnd evulwd by Smlrl and Evpley‘ They are

d by a

the mass A
of & hole and the pmper separsllnn L/ M of the two holes
{se¢ Table I}, and consist of two throats sonnecting iden-
tical asympatically fiat spacetimes [6]. In this paper we
apply the code deseribed in Ref. [7] to compuste evelu-
tions for a family of Misner spacetimes representing
equal-mass black holes colliding from distances of he-
tween 4M and 208, If the throals are close enough to-
gether (for < 1.36) [B] a common apparent horizon
surrounds them both, 50 that the system really represcnits.
u single, highly perturbed black hole. For throats
separated by more than about 8M we are confident that
there 8 no common event horizon surrounding them, as
shown by directly integrating light mys (see nlso a hoop
conjecture argument [9]).

Numerically gencrated wave form templates will be
cssential for analysis of data collested by Futurc gravita-
tional wave detectors (1) The method we use 1o calou-
late wave forma is based on the gauge invariant extrac-
tion technique developed by Abrahams and Evans [10]
and applied in Ref, [11] to black hole spacetimes.

For all of the cases studicd in this paper we have ex-
teacted both the !=2 and f=4 wave lorms at ra r
30M, 40M, 50M, 60M, and TOM. By comparing resulis

TABLE 1. The physical parameters of the six initial data sets
studied are summarized. M i the mass parameier defined in
the text, L/M is the proper distance between the theoats, and
we note wheiher of not anc apparent barizan surrounds bath
hales,

uncertainty factor of 2 141}, Because of the L O Liar Apparent harizon
of this fundamental physical problem, we have revisited 1.2 185 446 kbl
this calcalation with the benefit of more powerful com- 15 0.81 676 separate
puters and improved analytic and numerical techniques 22 0.50 892 separate
developed over the imterveming 15 years to caleulate &7 0.29 3 separils
unambiguous wave forms and encrgy fluxes resulting ;gs :ﬂ :z-“‘ *"‘:::
from the collision. d 3 e
0031-9007/93/71 (18)/2851(4)506.00 2851
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Stability of a Schwarzschild Singularity
‘Turrio Recer, Istilulo di Fisica della Universitd di Taﬁ'i!o. Torino, Italy
AND
Jonw A, WHEELER, Palmer Physical Laboratory, Princeton Umwiversity, Princeton, New Jersey
{Received July 15, 1957)

It is shown that a Schwarzschild singularity, spherically symmetrical and endowed with mass, will
undergo small vibrations about the spherical form and will therefore remain stable if subjected to a small
nonspherical perturbation,

NOVEMBER 15, 1957
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PHYSICAL REVIEW D, VOLUME 61, 064001

Simulation of merging binary neutron stars in full general relativity: I'=2 case

Masaru Shibata
Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

and Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

Koji Uryu
SISSA, Via Beirut 2/4, 34013 Trieste, Italy
(Received 11 October 1999; published 10 February 2000)

We perform 3D numerical simulations for the merger of equal mass binary neutron stars in full general
relativity. We adopt a I'-law equation of state in the form P=(I'—1)pe where P, p, € and I are the pressure,
rest mass density, specific internal energy, and the adiabatic constant with I'=2. As initial conditions, we
adopt models of corotational and irrotational binary neutron stars in a quasiequilibrium state which are ob-
tained using the conformal flatness approximation for the three geometry as well as the assumption that a
helicoidal Killing vector exists. In this paper, we pay particular attention to the final product of the coalescence.
We find that the final product depends sensitively on the initial compactness parameter of the neutron stars: In
a merger between sufficiently compact neutron stars, a black hole is formed in a dynamical time scale. As the
compactness is decreased, the formation time scale becomes longer and longer. It is also found that a differ-
entially rotating massive neutron star is formed instead of a black hole for less compact binary cases, in which
the rest mass of each star is less than 70—-80 % of the maximum allowed mass of a spherical star. In the case
of black hole formation, we roughly evaluate the mass of the disk around the black hole. For the merger of
corotational binaries, a disk of mass N().()S*().IM* may be formed, where M* is the total rest mass of the
system. On the other hand, for the merger of irrotational binaries, the disk mass appears to be very small:
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