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Intr oduction

f # Binary black hole (BBH) systems provide one of the T
strongest astrophysical sources of gravitational waves
predicted by General Theory of Relativity.

# Understanding of BBH dynamics and accurate
extraction of waveforms, using Numerical Relativity
tools, is crucial for gravitational wave search and testing
of GR in dynamical and strong eld regimes.
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Methods: HAHNDOLkode

o .

# A version of BSSN system of equations with evolution

variables de ned from the usual ADM
variables

where Christoffel symbol associated with the
conformal metric
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Hahndol Code

Equation of motion

where . The lasttermin  equation suggested by Yo et al to

suppress exponential growh of  when
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Hahndol code

Black holes represented by “punctures” at T

where the n black hole has mass

(parameter) and is located at coordinate
For , we do NOT make this “separation” (i.e. no
special treatment for the closed form part, ) but

directly nite-diff erence the whole

May generate non-convergency near “punctures”. But,
In practice, puncture “errors” remain inside the horizon
and do not in uence the dynamics outside the horizon.

Combined with proper choices of gauges, this strategy
opens a way to realize moving black hole idea.

Currently do not use black hole excision technique.
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Hahndol code

Gauge conditions do NOT change dynamics, but may T
affect degree of dif culties with which the solutions from
numerical evolutions can be obtained.

Gauge conditions: specify

Improved version being used now, e.g.,

-
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Initlal Data: Quasi-circular

=

Assume conformal atness and maximal slicing
( )

Bowen York form of extrinsic curvature

Puncture method: split and solve for

Use multigrid algorithm.

N B
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Waveform Analysis

=

Use NP Weyl tensor component  to analyse
(outgoing) gravitational wave content.

Harmonic decomposition

Given , one can calculate

-
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Somenumerical detalls

Initial Data: Use MultiGrid algorithm.

Evolution: Finite difference method
Spatial differencing: 4th order (centered/upwind)
Time integration: iterative Crank Nicholson time
Integrator.

Outer Boundary: causally disconnected from the region
of spacetime we are interested. Simple out-going wave
boundary conditions are used.

Use paramesh package to implement parallelism and
adaptivity.

Performance: scaling is good level up to
1000 CPUs.

Runs took 1-5 days on 256/512 CPUs. J
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Results: Inspiral LIM 4.99*QCO0”
-

f Initial data based on Cook (1994).
M M with M total (initial) ADM
mass.

Grid set-up: box-in-box FMR with FMR boundaries
located( M M M M M MwithOBat M)

Resolutions run: M M M
Solution errors ( ).

Hamiltonian Constraint, Apparent Horizon
Gravitational waveforms & errors
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Results(QCO0): Solution analysis
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Results(QCO0): Solution analysis

along -axis.
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Results(QCO0): Solution analysis

along -axis.

QCO g,, QCO diff g,
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Results(QCO0): HC, Apparent Horizon
-

Hamiltonian constraint ( ) at
M M.

Apparent Horizons at M M M M M.
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Results(QCO0): Gravitational Waveforms
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Results(QCO):

Resolution

M/16  0.049 0.20 (26%)
M/24  0.033 0.13 (17%)
M/32  0.032 0.13 (17%)

Final spin



Results: Inspirals with larger

f Consider initial data with a larger separation than QCO. T
M (Runs: R1, R2, R3, R4)

Grid set-up
Initially grids are set-up by hand (FMR)

During the evolution, adaptive mesh re nement
based on a function called the real part of Coulomb
scalar . Interms of the curvature invariants ,

and |

o -
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Results: R1-R4

Question I: can we separate initial data transient part ofT
the waveforms from the actual merger waveforms? let's
go beyond “QCO0".

Questions Il: what is the dependence of waveforms on
the initial data with increasing separation? are there
features in the waveforms that are universal?

Answer |. agreement between waveforms from different
runs indicate that initial data transients go away during
the rst orbit or so.

Answer |l: Remarkable agreement for the last orbit,
merger and ringdown for all runs. There are universal
features.

-
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Results: Solution R1

o .

Snapshots of grid structure: Re( ) on plane at
M M M M M  M[MOVIE]



Results: R1 HC errors

M

=

R1 runs: Hamiltonian Constraint errors. Resolutions:

M M
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Results: R1 Waveform errors

R1 runs: Waveform errors: 1% level. T

| | | ' | == Y(med)Y (high) i
-200 150 100 50 — Y (low) -Y (med)*(7/20)

-
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Results: Wave amplitude from R1-R4
B o

Waveform amplitude, . (Time-shifted to match the
maximum amplitude.)
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Results: Waveforms from R1-R4

=

M IS the dominant mode.

Excellent agreement among the runs for M at
level and errors are within 10% level prior to that.
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Results: Polarization anglefrom R1-R4

o .

Polarization angle, ( )




Results: Wave frequencyfrom R1-R4
- -

Wave frequency
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Results: Puncturetrajectories from R1-R

o .

“Puncture” trajectories:
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Results: Orbital frequencyfrom R1-R4

f Orbital frequency, M, calculated from the puncture T
track motion.

Wave frequency (divided by two), M , from
waveforms.
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Results: PN comparisonfrom R1-R4
- -

(Orbital) frequency, M, calculated from the puncture
track motion.

Two PN curves calculated from 2PN & 1.5PN. Might be
able to provide inputs to PN approaches.
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Results: fromR1-R4

=

Energy and angular momenta for the radiation and nal
black hole. and are measured at M,
and M, respectively. M  and are
calculated independently from the quasi-normal ts of
the ringdown waveforms, and agree well with the values
deduced from the radiative losses.

M M M M M M
0.0356 0.246 0.694 | 1.005 0.721
0.0369 0.272 0.691| 1.002 0.686
0.0381 0.306 0.689| 1.004 0.694
0.0387 0.325 0.702 | 1.004 0.693

-
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Results: Non-equalmasscollision

=

Motivation: asymmetric kick can impart astrophysical
kicks to the merger remnant.

Large kick velocity can unbound the merged black hole
from the center of the host structure.

Start with a simple case: mass ratio M M

Mode analysis indicate that dominant contribution
comes from M and M mixing.

-
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Results: Non-equalmasscollision

T
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Concluding Remarks
- -

Can carry out multiple orbit BBH simulations (Cf.
Pretorius, UTB, PSU, LSU/AEI, etc).

Key features in Hahndol code.
Moving black holes across the grid

Certain choice of gauge conditions make solution behavior more tractable
numerically.

Ability to speed up run time by adaptive mesh re nement.

Waveform and trajectory analysis provide a consistent
picture.

Results obtained so far indicate we now have
gravitational waveforms in equal mass merger
simulations for the last orbit, merger, and ring-down.

Early simulations to calculate GW recoll are underway.
L Future plans: different mass ratio, spin. J
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