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Abstract

Of all the events in our Universe, the merger of two Super Massive Black Holes is
thought to be the most explosive and energetic cosmic event since the Big Bang. Our
modern understanding about the nature of such an event spawns from the brilliant
mind of Albert Einstein in his General Theory of Relativity. By viewing gravity as
an effect of the deformation of spacetime by a massive object, we can understand the
nature of black holes. The mass equivalent to ten billion of our suns compressed into a

single point in space, a singularity, warps the fabric of our universe to its limits.

In this paper, we will solve the Hamiltonian constraint describing a curved general rel-
ativistic spacetime to find initial data describing how a black hole exists in vacuum.
This has been done before by other researchers [1], and we will be adapting our own
methods to an existing pseudo spectral Poisson solver [3]. The need for this adapta-
tion arises from improper numerical handling, done by pseudo spectral-methods, of a
large part the Hamiltonian constraint equation due to the presence of the black hole
singularity. To resolve a portion of this issue up to a given order, we will determine
irregular terms by executing a polynomial expansion on the Hamiltonian constraint,
analytically solving the troublesome components of the equation and subtracting those
out of the numerical process. This technique will increase the equation’s differentiability

and allow the numerical solver to run more efficiently.

We will cover all the calculations needed to describe one black hole with arbitrary spin
and linear momentum. Our process is easily expanded into cases with n black holes [2],
which we will show in chapter 2. We will implement a spherical harmonic decomposition
of the black hole conformal factor, using them as basis functions by which to further
expand and dissect the Hamiltonian Constraint equation. In the end, the expansion and
subtraction method will be done out to the order of r*, where r is the spherical radius
assuming the black hole is at the coordinate origin, making the Hamiltonian equation,
which, unaltered, is a C? equation, become a C7 equation. Smoothing the Hamiltonian
improves numerical precision, especially near the BH where the most interesting physics
occurs. The method used in this paper can be further implemented to higher orders of
r to yield even smoother conditions. We will test the numerical results of using this
method against the existing solver that uses the publicly available Lorene numerical

libraries and programmed in C.






Chapter 1
Preliminaries

This chapter gives a brief overview of the mathematical objects we will be dealing with
in this paper, as well as some of their physical understandings and implications. We
will also introduce what a black hole is, how we can study such an object and where

the equations we will use come from.

1.1 Black Holes

A black hole is the end product of a massive star that has collapsed under its own
gravitational force at the end of its life. Instead of the star exploding and ejecting all
of its material composition into space, a substantial fraction of its mass collapses in
on itself infinitely to a single point. This creates a gravitational singularity where the
region of spacetime has infinite curvature, or infinite gravitational force. The gravity is
so strong that light cannot escape its pull once it goes beyond the event horizon; this is
why we are unable to actually see a black hole. They are observable only by noting the
action of visible bodies, such as stars or gas in orbit close enough to know that there
must be an immensely massive object present, even if we cannot see the object directly.
No other known object in the universe has a more dramatic effect on spacetime than a

black hole.

Black holes can grow by colliding with, and thereby consuming, other objects. It is
widely believed that the center of every galaxy houses a supermassive black hole that
has the mass of 10° — 10° M. Many believe that while they seem to hold a lot of



destructive force, black holes might play a critical role in the formation of galaxies.
They have the largest gravitational effect of any object in the known universe. For a
static (non-spinning) black hole, the entirety of its mass is contained at a single point,
whereas for a spinning black hole its mass exists as a ring shaped singularity. Both can
be shown to have zero volume. Astonishingly, the center of a black hole can then be

thought to also have infinite density.

However mysterious these cosmological objects may seem, we can say they only have
three independent parameters: mass, angular momentum and electrical charge. Using
these parameters we can study some physical aspects of black holes because these traits
are visible outside of the event horizon. Specifically for this paper, we will study how
black holes affect the spacetime around them. Setting up this initial data of how the
geometry of spacetime is shaped around one or multiple black holes is the first step in
evolving a merger of two or more of these cosmic beasts, and recreating the largest and
most violent event in our universe; an event that pushes the bounds of modern physics

to its limits.

1.2 Spacetime

In the last section the term spacetime was used repeatedly and we need a clear idea
of what that is. Spacetime is what the name implies, the unified concept of three
dimensional space with time, thus creating a four dimensional system that locates an
object with the spacial coordinates of its position and the time at which it was there.

All physical events take place in spacetime and it is independent of any observer.

Without getting too in depth with all the concepts that spacetime involves, a simple
way to understand spacetime is to think of yourself as a point that moves around in
space as time progresses linearly (on a graph, time is the vertical axis). This concept is
an object known as a world line and all physical objects or events follow a world line
that exists within another object known as a light cone. An example of a world line is
the orbit of the Earth; in space it is an ellipse, while in spacetime it is a helix spiraling

upwards.

The concept of world lines is important in the visualization of spacetime, but we can’t

think of massive objects like planets, or even people because massive objects curve



the spacetime around themselves and thus don’t travel on pure paths called geodesics.
More specifically, geodesics are paths through spacetime that optimize the proper time
between the beginning and end of the path, i.e. taking the most direct route (locally).
A massless particle in motion, known as a test particle, will always follow a geodesic.
With a given initial position and velocity of a test particle, the geodesic equation will
be affected by the spacetime metric. This metric is a 2" degree tensor that describes
the coordinate acceleration of a test particle in a given space. If the space is flat then
the particle will travel in what appears to be a straight line, but if the space is curved,
as it is in the presence of mass and energy, then test particles travel along the curves of
space itself. Figure 1 shows the geodesic paths taken in curved and flat region of space
around a massive object. As seen in the path from C to D, the effect of " free-falling” for
the test particle traveling along that path is simply that particle following a geodesic
curve! The gravity well in Figure 1 pales in comparison to that of a black hole where

the well is infinitely deep.
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Figure 1. Image credit: http://www.physicsforums.com/showthread.php?t=400147

1.3 Tensors

Tensors are geometrical objects that create a linear map between vectors, scalars and
other tensors. Operations such as dot product and cross product are well defined. The
rank of a tenor is based on the dimension of the tensor. A vector would be a tensor
of rank 1, while a metric, g,,, is a tensor of rank 2. The extrinsic curvature tensor we

will be dealing with is also of rank 2. The rank (also degree or order) of a tensor is the



dimensionality of the array needed to represent it, or equivalently, the number of indices

needed to label a component of that array; so a second rank tensor is a matrix.

When an operator, such as a derivative %, is applied to a tensor one must pay close
attention to the indices and whether they are covarient (up), or contravarient (down),
T* vs 7T, respectively. If the index is in a denominator, like with the derivative, then
it is considered as a down index. Now it is important to note these, first because the
number of up and down indices on both sides of an equation must agree, and secondly
repeated indices indicate a summation (generalized dot product) and will always appear
as an up/down pair. By standard conventions the index labels for these are arbitrarily
picked, so summation indices are also called "dummy” indices. Basic linear algebra is
implemented in tensor equations, the only tricky aspect to them is figuring out how

many equations are actually captured in the one equation.

The only tensorial equation we see in this paper comes from the momentum constraint

on the extrinsic curvature tensor.

Momentum Constraint

An important equation for our study comes from the momentum constraint on the
extrinsic curvature tensor. The constraint generalizes the idea that momentum is a

conserved quantity.

A second rank tensor, which represents the extrinsic curvature, is a large part of this
paper. The extrinsic curvature tensor, K, , contains information about the spacetime
curvature metric and how it warps due to the embedding of the spacetime surface.
Basically, it represents a kind of acceleration in spacetime due to momentum and spin
of a black hole or any other mass. However, since a black hole exists at only one point in
space, the extrinsic curvature tensor describes the otherwise vacuum spacetime around
that single point. Momentum is conserved through the actual warping of spacetime

around a black hole.

The constraint can be expressed by the following tensor equation

VK" = 0.



Since K, is a 3x3 matrix, this one equation is actually 3 that can be seen if we change

this equation into the following form

V- K =(0,0,0)7.

This equation now treats K as a matrix and T represents the transpose of the 0 vector.
The revised equation reads as the generalized divergence of K is zero in all direc-

tions.

1.4 Einstein’s Equations

First published in 1915 as a tensor equation, Einstein’s Field Equations equate local
spacetime curvature to the local energy and momentum within that spacetime. This
tensor equation yields a set of 10 equations that describe the fundamental effect of
gravitational force as a result of spacetime curvature by the presence of matter and
energy. The field equations are basically used to determine the spacetime geometry
of a space with known mass—energy and linear momentum. With the knowledge of
the spacetime geometry we can determine the geodesic equations that govern particle
and radiation paths, as well as orbital paths. The field equation can be written as
follows: o
Ruw — %QWR + g\ = S%TW,

where R, is the Ricci curvature tensor, R the scalar curvature, g, the metric tensor,
A is the cosmological constant, G is Newton’s gravitational constant, ¢ the speed of light
in vacuum, and 7, is the stress—energy tensor. G, = R — %gWR is known as the
Einstein Tensor. When written out, the field equations are a system of 10 coupled, non-
linear, hyperbolic—elliptic partial differential equations. The 10 equations arise from
the fact that the set of 4x4 tensors are symmetric and thus have 10 independent com-
ponents. As well as obeying local energy—momentum conservation, the field equations

reduce to classical Newtonian physics in terms of gravitation when the gravitational

field is weak and velocities are much less than the speed of light.



1.5 The Hamiltonian

In Hamiltonian Mechanics, a system is described by a set of canonical coordinates,
r = (q,p) where each component, g;, p; is indexed to some coordinate system. Each
canonical point describes the physical system at that point, so q; could be a Cartesian
location of the point and p; would then be the momentum at that point. The time

evolution is uniquely defined by Hamilton’s equations:

dp __OH
dt  0Oq
dq  OH
%_—i_ap

The Hamiltonian, H(q, p, t), represents the total energy in a system. In a closed system

the Hamiltonian would equal the sum of all the kinetic and potential energy.

1.6 Elliptic PDE

An elliptic partial differential equation is a second order equation of the general form,

Atgy + 2Bugy + Cuyy + Duy + Euy + F =0

that satisfies the condition B? — AC < 0 (we assume that u,, = uy,).

The Laplace and Poisson equations are the simplest examples of Elliptic PDEs. In this
paper we will be solving a nonlinear Poisson equation, which simplifies to Laplace’s

equation when the right hand side is 0.

*? 0
(@+8_y2+@)s@(w,y,z)—f(fﬂ,y»w)-

Solving this equation will tell us how some object or function is accelerating at any point
in space. Some nonlinear PDEs are difficult to solve since the evolution of the system
depends on the state of the system itself continuously. There are many methods for

solving nonlinear systems, both analytically and numerically. The initial data problem



we will solve is one that cannot be represented by a closed analytic solution with
our current knowledge. We will be building off of a pseudo spectral code that solves a
Poisson equation for the gravitational potential around a BH. In an attempt to improve
the working model, we will show the successes, failures and reaches of extending the

adaptive method we put forth in this paper.

1.7 Current Numerical Process

Pseudo spectral-methods (PSMs) are a class power numerical techniques best suited for
solving PDEs. The standard PSM calls on the orthogonality of the Fourier Series and
Chebyshev polynomials and uses them as basis functions by which to represent and solve
a desired function. The method is known for its exponential convergence and versatility,
making PSMs a leading choice for a numerical solver. However, when applied to the
initial BH data problem in this paper, the method runs into issues due to the puncture
at the BH location. Much work has been done to remap a coordinate system and
domain just so PSMs could be used, but there is no getting around numerical failings
when dealing with a singularity. The error results reflect Gibbs phenomena, though

modified with spherical harmonics in place of Fourier Series approximation.

Problems with the method

Virtually any conceivable numerical PDE solver will run into issues when dealing with
a singularity in the domain, but the issues caused by PSMs are known and tractable
under the right conditions. As a result of built in infrastructure, the pseudo spectral
code only allows for certain (regular) modes to be used to represent a give solution.
Regularity is based on the pairing of basis modes with powers of r within summation
series. When the order of a given mode and it associated power of radius are both even

or both odd, then the term is considered regular; otherwise it is called irregular.

This constraint on which terms are allowed weakens the solver since the Hamiltonian
equation we are solving has an irregular component. Unfortunately the benefits of
this restriction outweigh the benefits of allowing for irregular mode expansions within

the numerical process. Simply allowing for irregular mode terms would create greater



problems when solving for both regular and irregular terms. Thus the resulting approx-
imations are ill fitting for these irregularities in a similar sense of using odd polynomials
to approximate an even function. The errors produced by this mismatching hinder the
exponential convergence of PSMs and the method takes on a power law convergence

instead.

Here, we have devised a way of locating irregular terms analytically and resolving a
portion of this issue by exploiting certain aspects of the Hamiltonian Equation and the
properties of BHs. Our goal is to attain better data near the singularity than previous
PSMs have been able to accomplish by properly handling irregularities up to a desired

order of accuracy.



Chapter 2

Initial Data for a Black Hole

2.1 Setting up the Problem

The Hamiltonian constraint in General Relativity is a nonlinear elliptic partial differ-

ential equation for the scalar field, U,
2 1 ab\,—7
VU + gKabK U =0. (2.1)

Here, V2 = A is the Laplacian in spherical coordinates. The extrinsic curvature tensor,

K, is subject to the following momentum constraint
V.K® = 0. (2.2)

Where V, is a tensorial derivative operator.

In order to implement our numerical scheme effectively, we need to take our domain in
which the black hole exists to be all of space, i.e. infinity. Since we cannot evaluate an
infinite number of grid points, and expect the gravitational effects of a black hole to
become asymptotically flat and negligible as one approaches an infinite distance away
from the singularity we compactify our domain. In fact, the pseudo spectral numerical
scheme we use requires grid points between -1 and 1, so we must compactify our

numerical domain. We first redefine our scalar field by the following substitution,

mq mo ms mpy
v = 1+ —+—4+—+ ...+ —. 2.3
ut 2rq * 27y * 213 et 2r, (2.3)

9



The newly introduced field u is continuous everywhere, including the center of the
BH.

Here we have described a series of n isolated, stationary BHs in isotropic coordinates,
where m,, represents the mass of the nth BH and r, is the distance away a point is
from the nth BH. This paper deals with only one BH, thus we have V n > 1,m,, = 0.
Taking the Laplacian of this solution we see a very nice simple relation

m

AV = Au+ A(1) +A(2
r

)

AV = Ay

This simple form arises since % is an exact solution for the Laplacian in spherical

coordinates. Substituting our new expression into the Hamiltonian thus becomes,

1 m
Vi = —— K, K1 + — -7
u 3 b ( + o + u)
Simplifying further, we achieve the following form which has a nice polynomial expan-

sion.
1677

-7

Viu = —— K (1 + %(1 + u)) (2.4)

For the sake of clearer notation and computational simplicity later on, we let u =

uw + 1 and note that V?u = V?u. Now we perform the polynomial expansion for
(1425 (a) "

V2 =B (1 — Tart + 280°r°@* — 840’1’ + ...) (2.5)

Where o = % and § = 167 K K. In this form we have the ability to take lead-

m7

ing order approximations of this highly nonlinear equation in a much nicer looking
arrangement. As we will soon see, we can easily locate the irregular terms by using this

expansion and thus manage their impact on the numerical solver.

2.2 The Source Term

We define the source term to be the following component of the Hamiltonian, — %K K,
since all the components of the BHs spin and momentum are captured by this term.

Solving the momentum constraint yields one possible solution for the extrinsic cur-

10



vature tensor. Although this solution is not unique, its simple form is appealing for
the extensive calculations we will be performing with it. Here we have the following

expression for the tensor,

3 3
Kab — ? (Panb + ana o (gab o nanb)Pcnc> + ﬁ (EaCdSCTLdnb + 6bcdsrcndna> ] (26)

Where n, = £ is the radial normal vector, gs = dap the Kronecker Delta function, P*
is the a component of the BHs momentum vector, S* is the a component of the BHs
spin vector and € is an alternating tensor known as the Levi-Civita tensor that acts
in the following way:

€abe = €bca = €cab = 1
€acb = €bac = €cba = -1

€aab = €aca = €pee = ... = 0 when indices are repeated

The completely general source term with arbitrary spin and momentum vectors attains

the following form

9 . q L .
KapK® = 2—?A(IP|2+2(P-ﬁ)2)+—ﬁ-(PXS)+—(!S\2—(S-ﬁ)2)

1677 2r3 o
—WKabKab = _W<|P|2+2(P'n)2)_

Simplifications from this general case may be considered such as a BH with arbitrary
spin and linear momentum in the z-direction. With these conditions the source term

equates to
KoK =2 [(1+202) P2 — 2P.60(8 x 7). + € (5 = (5 1)?)]

where ¢ = 3/(r?) and n = 3/(2r?).

11



We will be keeping with the fully arbitrary case for this paper to remain applicable to

a BH with any variation of these parameters.

Expanding this equation out, we get the following expression:
K K% =272 [2772(sz + Py + P.2)? + 25777"((PySz — P,S))x + (P,Sy — PpS.)y + (P, Sy — Pny)z)
+Pr2 (P24 PY+ P2) + € (r2(S2 4 524 82) = (Spx + Sy + 52207 .

Next we group the expression for Ko, K% by powers of ,y and z. This form will be

helpful when we introduce spherical harmonics into the equation.

KK = 202 (P2 — 2522 + QP2 — @507 + (2P — £57)2°
+2(n°PuPyy + Enr(P,S. — P.S,) — £2S.5y)x + 26nr(P.S, — P.S.)y
+2(n*PyP.y + 1’ Py P 4 §nr(PySy — P,Sy) — 25:(Sam + Syy)) 2
+ 17 (n* (P2 4 P2 + P2) + £(S: +S§+S§))]. (2.8)

Now we take our equation and put it into a form that will be useful later when we use

spherical harmonics. We will use the fact that the following relationship holds

a—>b
2

a+b+c
3

2c—a—0»
6

az® 4+ by? + ¢ = (2% + > + 2%) + (222 — 2% — o) + (2% —9?)
where a, b, and ¢ will be defined as the variable coefficients of x,y, and z respectively,

from equation (3.8). Using these coefficients we can find the following quantities,

atbtc _ 2(2A(PP P+ P - E(ST+S]+82)

= =
3 3
2c—a—b  2(2*(2P? — P2 — P?) — £3(252 — 52— S2))
G — 6 = Q9
a—b _ 4n?(P? — Py) +26%(S; — S2) o
9 2 o

From here we can rewrite our source term from equation (3.8) with the use of spherical

harmonics. We will come back to this after we define these harmonic modes and how

12



we will implement them.

2.3 Spherical Harmonics

Spherical harmonics are the angular component of the solution to Laplace’s equation
in spherical coordinates. The conversion from Cartesian coordinates to spherical coor-

dinates follows these equations,

x = rsin(f)cos(¢)
y = rsin(0)sin(¢)
z = rcos(f)

2242422 1
r2 -

with the relationship,
The notation for harmonic modes will be Y, and are represented by the following
equation:

Yim (0, ¢) = Ne™? Py, (cosf).

Here Py, (cos @) is the associated Legendre Polynomial of degree [ and order m. These
modes form an orthogonal system which we will later use as a basis function to expand

our u solution further, within the polynomial expansion.

Next we will re-normalize the harmonic modes to simplify the calculations in this paper
and account for the normalization in the numerics. We only consider real-valued har-
monic modes throughout this paper to simplify the numerical work. Since our code uses
a spectral solver and does a good job of solving for coefficients, we have simplified the
standard imaginary spherical harmonic table by the following method: If m > 0, then
Yim = RelY),,] and if m < 0, then Y}, = —Im[Y},,], usually taking the least common

denominator as the coefficient.

For convenience and more symmetry later when we take products of modes, we will
use the following normalization, breaking the rule that we usually go with the least

common denominator integer coefficients on the following modes:

Yo o =2xy; Ya_o =2xyz; Yi_o = 22y(62° — 2 — y?); Yi_4 = 2zy(2* — ?)

13



Thus, our complete list of redefined harmonic modes through fourth order appears as

follows:

Yoo = 1
T’Yu) = Z
’T‘YH = T
rYi1 =y
TQYQO _ 222—x2—y2
Yy = xz
7"2Y2,71 = Yz
1Yy = a?— y2

7’2Y2 2 = 2wy
Yy = 22° — 3%z — 3y2z

3 gy

Yy = daz’ -2z
rYa = Ayt -yt —aly
Yz = (2% —9?)z
Y o = 2xyz
Yy = 2° — 3y’
Yy = 322y —y°
Yy = 32"+ 3y' + 82" + 62%y* — 242°2% — 249727
rYy = 42’ — 3232 — 3:103/22
rYy_1 = 4dyz® — 3Pz — 32%yz
Y, = yt— a2t — 6y22% + 62222
Yy o = 2xy(62® — 2® —¢?)
Y, = 2%z — 3wy*z
Y, s = 32%yz — iz
Yy = 2t — 622y + ot
Y,y = 2axy(a® —9?)

)

Using these harmonic modes, we return to pick up where we left off with the source term.

14



In two steps we will replace all of the Cartesian position coordinates with harmonic
modes. The first step is a rearrangement to fit the form of the modes in a way that the

second step is a simple substitution using the definitions above.
— - z
KoK = (a1 + 207 P + €25%) ) Yoo + aaYio + oY + 406 (P, — B,S,)=

Tz Yz
+ 4(2772P$PZ - SQSJ:SZ)E + 4(2772Psz - €2Sysz)r_2

KypK® = (041 + 2(772132 + 52§2)) Yoo + Yoo + asYay + 40 (P, S, — P,S:) Y10

+ 4n£(PySz - PzSy)ml + 4n£(PZS£B - stz)}/l,—l + 4<2n2PxPy - 52533531)}/2,—2
+4(20° P, P, — €28,5.)Ya1 + 4(20° P, P, — £2S,5.)Ya 1. (2.9)

where a1, as and as are defined earlier.

This is a very critical expression, representing the extrinsic curvature of our black hole
with arbitrary spin and momentum written in terms of spherical harmonics. Looking
back at our expansion from EQ (2.5), the full first term in that series is the source
term, (3, which is simply EQ (2.9) multiplied by a factor of =16rT

m’

We now have all the pieces in place that we will use to manipulate the Hamiltonian
constraint into a form that we can use to resolve our numerical issues. In the next
chapter we will explicitly merge the polynomial expansion with the harmonic expansion
in order to numerically solve the Hamiltonian more efficiently by recovering irregular
components from these expansions. The use of these and other expansions will allow

us to locate the irregularities present in a straight forward manor.

Harmonic Plots

In order to get more acquainted with spherical harmonics and some of their properties,
below are plots representing these functions up through third order in [. If we plot
the magnitude squared of the harmonic functions then we can see how they make an
excellent candidate for a basis in a spherical system. In the following plots we can see

how they partition and spherical coordinate system at the poles and equatorial region in

15



a very interesting way. The plots consider the modulus squared of the full complex mode
along with the real and imaginary distinction. The real and imaginary components of
the modes correspond to the 4+m values respectively. The negative order harmonics
Y, are rotated about the z axis by 90°/m with respect to the positive order ones,

making the —m-modes a rotation out of phase with their positive counterpart.

The arrangement of the plots will be such that Yy, appears first and alone, while the
next orders of [ get their own page, and for [ = 3 we have broken that order up to fit

on two pages.

Yo Mode

Spherical Harnonics

o2 0,2 0,2
I 9 Really 0) Imagr %

Figure 2.1: Yyo Mode
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Y1, Modes

Spherical Hammanics
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Figure 2.2: Y19 Mode

Sphetical Harm onics
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Figure 2.3: Y11 & Y11 Modes
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Ys,, Modes

Spherical Hamnonics
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Figure 2.4: Yo Mode

Sphetical Harmanics
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Figure 2.5: Y21 & Y5 1 Modes
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Spherical Hamoniics

1132 Reallt 2)? gy

Figure 2.6: Y29 & Y2 _o Modes

Ys,, Modes

Sphetical Harn onics
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Figure 2.7: Y30 Mode
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Chapter 3
Using the Polynomial Expansion

Now that we have an understanding of spherical harmonics we can combine this idea
with the polynomial expansion to rewrite the Hamiltonian in terms of these harmonic
modes. As we will see, doing this makes classification of regular and irregular terms
very straight forward. We will be able to identify these terms simply by looking at the
parity between the harmonic mode [ component and the power of r associated with the
term. The nonlinear nature of the Hamiltonian combined with the lengthy expressions
of the source term, and others to come, make the task of achieving a fourth order
approximation nontrivial and requires detailed tracking methods for all the elements
involved. We start this chapter by outlining more of the infrastructure we used to locate
the irregularities and conclude with both the full regular and irregular components of
the Hamiltonian, up through fourth order, represented in a way that can be solved by

standard methods.

3.1 Expanding the Expansion

We are already familiar with the polynomial expansion around the scalar field substi-

tuted variable u, which reads as follows:

1677
Vig = — C K, K% (1 — Tart + 28c%r*u? — 84’ r®u® + ) (3.1)
m
Where a = %
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This expansion, however, only gets us partially to the point where we can fully resolve
the inherent issues of regularity. The reason for this is found in the nonlinear character
on the right hand side. Irregularities are a natural part of this equation, and thus
the solution. In order to fully account for these problematic pieces, we expand our

u-solution in the following way,
u= H(u(r)) + R(a(r)) + I(a(r)). (3.2)

By splitting our solution into regular, irregular and homogeneous, (R, I&H), compo-
nents we fully accounts for the solution and allows us a nice way to properly deal with
irregularities introduced through u. Regular terms are terms in which the parity be-
tween the harmonic modes and power of r are both even or odd. The homogeneous

portion accounts for the homogeneous solutions and are determined numerically.

The first term in EQ 3.1 does not contain any nonlinear contribution. Multiplying this

term out fully, we have

Vi =~ T_n—l [2473 <5Y00(P§ + P} + P2) + Y3 (2P — P} — P?) + 12Yy, P, P,
+12Y, 4 BP. + 8V (P2 — P?) +12Y; PP, )
+ 28802 (Yio( Py — PySa) + Yua(ByS: — P.S,) + Vi 1(P.S, — P.S.) )
+ 48y (4}/00(53 + 5% 4 52) 4 Yao(S2 4 2 — 257) + 3Va(S2 — 52)

—12Ys 5(S,5,) — 12Y51(S.S.) — 123@,_1(Sy5z))}. (3.3)

This is the full source term for one BH with arbitrary spin and momentum represented
with spherical harmonics. This will be a key component in our classification scheme
and it also depicts the length scale of the equation we are working with, as this is just
the first term multiplied out and doesn’t involve . Within this term is the full first
order approximation, as well as part of the second and third orders since more terms
appear for these orders when we multiply EQ 3.1 out further. Since we are striving for
a fourth order approximation, we will need the proceeding multiplication steps from
EQ 3.1, which all involve powers of u. In order to gain a fourth order approximation,

we will carefully treat the powers of u with the expression from EQ 3.2.
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3.2 Finding the Irregular Terms

Finding the irregularities in our equation is essential to improving our numerical data
modeling the BH. As mentioned, we can identify the irregular terms by looking at
the powers of are that are offset with the [—component of the harmonic modes, in an
even/odd sense. Looking back at our source term, %Kij[( W every component has

2 and r3. Since, in the polynomial expan-

this mode discrepancy with powers of r,r
sion, we multiply the source term with increasing powers of r and also with varying
harmonic modes, the regularity of a given component is effected when multiplied with

combinations of those two factors.

To help us identify irregularities and manage these lengthy lists of figures, we restructure
our equation to both simplify the RHS and portray the necessary information needed
to locate these irregular components. First, we take the source term from EQ 3.3 and

represent it in a summation form over the harmonic modes:

LA KoK Z Y + Z B ?Yim + Z Vi Vi (3.4)

Here we have captured the full content of the source term in three compact summations
where the constants «y,,, 8, and 7, are the pure spin term, the spin momentum cross

term and the pure momentum term, respectively. Expanded back out in this grouping,

we have
((4(S2+57+52);  1,m=0,0
S2+ 57— 252, I,m=20
—125,5.; Ibm=21
48
Oy = -
m
—125,5;; l,m=2,-1
3(=S7 4+ 5p); I,m=2,2
—125,5,; lim=2 -2
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;

P.S,— P,S;; I,m=1,0
288
ﬁm - —W PySZ—PZSy; l,m: 1,1
| P.S, — P,S.; Im=1,-1
(( 5(P2+ P2+ P2); 1,m=0,0
2P3—P§—P;; l,m=2,0
12P,P,; I,Lm=21
24
Yim = -
m
12P,P;; l,m=2-1
2 2. _
3(P; —Py), l,m=2,2
| 12P,P; l,m=2 -2

Applying this same idea to the u expression from EQ 3.2, we call on the orthogonality of
the spherical harmonic modes to expand @ it with them as basis functions and represent

our solution as the following:

EDIPIAEIIES 3) DITREHES 3) 9 MY

n=0 I,m n=3 I,m n=4 [,m

where H,pm, Ry and I, are coefficients for the homogeneous, regular and irregular

components of @, respectively.

Note that the initial powers of r in each summation vary in EQ 3.5. Since solving for
@ requires an inverse Laplace operation, which raises the power of r by 2, the resulting
lowest order behavior of u comes from the first irregular term starting at an order of
r!. Likewise the first regular term has power r? as the lowest order and thus an inverse
Laplace operation would result with an 7* term. The homogeneous portion of % is

derived numerically and will account for constant pieces as well as r dependence.
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By combining EQs 3.4 & 3.5 in the following way, we can begin our classification.

V2 =

Z almryim + Z er2yvlm + Z ’YlmTSYEm
l,m m Ilm

X (1= 2 2y - Ty L) (3.6)

m m2 m3

Once we have this equation, finding the irregular terms may be identified with ease. To
present this combination more clearly, we suppress the last expansion of @ from EQ 3.5,

but will keep it in mind for what follows.

A categorical representation of this multiplication and classification will be presented in
Table 3.1 and described throughout the rest of this chapter. The nonlinear character of
the Hamiltonian starts to effect our polynomial expansion at order 72. This is due to the
homogeneous contribution from the @-solution in the polynomial expansion multiplied

with the pure spin element of the source term.

Now, under the mode definitions defined in the previous chapter, we may work out
some products that will be needed in to identify irregularities. The following quantities

are useful for finding the mode product representations:

2 = %TQ(YOO + Yao)
Pt = érQ(QYO()—Yzo)

P = (¥ — Yao + 3Yi0)
P4+ =r—a? = éﬂ(‘lYoo + Yoo — 3Y22)

= %r2(2Yoo — Yy — 3Ya2)

1
2=ty = 6T2(4Y00 + Yo + 3Y2)
For the purpose of identifying irregular terms and implementing the mathematics in
our code, we define any mode product as the sum of other known modes. This results in

unique representations of the products and yields the mode parity information we need

in classifying. Bellow we have a list of all possible products through fourth order.
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Yllyll
Yi0Yio

Y1, 1Yi
Y11Y10
YiiYi
YioY1, 1

Y11Yoo
Yi1Y2

Yi1Yo
Yi1Y20
YiiYo 1

YiiYs o

Yi0Yo00
Yi0Y20
Yi0Yo1
Y10Ya0

YioYo, -1
YioY2, o

N

= 2(22% — 22 —9?)

=2(2? —y?) = 222 — 2 =
=2(xz) = 22% =

—a?z —y?r +22% =

=2(yz) =yt =
2(2xy) = 2zyz =

26

1
6(33/22 — Y50 + 2Y0o)

1
5(3/20 + Yoo)

1
6(—35/22 — Y50 + 2Yq0)

Yo
Yo o

5 (Va1 + Y1)

1
R (3Y30 + 4Y10)

1
5 (Y51 +Y1 1)

Y3 o



Yl,—1Y00 =Yy= Y1,—1

Yi1Ya =y(2? —y*) =2%y —y’ = 1—10 (5Y3_3+ Y3 1 —4Y) 1)
Yi 1Yo =y(rz) = vyz = % 3,—2
Vi1Ya =y(22° —2® —y?) = =2’y — P 4+ 2y2% = % (3Y3_1 —2Y1 1)
Yi1Ys =y(yz) = y’z = 1—10 (—5Y35 — Y30 + 2Y70)
Yi 1Yo o = y(2zy) = 2zy* = 1—10 (—5Y33 — Y31 +4Y14)
Vio¥ar = o5 (105Yis + 3Yig — 0¥ + 56a)
YorYar = o5 (15ia — ¥an + 15¥as + 5Y50 + 14%i0)
YaoYay = %(93@0 + 20Y20 + 28Y0)
Yo 1Yo 1 = 2—10(—153/42 — 3Y40 — 15Y55 + 5Y50 + 14Yy)
Yo oY 9 = 2—10(—1053/44 + 3Yy0 — 40Y2 + 56Y{y0)

YYo o = Yiy

1
YYo = ﬁ(ﬂﬁza — Y +4Y5)
1
Yo oYs 1 = ﬁ(—ﬂﬁs — Y +4Y5)
1
YoYo 1 = ﬁ(7Y4,—3 + Yy 1 —4Y5 )

1
Yo oY = ﬁ(71@7,3 Y, 1 +4Ys )

1
YaoYa = ?(33/42—43/22)
1

Yy oYs = ?(35/4,—2—43/2,—2)
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1
Yo1Yaso = =(3Ya +2Y2)

7
1

Yo 1Yy = ?(31/4,—1‘1‘23/2,—1)
1

YoiYo 1 = ﬁ(n,fz‘i‘yz,fz)

Using these products with EQ 3.6, we may now easily pick out the irregular components
by stepping through the multiplication in EQ 3.6 term by term. There are a couple
important elements to keep track of while we are classifying these products: the powers
of r from the Taylor expansion, the harmonic mode products between the source term
and portions of %, and nonlinear contributions in the form of homogeneous coefficients

and powers of r the come from the solution.

Table 3.1 contains the terms from the polynomial expansion and their classification
as either regular or irregular, which is based on the even-odd parity described earlier
after taking all products from EQ 3.6 up through fourth order. Noticing the pattern
developed by Table 3.1, we can postulate that fifth order will have mostly irregular
terms, as well as contributions from the irregular coefficients described by EQ 3.5, which
we are avoiding in this paper. In order to condense large expressions in Table 3.1, we
use the «, £, notation from EQ 3.4.

Generating this list makes it clear why we would want to try handling the irregular char-
acteristics of the Hamiltonian in a more effective way since they have a large influence

in the first four orders of 7.
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Table 3.1: Regular and Irregular Classification of V2@ through Fourth Order in r

Powers of r Regular Irregular
1 Z Ov/lmyim
2 %l Z OdlezmHOOO Z Bvalm
3 Z B Y1m Hooo Z VimYim
_714 Z mYim ZM HiinYim % Z Oélmylm(]‘-’ooo)2
4 _714 Z CYleZm Z H2le2m % Z Bm}/im(HOOO)2

=52 > Yim (Hooo)? 20 mYim > ay 2Hooo Hi1ae Yinr

_714 Zﬁm}/lm ZM HllM}/IM

_714 > YimYimHooo

3.3 Full Fourth Order Irregularity

Attaining the full analytic representation for the irregular component of the Hamilto-
nian, up through fourth order, is necessary for our numerical scheme. In this section
we explicitly show how the full irregular term was found and write out exactly what we

will need to solve and code it.

The expansion of @ in different source modes described by EQ 3.5 contains all the
terms we are trying to identify, namely the middle summation representing the irregular
component of the solution. Again, irregular terms are identified based on the values of
n and [ having opposite even/odd parities. For every case described in this paper, we
note that n > |l], i.e. we have no modes present in the solution that are not at least

continuous.

From EQ 3.5, we see u is solely represented by homogeneous terms up to second order
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in r, thus ru contains just homogeneous contributions up to third-order and the RHS
of the Laplacian up to fourth order. If we truncate our expansion there, we need not
consider non-linear effects from either the irregular or regular inhomogeneous terms
appearing on the RHS of the Hamiltonian, making a fourth order bench mark a good
candidate. Using the expansions for u from EQ 3.5, the truncation of u’s nonlinear

contributions from the polynomial expansion up to third order in r are the following

terms:
ri = Hogor + Z HiyYimr? + Hy, Yo 12 (3.7a)
(ru)? = (HOOO)QTQZ 2 Z Hooo Hy1m Y1 (3.7b)
(ru)* = (Hooo)*r® m (3.7¢)

Where the term H,,,, Y, 73 includes the Yyo mode as well. For the rest of this chapter,

Y}; incidactes the inclusion of Yjo in the expression.

The terms at order 7' and r? are the K;; K/ source components we have seen before.
At 73 we start to get more interesting terms that display the nonlinear aspect of the
Hamiltonian with the introduction of Hyyy. Using the truncation from EQs 3.7a-c, we

may rewrite EQ 3.6 with u replaced by it’s homogeneous components.

V2 =

Z alerEm + Z ﬁm"g}/lm + Z P)/lmrgyim
Im m Im

X

1—-7Tk (HQODT’ + Z [{Hmyvlmr2 + HQ—BmY'QIzTS)

+ 28k? ((H000)2r2 +2) HOOOHllelmr3) — 84 (Hoor)® + ... (3.8)

where k = 2.
m

Now, since @ is regular up to third order, it follows that r@ and (ru)3

are irregular up
to third order, while (ru)? is regular. When we multiply by the spin and momentum-
related components of the source term, which are irregular, we find our only irregular

contributions arise either from the original factor of unity or the (ru)? term.
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Thus, up to fourth-order in r, our irregular source terms take the following form:

> BuYim

(Ho) Z BmY1m + 2Hooo Z Z Hyymagy YimYohs

m M

+r? +18 1> (9 + (How) i) Yo,

m

2—irreg __ +v+
V-u =7 [ E ay Yo
m

The constants from the Taylor expansion have been absorbed into the sum.

There is only one irregular term involving mode products on the RHS. In order to use

this in our code we expanded this term based on the products defined above.

RHSireg = 56r*c’Ho Y > Himoh YimYshy (3.10)
m M

%Yn {H1,(bago + 299 — 2a99) + Hizaon + 2H 00 o}
+%Ylo {Hyz001 + Hi. (5o + 4agg) + Hiyao 1}

+%Y1,—1 {2H 1,000 2 + Hy 00 1 + Hyy(bagy — 2092 — 20i99) }
+%Y33{H1x0422 — Hyyoo o}

+%Y32{H1:p0421 + 2H 0099 — HlyOé2,—1}

= 56r*k*H,
+%Y§,1{H1x(—0422 + 60v0) + 2H 10001 — Hiyoo o}
+%}/30{_H1x0421 +6Hy 000 — Hiyoo, 1}

+%Y3,—1{_H1x052,—2 + 2H 00 1 + Hyy(aoo + 6aigp) }

+%K3,—2{H1x@2,—1 +2H 009 + Hiyoo1 }

+%Y3,—3{H1x042,—2 + Hyyo}

In the next section we will see how we can solve for 4% up through fourth order by

performing an inverse Laplace operation on EQ 3.9. Doing this allows us to remove
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a large part of the Hamiltonian from a numerical method, which would improperly
handle the entire term, by subtracting it out during the solving process and adding it
back fully solved after the fact.

3.4 The Inverse Laplacian

Now that we have captured all the elements of the Hamiltonian up to fifth order, and
separated out the ones that cause the issues in our numerical scheme, we will now
solve for these irregularities explicitly by taking the inverse Laplacian across each term.
Having the Hamiltonian represented as sums of terms that have the form Cr"Y,,
where C' € R, is a huge advantage when performing this operation, since inverting the
Laplacian is a linear operation. First we will prove how the inverse Laplacian acts on a
function like ours and then use it to resolve the irregular terms for use in our numerical

process.

For any function expanded in powers of  and angular spherical harmonics, the inverse
Laplacian may be written down explicitly. The following equations were both derived

from Laplace’s equation in spherical coordinates.

ATy = V2r"Y, = [n(n + 1) — I1(1 + 1)]r" Y. (3.11)
Then from here we find the inverse operation to be:

" 2Y,
(n+2)(n+3)—i(l+1)

ALY, = (3.12)

Proof:

It can be derived from Laplace’s equation in spherical coordinates that the harmonic

Y., modes are eigenfunctions that satisfy

2 AYy, = (1 + 1),

From here we use the definition of the Laplacian in spherical coordinates on Ar™Y,,,
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" 10 [ L0, 1 o [ . or"Yim 1 *r"Y,,,
AT Y = 2 or <T or ) N r2sin() 90 (sm(9) 00 ) * r2sin?(f)  0¢?

Since the harmonic modes are independent of r, the proof follows very straight for-

wardly,
Ar" _ L9 (™ Yim) + " (AYin)
lm 7“2 87’ Im Im
Ar"Y,, = n(n+ l)T”_Qiﬁm + 1" (AY,)

From here we use the definition of the Laplacian for Y}, to reach our result

Ar"Yy, = n(n+ D" 2Y, +r" (=1 + 1)r2Y,,)
= nn+1) =11+ 1)) 2, O

To prove the definition of the inverse Laplacian we simply apply the Laplacian to the

inverse and regain r"Y},, as a result.

ATHAMY) = [n(n+1) =11+ D]AT (7" Y)
. B B " Yim
Y = [n(n+1) l(l+1)]n(n+1)—l(l+1)

= TnYlm

The result also holds when the inverse commutes with the Laplace operator. As we
will see, this operator is significant since it allows us a straight forward way to solve for
and subtract out any part of the equation we choose. With this we will solve for both
the regular and irregular terms through fourth order. We solve for the regular terms
as well to show that our representations of the Hamiltonian are indeed accurate up to

fourth order by subtracting off both the regular and irregular terms.

3.5 Testing Validity

Using the regularity break down we have outlined, we can test the full fourth order

approximation against the pseudo spectral code. By taking the difference between the
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full fourth order approximation and the original pseudo spectral code we expect the
resulting data to have r® behavior as this will be leading order. Below we full classify the
regular component of the Hamiltonian up to fifth order and show the aforementioned

subtraction will reflect a fifth order convergence.

There are three regular terms that are nontrivial and involve mode products. The first

one of these terms comes in at 7® as the following:
—Trr3 Z Z Hipoih Y1, Yo = =Tk L]
m M

with the term in brackets having the same elements from the brackets in EQ 3.10. The

other two terms come in at fourth order:

RHS,eqn = —Trr*> Y HimBuYimYiu
m M

%Yoo(Hlxﬂl + Hy.B0 + HiyfB-1)

= —Trr +%Y22(leﬁl — HyyB1) + %YQO(—Hlxﬁl +2H1.50 — HyyB-1)

| Yo (HipfBo + Hi.01) + Yo, 1 (Hi.8-1 + HiyBo) + %YQ,—2(HIJ;/B—1 + HyyB1) |

The latter is longer, and please note that Hgy # Hoo, as the former is the r? isotropic
(traceless) behavior of the homogeneous solution. We only use it in the expression

below:

RHSreg;Q = —7I<L7’4Z HQerO‘LnJ;nYFQL

m M
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Yoo(a00H00+Tl5[4H22a22+H21a21 +12Ho0a20+Ho,—10:2,—1+4Ha, 202, _2])

+Y22(H220400+H000422+ﬁ[H21a21—H2,71a2,71—8H22Oé20—8H200422])

+Y21(H21a00+H00a21+% [Hooao1+Ha1a02+Ha, _gaz, _1+Ha, _1a2 _2+Haiaz0+Haoa21])

+Y20(H20a00+H000420+4*12[H210121—8H220é22+24H200£20+H2,71az,fl—8H2,72a2,72])

+Y2,—1(Hz,—10400+H00012,—1+% [Hagoip1+Ho1ao+Ha —oae, —1+Ha, —1a2,—2+Haoa21+Ha1a20))

+Y2,—2(H2,—20400+H0002,—2+T14 [H2,—1a21+Ha102,_1—8Hag2,_2—8Ha, _20:20])

+Y44%(H220<22—H2,72012,72+2H22042,72+2H2,72a22)

RHSpegia=—Trr! +Y43%(H220621+H210622_HQ,—IQQ,—Q_HQ,—QQQ,—l)

+Y42ﬁ(H210121—H2,710¢2,71+6H22a20+6H20a22)

+Ya1 ﬁ(6H21a20+6H200¢21—H22a21—H210422—H2,72042,71—Hz,floéz,fz)

+Y40%(H22a22*H210421+18H20a20*H2,—1a2,—1+H2,—2a2,—2)

+Ya, 1 ﬁ(H22042,71+H2,71Oé22—H2,72a21—H21a2,72+6H200z2,71+6H2,71a20)

+Y4,—2ﬁ(6H2,—2a2o+H20012,2+H21042,—1+H2,—10421)

+Y4,73%(H22a2,71+H2,71a22+H2,720421+H21012,72)

+Yy _4(Haoao,_2+Ha _2022)

Now that we have fully calculated the full fourth order approximation, with the excep-
tion of the homogeneous coefficients which are handled numerically, we can check our

findings against the equation by subtracting every term shown in Table 3.1. Numerical
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results of this subtraction in an arbitrary radial direction are shown in Fig 3.1. Dips
below the lower boundary line indicate faster convergence at certain discrete points,
perhaps due to the angle at which the point was solved numerically. How-
ever, this result displays the fifth order nature we expected after subtracting out our

full fourth order approximation, thus confirming the soundness of our techniques.

""r5check.dat” u (log10($4)):(log10(abs($1))) ——
S x+B
4L 55+ ] |

3.2 -3 -2.8 -2.6 -24 -2.2 -2 -1.8

Figure 3.1: Plot showing how the subtraction of our full fourth order calculation shows a
fifth order convergence of the solution as we would expect.

In the next chapter we take all of the calculations we have made and automate as
much of the processes as we can, while hard coding in a lot of the values we derived.
Results from the subtraction method will not only display intuitive images describing
the spacetime curvature around a BH, but also error plots portraying the strength of

our adapted pseudo spectral-method.
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Chapter 4

Adapted Pseudo Spectral-Method

Subtracted Approximation

This chapter will outline the remaining structure needed to implement our techniques of
manipulating the Hamiltonian and properly managing the irregular components while
incorporating the fourth order approximation back into the full numerical solution.
First we will outline some of the basic code structure that was needed when adding
spherical harmonics as a basis function in place of the standard Fourier component
when using pseudo spectral-methods. Next, we will describe an attenuation to our
adapted equation to better fit the model solution we expect to resemble. We then plot
results for instances of BH’s with varying spin and momentum parameters, as well as
varying spacial perspectives. Concluding with an error analysis portraying the strength

and accuracy of our methods, as well as the limits.

4.1 Code Structure and Subtraction Method

Thus far we have kept all physical parameters and coefficients arbitrary, creating a
method which applies to any BH and not just one particular case. Implementing this
method required building a list of mode definitions with all necessary products fully
accounted for (only up to fourth order). Next we had to adapt the solver to work with
the expanded version of the Hamiltonian from EQ 3.1. The code is designed to solve

only the regular and homogeneous parts and be supplied with the irregular solution for
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the first four orders of r, then resume its normal process after.

The adapted harmonic method we've devised evaluates the Hamiltonian in a series of
shells of a specified radial thickness around the black hole singularity at the origin. We
specify how many modes we use to solve for the scalar field in each domain as well as how
many shells we use. The method captures spatial infinity through a change of variables

that compactifies all of space outside the previous shells into the last domain.

Our code makes use of the Inverse Laplacian we derived earlier to solve for the irregular
portion of u we are concerned with. Instead of solving for @ directly through the

relation

Au = f(a),

we solve for the remaining portion of @ given that we know ey and RH Siyyey. The

equation above is equivalent to the following.

A(ﬂnum + asub) = fnum(a) + fsub(a)'

where ., and ug,, are the remaining part of u to be determined numerically and
the subtracted irregular component of u up to fourth order after taking the Inverse

Laplacian.

This adapted method pushes a few bounds numerically in terms of convergence. In
order to arrive at a solution that fit the model, we attenuate the equation within our

solver’s structure by a set of guidelines described in the next section.

4.2 Attenuation

We want to build an attenuation function that fits the following criteria: one that
peaks to one at the origin (r = 0) with a slope of 1, and drops off to zero quickly and
smoothly. Attenuating helps to smooth out the ”jumps” when transitioning between
the shells that build up our domain and also to provide a guide to tame our adapted
solution to better fit our data to the known PSM solution. Thus, we do not subtract
the actual polynomial/spherical harmonic terms from the RHS. Nor, however, do we
subtract purely attenuated ones. Instead, we follow the following set of steps. Beginning

from an irregular RHS mode in the form r"Y},,, we calculate the inverse Laplacian
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exactly:

1
2/ n n+2§f
irreqg — V m) — m
Hirreg (r"Yim) n+2)n+3)—10+1)

We then attenuate by dividing through by an expression we’ll write in the form

p = 1+ar® +pr' +ar’ +r® + o + dr®
Uirreg o 1 r

Yim
P m+2)n+3)—=Il+1)1+ard+ Grt+ar®+ br6 4+ cr” + dr8 :

n+2

Uqtt

In the limit of large r, we find

d-! nety,
n+2)(n+3)—10+1) ™
(n=6)(n—=T)=1(1+1)

R = Vg = d° Y,
=V S R

Uqtt

This should be numerically tractable. In the limit of small r, we find

1
(n+2)(n+3) —1(z+1)ylm[

Uqtt T — o™ — B0 4 O (PR 4 L]

Here, the first term is the one we wish to cancel, but we add in additional modes.
Note that since we are canceling irreqular modes, the o term, containing an extra r3,
is regular and does not cause problems for convergence. The 3 term, containing an r*
contribution, is irregular, but first arises at fifth order in r, and thus we do not attempt

to cancel out its contribution.

4.3 Scalar Field Results

Testing our code for ranging spacial and physical characteristics give us a good sense
of the successes of our method as well as some interesting looks at the scalar field

showing the gravitational potential. Below are plots describing BHs with varying spin
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and momentum conditions and plotted in several different spacial regimes. By taking
the negative of the scalar field, the figures display the intuitive nature of a BH drawing
in the space around it. The plots show the significant effects expected around the
singularity and asymptotic behavior of the potential observed away from the object.

Only 4.1 has a ranging z-coordinate, while the other figures have a fized z-value.

Scalar Field Solution for Ranging z-Values

Figure 4.1: By overlaying surface plots for the scalar field solution, we were able to see an
almost 3-dimensional effect of a BH on the spacetime around it. All values of z are positive
and the plot shows that the gravitational effects are more dramatic, not only moving closer

to the BH in the x-y plane, but also in the z direction.

Scalar Field Solution for a BH with Linear Momentum and No Spin

Figure 4.2: BH with momentum and no spin
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Scalar Field Solution for a BH with Spin and No Momentum

Figure 4.3: BH with spin and no momentum

Scalar Field Solution for a BH with Momentum and Spin
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Figure 4.4: BH with spin and momentum components
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4.4 Error Analysis

Tracking error in any numerical process is a key component to understanding, not only
how well the method performed, but also how to interpret the data project how to
optimize results. We calculated the error for the cases shown in the last section for BHs
with varying spin and momentum components. We took our numerical solution and
tested it with a five-point fourth-order Laplacian stencil, which acted on a grid with
multiple levels of refinement.

The test was designed to see how well our solution did with a fourth order Laplacian op-
erator acts on it, and compare this result to the RH S of the Hamiltonian equation. We
took the absolute value of the difference between the RH S and fourth-order Laplacian

at the collocation point locations from our code. The fourth-order five-point Laplacian
in the x-direction

1 4 5 4 1
wa = —Ef(a?—Qh,y,z)—I—gf(x—h,y,z)— if(x,y,Z)—i—gf(x—l-h,y,Z)—Ef(x-&-Qh,y,Z) /h2

is the stencil we used in our error analysis within the domain shown in Fig. 4.5.

The grid shown in Fig. 4.5 is a 2D projection of the actual grid we used, which followed
this same pattern in in three dimensions. Here, we only track points needed for calcu-
lation. This leaves us with clusters around the points we are interested in and leaving
the out any diagonal elements that would result from stepping through more than one
direction at a time in our differencing stencil. This method prevents the code from
being bogged down with extra calculation and storage while computing the solution at
each point. The refinement method we chose shrunk the spacing used in the Laplacian
stencil by half each iteration. Since we have chosen fourth-order precision and refine
by a factor of 2 each iteration, we expect to drop the error by a factor of 2% after each

level of refinement.

42



ner o o} o L3 o E
0gr .6} & o o] ] -
“* “* * + +
07t i O ARk R D o 4
* * ¥ * *

s s & & &

O6F @ O FHekbdscktenktadbexet O 0
* * * * ¥
* * + & &
0at+ o O g e b b dede bk - O e} »
* * * ¥ ¥
* * + & &
04r o o B S ek 2 et TF R e O o ]
* * * ¥ >
* * * * *
03r o O e i & R EE E R BRI R i R fo) i
- - * ¥ *
02r L&} 4] o o [} B
o1E &) o (6] o} o} B

D 1 1 1 1 1 1 1 1 1

o
=
i
=
[
=
w
i
=
=
m
=
m
=
et |
o]
fms]

(IR= 1

Figure 4.5: Here we have a 2D slice of our test domain showing the grid refinement method
we implemented. The points we are solving for are the 5x5 ”x’s” in the middle of each
cluster of points. The red ”0’s” are ghost points needed for the fourth-order five point

Laplacian calculation and are the same distance away from an ”x” as another ”x”. This grid

layout shows three levels of refinement. The first level of refinement is shown as the green
?+’s”, the next level has black ”*’s” and the third level has blue dots.

4.5 Error Results

The following figures will display the results of our error analysis on BHs with different
physical characteristics and numerical levels of refinement. The plots will show the
systematic limits of our method, numerical noise caused by round off error, as well as

varying the number of modes used to resolve the numerical solution.

The order the plots are in relate to the order in which we calculated them and men-
tion how each one is significant in the scheme of finding error bounds and reasons for

anomalies.
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Figure 4.6: This figure shows the shape of the error in a 2D mesh. Here we calculated the
absolute value of the difference between the right hand side value and the Laplacian of our
computed solution as we refine our grid, level by level. The errors shown here correspond to
the solution plotted in Fig 4.1 with the singularity in the top left corner. As mentioned at
the beginning of the paper, we notice that the error values display a Gibbs phenomena
appearance in a radial domain as ripples in the structure, spiking at the singularity. The
phenomena is a little distorted since the plot takes the absolute value of the error into
account.
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Error in »-Direction After 9 Refinements
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Figure 4.7: Log of the error in the z-direction for a BH with momentum and spin. This is a
high resolution run in which 12 domains were used to calculate the solution. The systematic
noise began to effect the numerical accuracy heavily at the fifth level of refinement, capping
our accuracy limit to ~ 1078, The round off error continues to worsen as more refinement is
put on the solution, thus revealing the optimal level given our spacing selection. For the
other spin and momentum cases, the error bounds are pushed much lower. Since the
x-values transverse over the BH we see this error spike at x = 0 around the singularity, and
smoother, exponential convergence away from it.
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Error in ¥-Direction at Refinement Levels 1-1

Error in XDirection at Refinement Levels 1-2

Etrar in -Direction at Refinement Levels 1-3
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Figure 4.8: This plot again shows the error in the z-direction for a BH with spin and
momentum, but displays how Fig. 4.7 was reached after successive refinement levels. The
systematic error bound appears to be ~ 1075.
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Ertror in ¥-Direction after 8 Refinements
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Figure 4.9: Log of the error in the y-direction shown in reference to the solution plotted in
Fig. 4.2 with spin and momentum. This is a high resolution run.
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Figure 4.10: This plot again shows the error in the y-direction for a BH with spin and
momentum, but displays how Fig. 4.9 was reached after successive refinement levels. The
systematic error bound in the y-direction also appears to be ~ 1078,
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Errar in #-Direction After 9 Refinements
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Figure 4.11: Log of the error in the z-direction shown in reference to the solution plotted in
Fig. 4.3 with no momentum. This is a high resolution run.
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Errar in Y-Direction after 9 Refinements

Figure 4.12: Log of the error in the y-direction shown in reference to the solution plotted in

Fig. 4.3 with no momentum. This is a high resolution run.
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Errar in #-Direction After 9 Refinements

Figure 4.13: Log of the error in the z-direction shown in reference to the solution plotted in
Fig. 4.4 with no spin. This is a high resolution run.
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Errar in Y-Direction after 9 Refinements

Figure 4.14: Log of the error in the y-direction shown in reference to the solution plotted in

Fig. 4.4 with no spin. This is a high resolution run.
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Error in Y-Direction after 9 Refinements
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Figure 4.15: When testing our the method with low resolution, using 10 shell domains and

17 modes per domain, the solution was poorly handled and caused a huge jump in the data

when transferring into the last shell at around r = 1, which had to account for the entirety

of space outside of the other shells. We saw the same anomaly testing in the z-direction as
well.
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Errar in #-Direction After 9 Refinements
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Figure 4.16: Low res
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Figure 4.17: Surface plot of the error caused by the low resolution data shown in Figs. 4.15
& 4.16. Notice the radial distribution of the error. Gibbs phenomena may also be seen in
this figure.

Level #1 Level #2 Level #3

9 Level # Level #5 Level #5

Figure 4.18: By allowing for more modes to represent the solution in our code, we were able
to resolve the issues caused when transferring into the last shell domain; resulting in plots
similar to the high resolution cases. We can see the error saturation starting at the sixth
refinement level.

95



Chapter 5
Conclusions

We were successful in our attempt to numerically handle a fourth order approximation
for the irregular component of the scalar field to better resolve errors around the singu-
larity. We can reach systematic error bounds with only a few tractable mesh refinements

and optimize our methods with this process.

A fourth-order account for irregularities turned out to be an excellent candidate for
this method. Looking ahead at the next orders of r to consider, the error bounds we
met will not improve much given the added treatment of these extra terms since we
were reaching saturation in our differencing scheme fairly quickly using fourth order.
Considering higher order approximations will also require much additional treatment in
the tracking of the irregular coefficients from the nonlinear portions of the Hamiltonian,
EQ. 3.6. However, extending the method to higher order approximations is indeed

plausible.

We may improve the standing method by doing selective refinements, namely refine
the area near the singularity more than the rest of the domain. Since we reach the
systematic limits faster away from the BH and produce a lot of noise trying to get
the same resolution at the BH, it might be worth adjusting this method to allow for
multiple scales of mesh refinement. Furthermore, an extension to include a second BH
would only involve one more fourth order term, making it very tractable numerically.
If one wished to include n BHs, one would have to account for a cross terms of each

pairing of the objects, resulting in w additional fourth order terms.
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