Rochester Institute of Technology

RIT Digital Institutional Repository

Theses

6-1-2013

Mimicking mesh refinement to construct initial data for a binary
black hole system

Bradley James

Follow this and additional works at: https://repository.rit.edu/theses

Recommended Citation

James, Bradley, "Mimicking mesh refinement to construct initial data for a binary black hole system"
(2013). Thesis. Rochester Institute of Technology. Accessed from

This Thesis is brought to you for free and open access by the RIT Libraries. For more information, please contact
repository@rit.edu.


https://repository.rit.edu/
https://repository.rit.edu/theses
https://repository.rit.edu/theses?utm_source=repository.rit.edu%2Ftheses%2F4976&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.rit.edu/theses/4976?utm_source=repository.rit.edu%2Ftheses%2F4976&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@rit.edu

MIMICKING MESH REFINEMENT TO CONSTRUCT INITIAL DATA
FOR A BINARY BLACK HOLE SYSTEM
by
Bradley W. James
Submitted to the School of Mathematical Sciences, College of Science
in partial fulfillment of the requirements for the degree of
Masters of Science in Applied and Computational Mathematics
at the
ROCHESTER INSTITUTE OF TECHNOLOGY

June 2013

Accepted by: Joshua A. Faber, School of Mathematical Sciences
Accepted by: Matthew J. Hoffman, School of Mathematical Sciences

Accepted by: John T. Whelan, School of Mathematical Sciences



Abstract

In order to perform an evolutionary calculation in General Relativity, accurate initial data
is needed. A pseudospectral numerical method to solve both linear and nonlinear ordi-
nary differential equations is introduced. We then calculate solutions to the Hamiltonian
and momentum constraints for a binary black hole system utilizing such a pseudospectral
method. The error resulting from the implementation is discussed at three locations in
space: near the black holes, far from the black holes, and in between. A method to mimic
mesh refinement through appropriate coordinate transforms is introduced with the result

of lowering the maximum error in the system.
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1 Introduction

To evolve a system in general relativity one must first obtain the initial data on a space
like hypersurface, a generalization of the hyperplane, representing the initial time slice.
The data must satisfy both the momentum constraints and the Hamiltonian constraint of
general relativity. Omnce the initial data is obtained, an evolutionary calculation can be
done. The majority of the methods commonly used at present to calculate the initial data,
involve utilizing a pseudospectral method. Initial data in its native form is only C? at the
location of the punctures, black holes, a problem when implementing a numerical solver

that requires a function to be C°° on the interior of its domain.

This thesis begins by discussing the implementation of a general pseudospectral method to
numerically solve both linear and nonlinear ordinary differential equations. A psuedospec-
tral method involves first assuming the function for which we solve for is a finite sum of a
group of basis functions, and then solving the equation exactly at a group of collocation

points [3].

We then will examine a method of transforming the initial data so the punctures lie on
the boundary of a closed compact domain [1]. This method involves a series of transfor-
mations which sends the Cartesian coordinates, denoted by (z,y, z) to a variation on the
cylindrical coordinates, (A, B,¢). A pseudospectral method is then implemented in the
new coordinates to solve the Hamiltonian constraint, a highly nonlinear equation of the

form



Two new transforms are discussed with the goal of lowering the overall error induced in
the system. These transforms are made to mimic mesh refinement. The first sends points
closer to the location of only one black hole while the second moves collocation points
closer to both black holes. The result is a numerical method that lowers the error close to
the location of the punctures while increasing the error as the distance from the punctures

increases.



2 Pseuospectral Method for Ordinary Differential Equations

A differential equation can be written as

Lu(z) = f(x), (2.1)

where L is a differential operator. The pseudospectral method for solving differential
equations requires u(z) to be written as an infinite sum over a set of basis functions, B;,

and then truncated after N terms

N-1
u(@) ~un(z) =Y ciBi(x). (2.2)
i=0
Given coefficients cg,ci,...,cy_1, the residual is defined to be the difference between

Lupy(x) and f(z). If the residual is 0 for all = values then uy is the exact solution to
the original equation. Therefore, the pseudospectral method aims to minimize the residual

of the differential equation

ngn Luy — f(x). (2.3)

One way to minimize the residual function is to solve the equation exactly at a set of points
known as collocation points. As the number of collocation points increases the difference
between z; and x;y1, where z; is the ith collocation point, goes to 0 and the solution will
be exact. The choice of collocation points and basis functions is important in optimiz-

ing convergence and can greatly speed up the rate of convergence of the pseudospectral



method.

2.1 Choosing A Basis

Making the correct choice of basis functions is extremely important. In almost all cir-
cumstances Chebyshev polynomials are the best choice of basis functions so they will be

examined in this thesis. The Fourier cosine series has a basis defined by

F, (&) = cos(nz). (2.4)

The change of variable defined by & = arccosx results in the Chebyshev polynomials,

denoted by T),(z),

T, () = cos(n arccos(x)). (2.5)

Since the Chebyshev polynomials are related to the Fourier cosine series through a change
of variable, all the properties of a Fourier expansion hold for a Chebyshev expansion.
Chebyshev polynomials do more than form a basis, they form an orthogonal basis. There-
fore, given a function f(z) the coefficients of the Chebyshev expansion can be solved using

the inner product.

The Chebyshev polynomials satisfy a discrete orthogonality condition,



Nl 0 i#J
Ti(xr)Tj(zk) =4 N i=j=0 , (2.6)
k=0 N )
5 1=7#0

where

e o)

are the zeros of the N*' degree Chebyshev polynomial. The choice of the zeros of the
N Chebyshev polynomials is made because this choice of collocation points minimizes
the maximum value of the possible error between uy(z) and u(x). It is important to note
they do not necessarily minimize the overall error, but the maximum value the error can
take. This is commonly known as the minimax principle. As stated in [3] “When in doubt,
use Chebyshev polynomials ... Unless you're really, really sure that another set of basis

functions is better, use Chebyshev polynomials.”

If it is assumed that there is an expansion for f(x)

f(x) ~ Z eiTy(x), (2.8)

we can use Equation (2.6) to obtain an expression for the coefficients, ¢;,

N—-1 N—-1N-1 0 ¢ ?é J
f(x)Tj(zg) = ¢iTi(zi)Tj(vk) = ¢ N i=j=0 . (2.9)
k=0 k=0 i=0 N ) )
iy 1=7#0



To solve for ¢;, the result of Equation (2.9) is inverted to obtain

N— N—

= 3 Fa)Tolan) = 1 3 S (2.10)

k=0 k=0

—_
=

9 N—-1
G =7 kzo fxr) Ty (k).

2.2 Linear Ordinary Differential Equations

Suppose we have the following linear ordinary differential equation we wish to solve:

a(x)u” (z) + b(x)u (z) + c(z)u(z) = f(x); u(—1)=a, u(l)=040. (2.11)

The boundary conditions imposed are Dirichlet boundary conditions with boundaries oc-
curring at x = £1. Only boundary conditions occurring at +1 are considered because the
domain of the Chebyshev polynomials is [—1, 1]. If the boundary conditions are originally
stated to occur at a, b € R the equation can be rescaled appropriately to force the boundary

to occur at +1.

Since the solution to the differential equation will be obtained through a pseudospectral

method, u(z) will be represented as

u(z) ~ Z ki Ty (). (2.12)

Substituting this representation for u into equation (2.11) the differential equation be-



comes

N-1
)T} (z) + b(2)T;(z) + c(2)T3(2))) = f (=), (2.13)
z:O
with boundary conditions
N—1
> kTi(-1) =a,
N-1
> k(1) =8 (2.14)
=0

In order to use the pseudospectral method we have to choose collocation points

ints. The
extrema of the (N — 1) degree Chebyshev polynomial minimize the maximum of the

error in interpolation, therefore the choice of collocation points is

25m .
atj:cos<2(N_1)> 7=0,1,2,...,N —1.

In order to obtain a solution to (2.13), the equation will be solved exactly at the interior

collocation points with boundary conditions imposed at x = 1. The coefficients therefore
satisfy,

N-1

D (ki

a(x;)T; (x5) + ba;)T,
=0

i (x5) + (@) Ti(x5))) = f(a;), (2.15)
for j = 1,2,...,N — 2. Including the boundary conditions this is a system of N linear

equations, one for each of the collocation points, and N unknowns, the coefficients of uy

This system of equations can be represented as a linear system



Written explicitly,

1 -1 1 s (=N ko a
A1 A1 A -+ Aina k1 f(x1)
— : . (2.16)
An_1o0 An—an-1 An-12 -+ An—2N—1 kn—2 flxn—2)
i 1 1 1 1 1L kn_1 ] i 1] ]

The first and last rows of (2.16) implement the boundary conditions, namely u(—1) = «

and u(1) = . The interior terms of A are given by

Aji = alz;) T (25) + b(2;) T (x5) + () Ti(x;). (2.17)

We can now solve (2.16) in a variety of fashions. One way is to calculate the inverse of
A, then find the solution as k = A~1 f (z). The problem with solving a linear equation in
this fashion is in the computation of A~! since it is a computationally intensive problem.

Instead, Equation (2.16) is solved using LU factorization and reverse substitution.

2.3 Linear ODE Example

Consider the following linear ODE we wish to solve,



u’(x) — 3u/ (z) + 2u(x) = €% u(—1) =21 +e72, wu(l) = (2.18)

The solution obtained analytically is

u(z) = (1 —z)e® + 2.

In order to determine the error 100 evenly spaced points are chosen between —1 and 1.
The error is then the Ls norm i.e., the square root of the sum of the squares, of the spac-
ing between the interpolated solution and the known solution. Using the pseudospectral
method described in the previous section, exponential convergence towards the solution is

obtained, Figure 1.

Convergence for u(z) = (1 — z)e” + €2

logiperror
|
IS
T

7

_8 I I I I I I I )
4 5 6 7 8 9 10 1 12

Number of Collocation Points

Figure 1: Plot showing exponential convergence for v’ —3u’+2u = e* with initial conditions
u(—1) = 2e7 ! + e 2 and u(1) = e?. Extrapolating, we see that only 20 collocation points
or so are required to reach the double precision roundoff noise limit of 1016



Plot of e® + €27 — xe®
T T T

n=4
n=5
n=6 ]
Known Solution

Figure 2: A visualization of n = 4, n = 5, n = 6, and the known solution using a
pseudospectral method.

2.4 Nonlinear Ordinary Differential Equations

For the purposes of demonstrating how to solve a nonlinear ordinary differential equation

we will assume that the equation is of the following form,

a(x)u (z) 4+ b(x)u' (z) + u(z)? = f(z); u(-1)=a, wu(l)=24. (2.19)

As in the linear case, Dirichlet boundary conditions are imposed at 1 and —1. Since
a pseudospectral method is being utilized to solve the nonlinear ODE, the solution is

assumed to take the form

10



u(z) & Z kiT;(x) (2.20)

Substituting the representation of u into equation (2.19),

N-1 2
ki (a(z)T! (x) + b(z (ZkT ) = f(x). (2.21)

=0

The extrema of the (N — 1) degree Chebyshev polynomial are used as collocation points.
In the case of a linear ordinary differential equation the system could be written linearly as
Ak = f(z). The nonlinear u?(x) term prevents Equation (2.21) from being written in such
a form, instead the resulting equation will be solved using Multivariate Newton’s Method,
defined iteratively as

— - —

n+1 — kn - Jﬁana

o

where J is the Jacobian matrix whose elements take the form:

0A "
aki:a(:v)T()—f—b( —I—2<ZT )

and F, is

11



N-1
F =" kinTi(-1) - o,

=0
N-1
ENTV =" kinTi(1) — B, (2.22)
i=0
. N—1 N_1 2
El =3 kin(a(@m)T} (@m) + b(am) T} (2m)) + (Z ki,nn<xm>) — f(zm)-
=0 i=0

The first and last rows of F implement the boundary conditions. The middle rows of F
require the differential equation to be solved at the collocation points. If an exact solution
is found using Newton’s Method it will be the case that F=0.In general the method is

run until ||k, — kn_1]|2 < €, where € is the acceptable error tolerance.

2.5 Nonlinear ODE Example

Suppose we have the following nonlinear differential equation to solve,

u(z) — u(z)? = e* — e, u(—1) =e 1, u(l) =e. (2.23)

Analytically the solution is obtained as

u(x) = e”.

The error is the Lo norm of the difference between the interpolated solution of a given

number of collocation points and the known solution at 100 evenly spaced points. Using the

12



psuedospectral method described previously, exponential convergence towards the solution

is obtained, Figure 3.

13



Convergence for u(z) = e”

4+

logigerror
|
o
T

-10f

_12 | | | | | | | )
4 5 6 7 8 9 10 1 12

Number of Collocation Points

Figure 3: Plot showing exponential convergence for u” —u? = e*

u(—=1) =e ! and u(1) = e.

—e2% with initial conditions

Plot of u(x) = exp(x)

3 T T T T
n=3
n=4
n=5
251 Known Solution
2r .
X 15 ]
=
1 i
05r 4
0 L L L L L I L | |
-1 08 -06 04 0.2 0 0.2 0.4 0.6 0.8 1

Figure 4: A visualization for n = 3, n = 4, n = 5, and the known solution using a
pseudospectral method.
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B I+ dt
dxi + Bidt

anidt

Figure 5: A diagram showing the various elements of the metric. Reproduced from [2].

3 The Hamiltonian and Momentum Constraints

In what follows we will set up the problem for solving the initial data for a binary black hole

system (a system with two black holes). The metric takes the conformally flat form

G = (—a? + BifY)dt* + 2B;dtda’ + 4;;dx'da,

where « is the lapse function, § the shift vector, and 4;; the spatial three metric intrinsic
to a hypersurface [5]. The lapse function measures the distance in time between succes-
sive hypersurfaces (moments in time) along a time-like curve perpendicular to the spatial
hypersurface. The shift vector measures the distance between traveling along the unit
normal perpendicular to the spatial slice and traveling with stationary spatial coordinates.
For consistency and simplicity the two black holes will be located at x = +b, y = 0, and
z=0.

The binary black hole initial data problem has four constraints, three momentum con-

straints and the Hamiltonian constraint. If the physical extrinsic curvature, K is scaled by

15



a conformal factor!, 1, the conformal extrinsic curvature, K is obtained with K = ¢2K ab,

It follows that the momenta constraints can be written as?

VoK% =0. (3.1)

The momentum constraints can be thought of as a generalized divergence. The Bowen-
York solution to the momentum constraints for two black holes with given momentums

', P and spins SY, 59, is

Npn
3 3.5 - 5
Ko = E —2r2(P]?nZ—l—P]gn%—(’yab—ninZ)(Pk'nk))-Fﬁ((SkXnk)anz-i-(skXnk)an) (3.2)
k=1 k k

where Npp is the number of black holes, r; is the distance to black hole i € {1,2}

T2 = \/(xj:b)2 +y? + 22,

n¢ is the radial unit normal vector, defined as z®/r;, and ~y is the conformal three metric

(in our case equivalent to the identity matrix).

The Hamiltonian constraint is

1
A¢+§KMK@w”:0 (3.3)

14 factors the determinant of the spatial 3-metric, 4, such that ¢ = [det(:;)] 12, The conformal 3-metric,
7, is defined by v = ¥ ™*4;;.
2For an explanation of notation see appendix B

16



with boundary conditions ¢y — 1 as r — oo. A solution to the Hamiltonian constraint is

sought in order to generate initial data for an evolutionary calculation.

17



4 The Auxiliary Function

The solution for the conformal factor, ¢, is known to be singular at the location of the
black holes [1]. In order to obtain the maximum convergence possible 1 is decomposed

into its singular and nonsingular pieces,

w:uﬂﬂZﬁ (4.1)

where Npp is the number of black holes and m; is the it® puncture mass. Using this break
down, u is a regular function, finite, and continuous everywhere. Since ¢p — 1 as r — o0
the new boundary condition is, u — 1 as r — oo. It is numerically easier to solve a problem
with boundary conditions that approach 0 as r — oo. Therefore the boundary condition

will be restated asu—1— 0 as r — oo.

We now wish to write the Hamiltonian constraint in terms of the new variable w. This

process is outlined in [4]. First, the following variables are defined

1 REI m;
— = — (4.2)

« 2r;

i=1
and
1 7 7-ab

ﬂ = ga K Kab- (43)
Npg m;

The Hamiltonian constraint can now be written in terms of o, 3, and w. Since ) ;5 S
- 1

18



has zero Laplacian, Au = A1. Substituting the representation of ¢ into the Hamiltonian

constraint, equation (3.3),

1w 1\ 7
Au+ —KPKgy | u+ — = 0.
8 «

Multiplying the equation by o / a’, the constraint equation becomes

Au+ (1 +au)™" = 0. (4.4)

This is the version of the Hamiltonian constraint which will be numerically solved. Once a
solution for u has been obtained the solution for the conformal factor, v, follows trivially

by equation (4.1).

19



5 Compactification

Black hole initial data is not continuously differentiable at the location of the punctures
(black holes). In order to obtain exponential convergence for a numerical solution a con-
tinuously differentiable function on the interior of the domain is required. In addition the
entire space of (z,y,z) should be represented as a compact rectangular domain. For this
reason the compactification scheme presented in [1] is introduced. The idea behind the
compactification scheme is to send the two black holes, located at x = +£b, to the boundary
of a rectangular grid. The final result is a transform that sends (A, B, ¢), a variation of the

cylindrical coordinates, to (z,y, z). This is done through a series of transformations

(4, B, ¢) = (§,1,9) = (X, R, ¢) = (2,p,9) = (2,9, 2). (5.1)

We will first start with the cylindrical coordinates, (x, p, ¢), such that

T =, Yy = pcos ¢, z = psin ¢, ¢ € 0, 2m]. (5.2)

We will now combine x and p to form c,

c=x+1ip. (5.3)

We now wish to do two things
e Map lines to circles

e Map the line connecting the two black holes to the unit circle

20



This can be done by applying the Joukowsky transform defined by

b
c= 5(0 +Ch, where C'= X +iR. (5.4)

The two black holes, previously located at © = +b are now located at C' = +1.

To explain the next steps a digression will be made by first discussing a transformation
which makes the distances regular in a two dimensional plane. In making the distances
regular, regularity of u is also obtained at the location of the punctures. As above, consider

the mapping

022022

where ¢y = x+iy and Cy = X +14Y. The old coordinates are (z,y) and the new coordinates

are (X,Y). The distance in (X,Y’) becomes regular at the location of the punctures

Va2 +y2=0C=X?+Y?2

We will now show the distance in (5.4) is regular in three dimensions. Since the black holes
are located at x = £b they are also located at ¢ = £b. It is fairly easy to see the distances

to the black holes are r; 2 = |c F b|. In the (X, R) coordinates this becomes

21



T2 =|cF b

|g((X+iR)2+1:Fb)\

b
= 2X2JFRQ\/(X2—R?¢X+1)2+(2RX:F2R)2
b

= T (X ¥1)*+R?).

This is regular at the location of the two punctures, i.e C' = £1.

Since we have now achieved regularity at the location of the two punctures. We now wish
to map a compact rectangular region onto the (X, R) plane. This can be achieved in the

following way:

C=e¢, (=€E+ip, £€0,00), nel0,n]. (5.5)

Substituting the new representation for C' into equation (5.4) we obtain,

c= g(eC + 6_4)

= bcosh (. (5.6)

Recall from equation (5.3) that ¢ = = +ip, therefore x = Re(bcosh ¢) and p = Im(bcosh ().

We can now obtain expressions for x and p in terms of & and 7,

22



x = bcosh £ cosn, p = bsinh £ sin 7. (5.7)

To compactify the coordinates from (—o0,00) to (—1,1) arctanh and arctan are used.
Choosing

& = 2arctanhA, n= g + 2 arctan B.

(5.8)

To get the compact form for z, y, and z several properties of cosh(z) and sinh(z) are
needed:

1 h?
cosh?(z) = —————, sinh?(z) = M
1 — tanh*(x) 1 — tanh*(x)

cosh(2z) = cosh?(z) + sinh?(x), sinh(2z) = 2 cosh(z) sinh(x).

Using the above properties the following can be determined:

14 A?
cosh(€) = cosh?(arctanh(A)) + sinh?(arctanh(A)) = ﬁ,

sinh(§) = 2\/cosh2(arctanh(A)) sinh?(arctanh(A)) 24

ST (5:9)
T . —2B
cos(n) = cos (5 +2 arctan(B)) = —2sin(arctan(B)) cos(arctan(B)) T 5
1 - B?
sin(n) = sin (g +2 arctan(B)) = cos®(arctan(B)) — sin®(arctan(B)) 1152

In summary we can define the map from (A, B, ¢) to (x,y, z) by

23



A2 —-11+4+ B?’
24 1-— B?

y="bg A271+BQCOS¢, (5.10)
24 1-B? .

z = 1 A21—|—B2sm¢

The black holes are successfully moved to the boundary and are located at (0,=1,¢),
occupying edges of the box in the (A, B, ¢) coordinates, shown in Figure ??. Using the

new coordinates we can now numerically solve for wu.

To convert from (z,y, z) to (A, B, ¢) we use the relations defined in appendix C .
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0.6
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A

(X,R)

Figure 6: Reading top left to right, a 2-D slice of the different transforms to go from the
(A, B, ¢) coordinates to the Cartesian coordinates. The dots (blue) represent the location
of the black holes in each coordinate system.
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6 Obtaining A Numerical Solution

We will now discuss how to obtain a numerical solution to the Hamiltonian constraint for
u, and hence v, through use of a pseudospectral method. Recall that the Hamiltonian

constraint is

Au+ B(1+au)™" =0.

Since we will be solving the equation in the (A, B, ¢) coordinates the Laplacian must be

determined in the new coordinates. It can be written in the form

0? 0 0? 0 0?
A—LAA@—FLAaiA—I-LBB@—FLBafB—FL(WW, (6.1)
where the individual terms are given by
F=b"[(A" +1)(B* — 1)* + 24*(B* + 6B% + 1)], (6.2)
1 (A% —1)*(1 + B?)?
Laa= -~
a4 = 7 ; (6.3)
L
Ly= %, (6.4)
1(A2 -1)2(1+ B4
Lgg = - .
BB = 2 ; (6.5)
_ 2BLpp
LB B2_1° (66)
1 (B4 1)%(A%-1)?
(B> + A4~ 1) o)

00T 42 A2(B? - 1)2
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A pseudospectral method will be employed to solve for u. u will be expanded into Cheby-

shev polynomials in the A and B directions and Fourier nodes in the ¢ direction,

Ns—1Ng—1Nyp—1

WA, B, o)~ Y > > einTi(A)T(B)Fi(e), (6.8)

i=0 j=0 k=0

where Tj(z) is the j** Chebyshev polynomial, T;(z) = T;(2x — 1) is the same polynomial
as T;(x) defined on [0, 1], and Fj(¢) are orthogonal trigonometric functions that we define

as

in(|&’ kK <0
YO B )
cos(k'¢) K >0

(6.9)

We evaluate T;(z) in the A direction instead of T;(z) because A is defined between [0, 1].
We now wish to solve equation (3.3) using the approximation of u(A, B, ¢) in equation
(6.8) for the N = N4 x Np x Ny coefficients ¢;j;,. The approximation for u is evaluated at
N collocation points defined on a rectangular grid. In the setup there is no boundary in
the ¢ direction and the boundary points in the B direction are ignored since they represent
a coordinate boundary rather than a physical one. There is a boundary at A = 1 with

u(A = 1) = 0. The collocation points in the A and B directions are chosen to be

1 1+ 1)m .
Ai:2C0S<(]VA)1 +1>, OSZSNA—]., (610)
2j—1 :
Bj—cos<2NB>, 0<j<Np-—-L1 (6.11)
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For the ¢ direction we choose

(6.12)
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7 Measuring Error

A method of describing the error will now be discussed. One problem that presents itself
while measuring the error, outside of numeric solutions, is that there is no known solution
for u nor 1. One way to obtain an error measure is to compare Laplacian, obtained using a
fourth order stencil, with the solution obtained from (1 +au)~". The stencil for a second

derivative in 2-D is given by the following coefficients.

0 0 —3% 0 0
0 3 0 0

R )
0 0 3 0 0
0 0 -5 0 0

If the Hamiltonian constraint, Equation (4.4), is solved perfectly then Au = —3(14au)~7
for all (z,y,z). The expected result is something that resembles Figure 7. The error is
smaller closer to the collocation points, and on a collocation point the error is 0. For this
reason we will look at a grid of points; if we only looked at one point on the grid then
the error could be greatly affected by how close it is to a collocation point for a given N4,
Npg, Ny. We will also examine the total error over the range numerically by using the Lo

norim.

Grids will be examined in three different regions on the plane. The two blacks holes will
be located at (:l:%, 0,0). The first region is close to the black holes. For our purposes we
define close as being a distance of less than 0.3 away from either black hole. Recall that
the distance between the two black holes is 1. In this area there is the greatest error in the

numerical solver.
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General Error Plot

Absotlute Error

Figure 7: The expected shape of the error. At collocation points, the error goes to zero,
and oscillates with decreasing amplitude as we move further from the black hole.

The next area to examine is far away from the black holes. This is defined as the area
where the distance from either black hole is at least 0.7. At this distance the solutions
should be almost exact because u is going towards the boundary condition of 1. The last
region is the middle region which is simply the area between the two previous regions.
Through examining the error in these regions we will build an additional transform which

will work towards lowering the overall error in the system.

Four examples will now be shown. The goal of these cases is to show the versatility of
the method for different spins, momenta, and mass. In all diagrams of the error the near
section will be a line of points from x = —0.75 to x = 0.75, y = 0.01, and z = 0.01; the

middle section will be a line at x = 0.05, y = 0.05, and z = —0.25 to z = 0.25; the far
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section will be at x = —0.75 through « = 0.75, y = 0.5, and z = 0.5.
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8 Examples

We will now discuss multiple examples through varying spin, momentum and mass of the
black holes. The first black hole is located at x = 0.5, y = 0, z = 0 and the second black
hole at x = —0.5, y = 0, z = 0. This determination is made so the distance between the

two black holes is one.

8.1 Example 1

We will first examine a case in which both black holes have equal mass and linear momenta

Pyl and Pyg.

For this example the extrinsic curvature, K,;, and its contraction will be obtained an-
alytically. In the other examples this will not be done. Using Equation (3.2) we find

that

K1 Ko Kis
Koy =] Ky Ko Ko
K31 K3 Kaz3
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with the individual terms given by

3y1 P, 1)\ 2 3ys P, 29\ 2
K = yiA vl <(rl> - 1) + y24y2 <<2> - 1) )
1 1 ) T2

3 1 11yiPy 3 T2 Toys Py
K= Ko = (Pa 4 PO ) 4 5 (22 4 200,
1 1 1 3 T9 T3

- 3.%'121y1Py1 3$2Z2y2Py2

Ky = K3 = + :
31 13 . g
3P, 7\ | 3P 3
Ky = 011 <1 + y;) + Y (1 + y§> ,
1 1 s T3
3 (z1Pp  miyizPp 3 (2Pp  woy222Pp
K32=K23—2< Sl ygy + — £+ ygy ;
7‘1 ™ 7'1 7’2 T9 7"2
3 Z% ylel 3 Z% yQPyQ
Kgy=—5 =31 S \l2 1)
Tl Tl T1 7'2 T2 T9
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Figure 8: The error for a binary black hole system with mq = mo = %, P, = (0,0.05,0

Py = (0,—0.05,0), S; = Sy = 0.
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Figure 9: The error for a binary black hole system with m; = mg = %, P, = (0,0.05,0),
Py = (0,-0.05,0), Sy = (0.03,0.03,0.03), S = (0,0,0.05).
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Figure 10: The error for a binary black hole system with m; = 0.4, mso
(0,0.05,0), P, = (0,—0.05,0), S1 = (0,0,0.05), Sy = 0.
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Figure 11: The error for a binary black hole system with m; = 0.4, mo = 0.1, P, = P, = 6,
S1=1(0,0,0.05), Se = 0.
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In all of the error diagrams the same number of collocation points are used, therefore the
same collocation points are being used. This will not be the case when we examine the
additional transforms even though the same number of collocation points will be used.
There is already some bias introduced in the collocation points for them to be closer to the
black holes because the collocation points are chosen to be the zeros of the n + 15 degree

Chebyshev polynomial which concentrates points close to the endpoints.

In all of the cases the error is the least in the section of the grid designated as far. In all of
the cases of equal mass black holes the error behaves as expected for the middle and near
errors. The error is the largest close to the black hole and decreases as we move away from

the black hole (minus the variations caused by the proximity of collocation points).

In order to remedy some of these errors we will introduce two transforms which will shift
collocation points closer to the black holes in a fashion that will lower the overall error of

the system.
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9 Mimicking Mesh Refinement Through Additional Trans-

forms

The idea behind an additional transform is to mimic mesh refinement. Rather than per-
forming domain splitting to vary the resolution of our spectral method, an additional
transform will be used. We will consider mappings defined by parameters c4 and cp and
maps f : A — A and g : B — B such that f maps [0,1] to [0,1] in a smooth one-to-one
fashion and g does the same on [—1,1]. In order to solve the Hamiltonian constraint the
mapping does not need to be invertible; however we wish to find the solution at a given

(z,y, z) coordinate so we will only consider invertible maps.

Transform Diagram
1 T T T

09 Coarser Resolution B
nearA=1

Finer Resolution
0.7 near A =1 B

0.4 =

Finer Resolution

0.3 nearA=0 B
/

ol |/ ,

0.1 »/ Coarser Resolution -

nearA=0

/ /
! ! ! ! ! ! ! !

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 12: A general idea

The following holds true for the mapping g except on the range [—1,1]. The line A = A
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represents no additional transform. In both of the mappings we will discuss this will occur
as c4 — oo and provides a good check in determining if the mapping is implemented

correctly.

Examining what occurs to a transform near A = 0 it can be seen that if the mapping, f,
is below the line A = A then points that are farther apart in A move closer together in A.
This implies that when collocation points determined in A will be spread farther apart in
A resulting in a coarser grid. Likewise if f is above the line A = A, the result is a finer

grid close to A = 0.

Examining the region A = 1, we can see the opposite occurs. If f is above the line A = A
then points in A that are far apart get mapped closer together in A. This implies the
collocation points determined in A are again spread farther apart when mapped back to
A, resulting in a coarser grid. Likewise f being below the line results in a finer resolution

closer to A = 1.

A =1 corresponds to spatial infinity while A = 0 corresponds to the line connecting the
two black holes. The error decreases as A goes from 0 to 1. Transforms which result in a
finer resolution near A = 0 and a coarser resolution near A = 1 will be discussed. In the
B direction the blacks holes are located at B = £1. Depending on the relative puncture
mass a transform may be sought which concentrates collocation points closer to both black

holes simultaneously or possibly towards one black hole and away from the other.

Two transforms will now be looked at. The idea behind both of these transforms is to
concentrate collocation points closer to either the black hole that is providing (more/less)
of the mass, transform I, or both black holes, transform II. In both cases we wish to
concentrate points in the A direction closer to A = 0. Both transforms map [0,1] — [0, 1]

([-1,1] — [-1,1]) in a one-to-one fashion.
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10 Transform I

The first transform has following form

2 _
4= Gl (10.1)
CA —

B+1
2 2 _ (41?27 ’
B~ "1

with ¢4 > 1. Since a € [0,1], o® < a and cia < 0124. Therefore 0124@ —a< 0?4 —a?. The

2

following inequality holds: a? <1 < ¢4 so both (¢4 — 1)a and ¢% — o? are positive. It can

now be concluded that

0 < (4 — Do

— 2
Ca

<1.
—a2 =

Taking the derivative of A with respect to «, we find

dd (4 = 1(ch +0a?)
de (4 —a?)?

This is always greater than 0 so the function is monotonically increasing. Therefore the
transform in A maps the closed interval [0, 1] to itself in a one-to-one fashion. Similar
analysis can be done on B to see that it maps the interval [—1, 1] to itself in a one-to-one

fashion as well.

The inverse transforms are

41



a= , (10.3)

B=2 ] —1. (10.4)
A-sa B—p

1 T 1 T
09f : 0.8
0.8 B 0.6
0.7 b 0.4
0.6} , ozl
s 05f 1 a of
0.4 b -0.2F
0.3 4 -0.41
0.2 E -06}
01f E -08f

0 : : : : -1 : ‘ :
0 0.2 0.4 0.6 0.8 1 -1 -0.5 0 0.5 1
A B

Figure 13: Visualization for the first transform with cq4 = cg = 1.2

10.1 The Laplacian

Without the additional transform the Laplacian was calculated to have the from of equation

(6.1), repeated here
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0? 0 0? 0 0?
+LA7+LBB +L37+L¢¢@-

A =laagss A B2 OB

Because A is now a function of o (B of 3) the partial derivatives in the Laplacian have to
be calculated using the chain rule. We will define @ = % The first derivatives are as

follows

dA (4 —1)(ch +0o?)
de (& —a2)?2 7

dB (¢ —1)(c} + )
s (B

We can now determine the partial derivatives of a function f with respect to A and B.

of _dadf (0ANT'Of _ (h-a®)® Of
0A  0Ada  \ da da (4 —1)(c4 +a2) da’

8f_<6’B>‘16f_ (-2  of

0B \98) 98 (c-1)(c}+p?) 08

with second partial derivatives
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o°f _ 0 of (94N 0 (of
0A?2  9A0A  \ da da \0A
_ (4 —a?)? O%f  2a(ch — a?)?(at +2c%a? — 3ch) af
(4 — 1)2(c%4 + a?)? da? (4 — 1)2(c% + a2)? da’

Pf 0 af__<aB>"1 ) <8f>
0B2  9BOB \0B) 0B \0B
(=3 0% | Bk — BB +2¢43° — 3ch) Of
(ch — D2} + 52)2 052 (b - DA +BP 9

We can now determine the Laplacian by substituting these partials into equation (6.1).

10.2 Results

The numerical results can be seen in Figures 14 through 17. In these figures the parameters
of the system are given by c4 = 1000 and cg = 5. The black hole with the greater puncture

mass is located at (0.5,0,0) while the other is located at (—0.5,0,0).

We can see the collocation points have been shifted towards the black hole located at
(0.5,0,0). The result is a system where the error is lowered as we consider regions closer
to this black hole. The trade off is a raising of error in the other regions, particularly close
to the black hole located at (—0.5,0,0). In the case where the black holes have different
puncture masses this results in a lowering of the overall error and maximum error. When
we examine the black holes with similar puncture masses (Figures 14 and 15) we see the

maximum error was raised.
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Figure 14: The error for a binary black hole system with m = mo =

Py = (0,—0.05,0), S; = Sy = 0.
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Figure 15: The error for a binary black hole system with m; = mg = %, P,

Py = (0,-0.05,0), S; = (0.03,0.03,0.03), S» = (0,0,0.05).
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Figure 16: The error for a binary black hole system with m; = 0.4, mo

(0,0.05,0), P, = (0,—0.05,0), Sy = (0,0,0.05), S, = 0.
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Figure 17: The error for a binary black hole system with m; = 0.4, mo = 0.1, P, = P, = 6,
S1=1(0,0,0.05), Se = 0.
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11 Transform II

The first transform discussed accomplished two things: sent points closer to A = 0 (farther
from A = 1) and closer to B = —1 (farther from B = 1). This resulted in a finer mesh
near both black holes in the A direction but a coarser mesh in the B direction near the
black hole located at B = 1 and a finer mesh near the black hole located at B = —1. We

will now examine a transform that results in a finer mesh near both black holes.

The transform in the A direction will remain the same, namely

(i — Do

2 _ 27
Cyp —«

A=

In the B direction the following transform will be used

B = cp arctan (ﬁtan <1>> , (11.1)
CB

with ¢g > 2/7. This condition must be enforced because tan(1/cp) repeats and we only
want to look at the principle domain of the tangent function. We can see this transform

sends 1 to 1 and —1 to —1.

1
B(1) = cp arctan (tan <>> =B
CB CB
1
B(—1) = cp arctan <— tan <>> - B,
(635 Cp
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The arctangent function is a monotonically increasing function on a bounded domain,

therefore the transform maps the region [—1, 1] in a one-to-one fashion onto [—1, 1].

The inverse transform is defined as follows

f= .
tan (g)
A->a B—-p
1 T T 1 T
0.9 : 0.8
0.8 . 0.6 b
0.7F : 0.4} b
0.6 : 0.2} b
3 0.5 . @  0r b
0.4} : -0.21 b
0.3 : -0.4r b
0.2 . -0.61 b
0.1} . -0.8 b
0 | | | | _1 | | |
0 0.2 0.4 0.6 0.8 1 -1 -0.5 0 0.5 1
A B

Figure 18: Visualization of the second transform when cg = 0.7 and c4 = 2.
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11.1 The Laplacian

The Laplacian has to now be calculated in the new coordinate system. In the A direction
the partial derivatives are the same as in the first transform. The first derivative for the

B direction is

dB _  cgT
a8 ~ 1+ 2T

where T = tan ( B) We can now determine the partial derivatives of a function f with

respect to B.

Af 1+ pT*0f
OB c¢gT 0p

and second partial derivatives

*f 9 of (oB\ ' a9 [of

832_3383_(6 ﬂ()
(14682 T*\" 9*f 1+52T2) of
‘( cpT >8ﬁ ( 5T >0ﬁ

11.2 Results

The numerical results can be seen in Figures 19 through 22. In these figures the parameters
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of the system are given by c4 = 1000 and cg = 5. The black hole with the greater puncture

mass is located at (0.5,0,0), while the other is located at (—0.5,0,0).

This method does not lower the overall error, or maximum error, in any case for the near
section. Instead it keeps the error relatively similar to the original untransformed system.
One interesting area for further research would be to develop a transform that is based off
of the relative masses of the two black holes to determine the coefficients for the system

and how much of each transform should be applied.
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Figure 19: The error for a binary black hole system with m; = mo = %, P, = (0,0.05,0),
Py = (0,—0.05,0), S; = Sy = 0.
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Figure 20: The error for a binary black hole system with m; = mo = %, P, = (0,0.05,0),
P, = (0,-0.05,0), S; = (0.03,0.03,0.03), Sy = (0,0,0.05).
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Figure 21: The error for a binary black hole system with m; = 0.4, mo
(0,0.05,0), P» = (0,—0.05,0), S; = (0,0,0.05), S2 = 0.
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Figure 22: The error for a binary black hole system with m; = 0.4, mo = 0.1, P, = P, = 6,

S1 = (0,0,0.05), Sy = 0.
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A Properties of Chebyshev Polynomials

Chebyshev Polynomials of the first kind are defined in two ways,

T, () = cos(narccos(x)),

or recursively

To(x) = 22T —1(x) — Th—o; n=223.4,...

To(l') = 1; T1<.ZL') =2x.

Chebyshev Polynomials of the second kind are defined as

sin((n + 1) arccos(x))
sin(arccos(x))

Un(z) =

The derivatives of the Chebyshev polynomials are

dT,,

E =nUp—1,
T, (n+1)T,—U,
a2 " 2 -1 '

The extrema of T),(x) are
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Figure 23: The first six Chebyshev polynomials.

This leads to the discrete orthogonality property:

0;  1#]
n—1
S Ti(w)Tjla) =4 ny i=j=
k=0

5 i=j#0

Suppose that f(x) ~ Z?;ll ¢;Tj(z) then
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0;

n—1

k=0
ne;

2 ¢

Inverting this result we can solve for the coefficients;

co = % > flaw)
k=0
n—1

= 3 fa T
k=0
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n—1
Z f(ar) T (i) = Z ¢ili(zp)Tj(zr) =4 nep: i=j=0
k=0

i=j#0



B Einstein Notation

In Einstein notation, when an index appears twice it implies a summation over all values

3

¢ is equivalent to ciz' + cpx? + c32®. Upper indices

of the index. The expression ¢;x
correspond to the indices of the coordinate system, contravariant, while lower indices are

linear operations on the coordinates, covariant.

Latin letters represent spatial coordinates only and take on the values 1,2, 3, corresponding
to the standard z,y, z. Greek letters correspond to space time coordinates and take on the
values 0, 1,2, 3 where z° represents the time dimension and the others correspond to 4, j,

k as before.

For example, in Einstein notation u;v® corresponds to ujv! + ugv? + uzv3, and can be seen
as the inner (or dot) product of the vectors 4, ¥. The outer product of the two vectors, @

and v, is represented as u'v" and yields a 3x3 matrix.

The momentum constraints pertaining to black holes, which arise in general relativity, can

be represented in a nice compact form using Einstein notation,
lell 4 VQK21 + v3K31

VoK™ = ViK'2 4 Vo K2 4 V3K =0
V1K13 + VQK23 + V3K33
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C The Inverse of the Compactification Scheme

When obtaining a solution at a specific point, or grid, in the standard cartesian the co-
ordinates of the transform described in Section 5 must be inverted. The transform from

(z,y,2) to (A, B, ¢) will now be discussed.

Using the coordinate transform obtained before

x = bcosh(§) cos(n), (C.1)

p = bsinh(¢) sin(n). (C.2)

T

We will now solve for A, B and ¢ through a few steps. First we will say that £ = 7 and

p = #£. From equations (C.1) and (C.2) we obtain

A~ ~

cosh(¢) = cos(n); sinh(¢)

= sin(n). (C.3)

We can use this result with the Pythagorean theorem for sines and cosines to obtain

;%2 ﬁ2
1= +
cosh?(¢)  sinh?(¢)
-2 52
S S — (C.4)

cosh?(¢)  cosh?(¢) —1°

One more substitution will be made: u = cosh?¢. Equation (C.4) can now be written as a

quadratic in u,
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w? —u(l+ 22+ %) + 2% =1, (C.5)

and can be solved using the quadratic equation to obtain the solution for u.

1
u:2[1+£2+ﬁ2i\/(1+£2+,§2)2—49@2 : (C.6)

Since u = coshz(f), u must be greater than or equal to 1. The discriminant of equation
(C.5) will be examined to determine if the positive or the negative should be used. It can
never be negative so two cases will be examined, when the discriminant is greater than 0

and when it equals O.

The discriminant is equal to 0 only when = £+1 and p = 0. At these points

Uy =u_ = %(1 + (£} =1.

However since u4 = u_, this does not help in determining which should be used. The case
will now be examined when the discriminant is greater than 0. We will first put a lower

bound on u, the “positive” root. Since the discriminant is positive, this is the minimum

u, can be occurs at the point & =0, p = 0. (22, p?, \/(1 + 22 + p2)? — 422 are all greater

than 0 for all other values of & and p). Therefore
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[1+§:2+[J2+ \/(1+:e2+,32)2 — 432 (C.7)

[1+¢17]

vV
=Nl = N

We will now put an upper bound on the smaller root, u_. We will first note because p is a
real number, —p? < p? therefore —25° < 2p. Adding the same thing to both sides keeps

the equality the same,

gt pt2a?p? — 227 — 2p7 + 1 <@t + pt 422757 — 227 + 257 + 1,

(12‘2 —|—,(32 _ 1)2 < (i’2+ﬁ2 + 1)2 _4:2,2’

B4 =1 < V(@4 P2+ 1)2 - 482,

1+ 22+ p% — /(22 + p2 + 1)2 — 442 < 2,

[1 + 22 4 p% — \/(1+:e2+,32)2 — 432 (C.8)

IN
ST

=1.

Since the smaller root is always less than one and the larger root always greater than one,

the solution for w is

1
u:2[1+§:2+ﬁ2+\/(1+§02+ﬁ2)2—4@2 : (C.9)
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A can now be determined

¢ = arccosh(y/u), A = tanh (g) . (C.10)
We will now solve for B in almost the same way. Starting with Equations (C.1) and (C.2)

we can say

A

T cos P = sin . .

Using the identity cosh?(z) + sinh?(z) = 1,

i’2 ﬁZ
- 35y T o2
cos?(n)  sin®(n)
92 9
- 4+ P (C.12)

cos?(n) 1 —cos?(n)

We will now solve for v = cos?(n). As before Equation (C.12) can now be written as a

quadratic in v and a solution can be obtained by using the quadratic equation.

v —ov(l+ 22+ pH) +3%=0. (C.13)

with solution

| =

v = [1+£2+ﬁ2i\/(1+§:2+[)2)2—4fc2 .

64



Since v = cos?(n), v must be less than or equal to 1. The quadratic in v is the same as the

quadratic in u, so the same analysis applies. Therefore

v =

[1 + 324 p% — \/(1 + a2 4 p2)° — 4552] . (C.14)

N | =

B can now be determined

n=arccos(v), B =tan (; (n- ”)) . (C.15)
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