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Motivation(s)

The study of scattering processes of two black holes is of interest for various reasons.
For instance, the estimation of the cross sections with varying impact parameters is
very important for understanding the evolution of black holes in galactic centers, in
particular, the formation of super-massive black holes.

Our Goals

A) To study black holes moving in parabolic / weakly hyperbolic orbits, calculating
capturing cross sections for such encounters

B) To use KISTI supercomputers to do binary black hole simulations

C) To gain experience in doing binary black hole simulations



Effective potential

The radial equation of
motion for a test particle
can be written as :




Gravitational Capture for a massive particle

For a given energy at infinity, E_ we can find a
critical angular momentum value L _, that satisfies :

Erad( Lcrit) —

crit

Any black hole configuration with ) and [, < L.

will radiate more energy and will thus be captured.




Impact Parameter and Cross Section
for a test particle

The radial equation of
motion for a test particle :

At large distances,
we find that :

The (specific) angular
momentum at infinity
can be expressed as :

Hence, we can write the
impact parameter and
Cross section as :




Gravitational Capture for a massive particle

We can then write the critical impact parameter as :




How to find i,m-t( Eoo)

Option 1)  For a given E_, we may do a series of simulation to find L_,(E.), measure E_,
for each simulation and compare with E_to find L_,(E.). We do this for
many E_ until we have covered parameter space to our satisfaction.

Orbit with energy : E_= E,
Erad(Lcrit) =E,-1
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How to find i,m-t ( Eoo)

If v, << 1, a hyperbolic orbit near periastron is almost indistinguishable

from a parabolic orbit. This means that amount of emitted gravitational
radiation is almost same. Thus we may make the assumption that the
radiation emitted in a parabolic orbit is practically the same amount of
radiation emitted in in a weakly hyperbolic orbit.

l.e. we assume that E_, (E,=1) ~ E 4 (E.=1 +¢), e<<1.




Numerical Setup

» We use the so-called Einstein Toolkit (based on the Carpet/Cactus code) to do our
simulations. This is a free, open-source code which has been developed by hundreds
of numerical relativists over the last 10 years.

i e

Try it, it's free :
http://einsteintoolkit.org

» We do our simulations of KISTI supercomputer: Tachyon2
« Typical simulations use 256 cores and runs for about 3 days



Weakly hyperbolic orbit in X-Y plane
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Weyl 4 Scalar

A. Definition of Yy

It is well known that the scalars needed to completely
characterize a given spacetime can be expressed as pro-
jections onto a null tetrad of the Weyl tensor. These
scalars, known as the Weyl scalars, have several interest-
ing properties. For instance, for a sunitable chosen tetrad,
they can be related directly with the gravitational waves
at null infinity. We will be interested mainly in the Weyl
scalar W4, which is associated with outgoing gravitational I.m
oy : Uy = A
radiation and is defined as 4 Z Z
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with Cqo sy the Weyl tensor and where £ and m# are two
vectors of a null tetrad constructed from the orthonormal dE’
spherical basis in the following way dt L 1b T
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where the vectors e}, €y, and €t are the usual or-
thonormal basis lnduced by the bpherlcal coordinates.

The Weyl scalars (Wg, Wy, 1Ifg: W4) are similarly defined (from gf'qC//07074654)

as different contractions of the Weyl tensor with the null
tetrad.
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Real part of decomposed Psi4 at R=80
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Real part of decomposed Psi4 at R=80

| [
pe06 | Re(l=2, m=2) —— ||

1e-06 - N

-1e-06 - .

-2e-06 - =

-3e-06 - .

0 90 100 150 200 250

Coordinate time




Almost half of radiated energy is emitted in modes higher than I=2 mode!

Integrated Emitted Energy, cumulative Imax (at R=80)
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Integrated (and extrapolated) enegies as function of detection radii
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Main Computational challenges of doing
high-accuracy parabolic BH-BH simulations

« Grid resolution:
To achieve maximum accuracy, we need high numerical resolution

» Junk radiation:
Junk radiation will disturb our results and thus should be minimized.
This can be achieved by having large initial separation.

* Detection radius:
Because of large separation between BH after meeting, we need
to extract gravitational waves at high radii and/or extrapolate results.

* Limit on spherical harmonics:
We use spherical harmonics decomposition to extract gravitational waves.
However, because of non-circular orbits of BH, we need to
extract waves at very high modes and/or extrapolate results.



Preliminary Results

Radiated Energy as function of L¢yitical
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Preliminary Results

Cross Section as Function of Orbital Energy
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Conclusions / Next steps :

* We have set up a numerical code to perform simulations of
binary black holes in parabolic orbits / weakly hyperbolic orbits.

* We have tested convergence and extrapolation properties
and believe we will be able to obtain results for calculating
scattering cross sections of binary black holes in weakly
hyperbolic orbits with high accuracy.

» We are in the process of doing simulations and analyzing data.

* Next we hope to investigate more advanced scenarios, e.g. with
spin and non-equal mass ratios.



Thank you for your attention
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