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Abstract

We consider the motion of a Brownian particle trapped in an arbitrary bounded
two or three-dimensional domain, whose boundary is reflecting except for a small
absorbing window through which the particle can escape. We use the method of
matched asymptotic expansions to calculate the mean first passage time, defined
as the time taken for the Brownian particle to escape from the domain through
the absorbing window. This is known as the narrow escape problem. Since the
mean escape time diverges as the window shrinks, the calculation is a singular
perturbation problem. We extend our results to include N absorbing windows
of varying length in two dimensions and varying radius in three dimensions. We
present findings in two dimensions for the unit disk, unit square and ellipse and
in three dimensions for the unit sphere. The narrow escape problem has various

applications in many fields including finance, biology, and statistical mechanics.
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Chapter 1

Introduction

Brownian motion describes the perpetual irregular motion of small particles,
such as the random motion of smoke particles. This phenomenon was first
studied by the British botanist Robert Brown, who noticed the chaotic mo-
tions of small grains of pollen, immersed in water under a microscope in 1827.
Though Brown was never able to explain what he observed, he was able to dis-
pel the notion that the random movements were exclusive to pollen particles by
observing the similar behaviour of dust particles. A mathematical description
of Brownian motion was first formulated by Thorvald N. Thiele in 1880 in his
paper on the method of least squares. This mathematical formalism was con-
tinued independently by Albert Einstein in 1905 and Marian Smoluchowski in
1906.

Initially, the term Brownian motion was reserved for the description of the
random movement of particles immersed in a liquid or gas. However, since
Brown’s discovery, the study of Brownian motion has been extensive, finding
applications in various fields such as finance, biology, and statistical mechanics.

This thesis is devoted to a specific aspect of Brownian motion, the mean first
passage time, abbreviated as MFPT. We employ both analytic and numerical
techniques to solve this problem for the mean first passage time and compare

our findings to relevant empirical results found in the literature.

1.1 Brownian Motion

We will give a brief mathematical description of Brownian particles immersed
in a fluid in order to introduce certain key aspects of the motion. This is the
simplest physical model of Brownian motion and is adapted from [20].

We assume that the size of the colloidal particles are much larger than the
molecules of the surrounding fluid. With this assumption it is clear that each
collision has a negligible effect, however, the collective effect of multiple collisions

with the surrounding fluid alters the path of the colloidal particle. We expect
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that these collisions happen in rapid succession and in very high numbers. For
example there are 102! collisions per second for gold particles of radius 50um
immersed in a fluid under standard conditions [20]. Since it is the collective
effect of many collisions that cause an observable effect, we must describe the
path of a Brownian particle statistically.

In the case under consideration, there are two main forces that act on the
Brownian particle. Firstly, by Stokes law, which assumes low Reynolds number,
there is a drag force exerted on a spherical colloidal particle by the fluid. The
drag force per unit force per unit mass acting on a spherical colloidal particle
is —fQv, where 3 = 6man/m. Here, v is the particle’s velocity, a is the radius of
the particle, 7 is the coefficient of dynamic viscosity of the fluid and m is the
mass of the particle.

The second force acting on the Brownian particle is due to the individual
collisions with the molecules of the surrounding fluid. These individual collisions
produce instantaneous changes to the Brownian particle’s acceleration. These
changes are random both in magnitude and direction. We denote this fluctuating

force by f(t) which satisfies the following properties [20]:
e f(t) is statistically independent of v(t),
e the variations in f(t) are more frequent than the variations in v(t),
e the average of f(t) is zero.
Newton’s equations of motion lead us to

dv(t)
dt

— —Bo(t) + (). (L1)

This equation is also known as Langevin’s equation. This is a stochastic differ-
ential equation, which motivates the fact that Brownian motion is among the
simplest continuous-time stochastic processes. Typically, a stochastic differen-
tial equation describing a stochastic or Brownian process will be driven by two
terms, a locally deterministic velocity or drift term and a volatility or Gaus-
sian disturbance term. The Gaussian disturbance term or white noise term in
equation (1.1) is the fluctuating force f(t).

The solution of a stochastic differential equation determines the transition
probability density of the random process it describes. In our case, the solution
to equation (I.1) will determine the transition probability density p(v(¢),t | vo)
of the random process v(t), where v(0) = vy. We denote the probability density
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function from an initial position vg to v at time ¢ as p(v(t),t | vy). We will show
later that a diffusion equation describes the time evolution of the probability
density function. The transition probability density function, or pdf as it usually
called, can be used to determine the probability. For example we can find the
probability that v(t) € A given that the v(¢) at t = 0 is vy by integrating over
the pdf. That is,

P(v(t) € A|vo(0) = vg) = / p(v(t),t,vo)dV. (1.2)
A
We assume that vy is given, and thus
p(v(t),t | vg) — 0(v — o) as t— 0. (1.3)

The situation under consideration can also be described by using statistical
mechanics. In fact, we can deduce the statistical properties of f(¢) by comparing
the solution to equation (I.1]) to known physical laws. From statistical physics
we know that p(v(t),¢ | vo) must tend towards the Maxwellian density for the

temperature T of the surrounding fluid independently of vg as t — oo. Hence,

p(o(t),t ] o) — (5 )B/Qexp< m'”') s oo (L)

o2rkT - 2%kT

The conditions on p(v(t),t | vy) impose conditions on f(t). The solution to

(L.1)), derived upon using an integrating factor, is
t
v(t) = voe +/ e PU=9) £(s)ds. (1.5)
0

Since, for large ¢, v(t) ~ fot e Pt=9) f(s)ds, we can conclude that the integral
in this equation must have the same properties as v(t) and satisfy the Gaussian
properties prescribed by the pdf (1.4)). It it worth noting that the integral in
(1.5)) is not a standard Riemann integral. The integral is a stochastic integral.
The white noise term f(¢) is of locally unbounded variation, it is everywhere
continuous but no-where differentiable and thus the integral cannot be defined
in straightforward manner. In fact, a new framework has to be used to deal

with this integral, namely the Ité calculus.
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We can describe the displacement of the Brownian particle, x(¢), by

x(t) = xo +/O v(s)ds. (1.6)

This is also a stochastic process driven by a locally deterministic velocity along
with a Gaussian disturbance term. We state the probability density of x(¢) for
large t,

2
pa(t), t | £(0) = z0) ~ (4mDt) 2 exp ('“’“) p= L _ AT

4Dt " mpB 6man’
(1.7)
The interested reader is directed to [20] for further details. It can be shown that

p satisfies the diffusion equation

Op(x(t), t | 2(0) = zo)
ot

= DAgp(z(t),t | x(0) = xo), (1.8)
where D is the diffusion coefficient. We have found the pdf for the process .
In addition, we can state the following properties of the process x [20]:

e The increments x(t+s) — x(¢) and x(t) —x(t —u) are independent of each
other and are independent of ¢ for s > 0 and u > 0.

e The paths of x(t) are continuous.

e For s < t, x(t) — x(s) has a Gaussian distribution with mean zero and

variance t — s.

These are properties of a standard stochastic process known as a Wiener process.
It is equation (1.8]), which describes the time evolution of the probability density

function for the process x that is of particular importance to this thesis.

1.2 The Narrow Escape Problem

We have described certain key aspects of Brownian motion. We now state the

specific research problem considered in this thesis.

1.2.1 Statement of the Problem

We consider the motion of a Brownian particle trapped in an arbitrary bounded

domain, Q € R? d = 2,3, whose boundary is reflecting, 05,., except for a small

4
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absorbing window, 92,. We assume that 9Q) = 002, + 012, is a d—1 dimensional
analytic surface and that 0 is sufficiently smooth. Furthermore, we assume
that the size of the absorbing window, centred at xg, is small in comparison to

the reflecting portion of the boundary. We define the small parameter ¢ as

__109]
o]

< 1. (1.9)

Alternatively, we may define ¢ = |0€),|. However, it must be understood that
the absorbing part of the boundary is asymptotically small in comparison to
the reflecting part.

The trajectory of the Brownian particle is denoted by @(¢). The mean first
passage time or exit time is defined as the time taken for the Brownian particle
to escape from the domain, 2, through the absorbing arc, 92, centred at xg,
from some initial position x(0) € Q. The mean first passage time, from a fixed

starting position x(0) = « is defined in [20] as
v(x) =E[r | x(0) =x]. (1.10)

The focus of this thesis is to find the mean first passage time for a variety of two
and three dimensional domains, 2, with N absorbing windows on the bound-
ary. This is known as the narrow escape problem. Since the mean escape time
diverges as the window shrinks, or as € — 0, the calculation is a singular per-
turbation problem. A plethora of work has already been done on this problem.
In this thesis we use an alternative method based on matched asymptotic ex-
pansions, a singular perturbation technique, to calculate the mean first passage

time.

1.2.2 Derivation of the Model Equation

The narrow escape problem is equivalent to solving an inhomogeneous mixed
Neumann-Dirichlet boundary value problem for the Poisson equation. We will
derive this equation. Our starting point is equation (L.8)), which is a diffusion
equation describing the time evolution of the probability density function asso-

ciated with the process y. From [5], the probability density function satisfies
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the Fokker-Planck equation

op(y,t | x)

8t = DAyp7 Yy, € Qv
oply.tl=) yeon, . meq,
on(y)
p(y7ta|w) = 07 yE@Qa,wEQ,
p(y,0|x) = 6(y—=) (1.11)

where 0,, = n-V and 7 is the unit outward normal. The boundary conditions are
easily explainable in the context of the physical problem at hand. The Neumann
boundary condition on the reflecting part of the boundary represents the no flux
boundary condition. The Dirichlet boundary condition on the absorbing part
of the boundary represents the fact that the Brownian particle is absorbed at
the boundary. The first passage time to the absorbing boundary is defined in
[5] as

T=inf{t >0:y(t) € 9Q,}. (1.12)

We are interested in the mean first passage time to 02, given that the
particle starts at some initial position @, that is y(0) = . We define the

survival probability as
S(ent) = [ plunt | @)y, (113)

as in [I8]. The nth moments of the first passage time are given by

) ~ 9
- —/O S e )it (1.14)
= S ) [ +n/ 18 (@, )t (1.15)
0

in [18]. The first line is obtained using integration by parts. In the second line,
it is important to note that we can set the first term to zero in both the upper
and lower limit. This is a consequence of the fact that the pdf p(y,t | ) given
by (L11) tends to zero as t — oo. Thus, in the limit as ¢ — oo, S(x,t) — 0
much faster than t" — oo [18]. We are interested in the mean first passage time,
which is the first moment of the equation above [18]. Thus, we find that the

mean first passage time is the integral of the survival probability over t. Thus,
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the mean first passage time satisfies the conditional expectation

Tz =FE[r]y(0 / / (y,t | z)dydt, (1.16)
as in [20], [18] and [5].

We return to the pdf, (1.11). We integrate this equation over ¢ from 0 to oo

and make use of the boundary conditions to find

—d(y —x) = DAy /OOO p(y,t| x)dt. (1.17)

We let g(y | ) = [;° p(y,t | @)dt. Using this we find that

Ny —=x
Ayotyla) = 2UST g aeq (118)
99(y | =)
——— = 0, € 0N, x € Q, 1.19
an(y) Yy (1.19)
glylxz) = 0, y € 00y, x € (L (1.20)

Thus, we can find the MFPT by solving for ¢ from the equation above and

integrating the final solution over 2. That is

T z/Qg(yw)dy=/ooo/9p(y,t|w)dydt- (1.21)

There is a simpler way to find the MFPT. The pde given by (L.11)) is the
Fokker-Planck equation. That means that the differentiation with respect to the
spatial variable and the boundary and the initial conditions are given in terms
of the forward variable, &, not the initial position, y. One can state a similar
equation for the pdf in terms of backward variables, known as the Kolmogorov

backward equation

DD pa, yeen 0z
op(y.t|x)

At LA el Q Q 1.2
() 0, xecd,yeq, (1.23)
ply;t|lx) = 0, x€0,yc, (1.24)
ply,t|lxz) = o(y—=z). (1.25)

There are several differences between the Kolmogorov backward equation and
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the Fokker-Planck equation. Firstly, the spatial operator in the Fokker-Planck
equation is the adjoint of the operator in the Kolmogorov equation, which acts
on the forward variable, y. In the case under consideration the operator is the
Laplacian, which is a self-adjoint operator. However, there is a sign difference
in the coefficient of the Laplacian. In the Fokker-Planck equation, (L.11), it
is a +1 while in the Kolmogorov equation, (1.22), it is a —1. Furthermore,
if one compares the boundary conditions (1.23) and (1.24) to the boundary
conditions of (I.11), we see that the initial position x starts on the boundary
in the Kolmogorov backward equation, while the final position y is within .
Lastly, there is no initial condition but a final condition in the Kolmogorov
backward equation. Thus, in the limit as ¢ — oo, the pdf p(y,t¢ | ) tends to
0(y — x) and the pdf p(y,t | ) — 0 as t — 0. This is also different to the pdf
given by (1.11))

We know the definition of the MFPT, given by (L.16). Thus, we must
integrate (1.22) over € with respect to y and from 0 to co with respect to t.
We let v(z) = [;° [, p(y.t | )dydt. We find that v(z) = 7z satisfies

Av(z) = —%, z €, (1.26)
vik) = 0, x € 09y, (1.27)

ov(x)

on@) 0, x € 09,. (1.28)

The reader is directed to [20] for further reading and an alternate derivation of
the MFPT, v(x) satisfying (1.26)-(1.28)).
We also define the average MFPT, v, based on an assumed uniform distri-

bution of starting points,

S]]

= ﬁ/@v(:ﬂ)dw (1.29)

1.3 Literature Review

The mean first passage time is a first-passage probability, which is the proba-
bility that a diffusing particle or random walker first hits a specified site. The
first instances of such a study came with Lord Rayleigh, who considered the flux
through a small hole in the context of acoustics [17]. Today, there are many
applications of first-passage probabilities, for example fluorescence quenching,

integrate-and-fire neurons and the execution of buy/sell orders when a stock
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price reaches a certain threshold [I8]. Moreover, the narrow escape problem
often appears in the context of electrostatics and biology.

As a result of the far reaching applications of the MFPT, the approach
to solving the problem has been varied. Statistical, numerical and analytical
techniques have all been employed to solve the narrow escape problem. We
present a brief overview of a few subject areas where the narrow escape problem
arises.

As we have shown, the narrow escape problem reduces to a mixed boundary
value problem for the Poisson equation. This scenario comes up in a variety
of contexts. In particular these problems arise in classical electrostatics, for
example, the electrified disk problem [6]. Furthermore, the problem arises in
elasticity theory, diffusion and conductance theory and acoustics [17]. These
problems are generally solved using a separation of variables technique, with a
subsequent summing of the resulting series. This approach to obtain analyti-
cal results has proved to be challenging, especially when considering complex
domains, and ultimately, numerical techniques are employed.

The first passage probability and mean first passage time play fundamental
roles in electrostatics as a result of their physical interpretation. In fact, the
probability of a particle, initially at a position x(0), escaping at the point xg on
the boundary is equal to the electric field at the point @, when a point charge is
located at x(0) and the boundaries are grounded conductors [18]. This analogy
is powerful, and can be applied to calculations in many areas. For example, one
can determine the ‘break-even’ probabilities in the stock market more easily by
considering this analogy [18].

One can obtain digitized representations of composite materials via Brow-
nian motion. The first passage equations are adapted to digitized media and
are solved numerically. The first passage time plays a role in determining the
conductivity, dielectric constant, and diffusion coefficient of digitized composite
media [32].

In biology, the motion of ions, molecules or receptors are modelled as free
Brownian particles. In this context, the mean first passage time represents the
mean time for a receptor to hit a target binding site [25], [23], [21], [24], [5],
[2], [1]. The applications are far reaching including, receptor trafficking in a
synaptic membrane, calcium diffusion in dendritic spines and vesicle trafficking
in cells to name a few.

Bressloff et. al. in [2] calculated the MFPT in a rectangular planar domain

with absorbing portions within the domain. The statement of the problem is

9
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slightly different to equation (1.11)) in that the pdf has periodic boundary condi-
tions in addition to the mixed boundary conditions. The method of solution is
a combination of statistical properties and an asymptotic approach. This model
describes protein receptor trafficking within the membrane of a cylindrical den-
drite.

If one transforms the problem for the MFPT into an eigenvalue problem we
find that the MFPT is inversely proportional to the principal eigenvalue, in the
limit of small windows. We shall explore this connection in detail in following
sections. In fact, it is the key idea used in this thesis to estimate the MFPT.
The problem for the principal eigenvalue and eigenfunction has been extensively
studied, for example in [8], and the references therein. The Neumann Green’s
function for the domain under consideration is required to solve this problem.
As a result, the form of the mean first passage time is different in two and three
dimensions because of the difference in the singular behaviour in the Neumann
Green’s function. In two dimensions it is a logarithmic singularity and in three
dimensions it is a simple pole. We will devote a portion of this thesis to finding
the Neumann Green’s function in various domains.

There are other closely related problems to the narrow escape problem, such
as Kolomogorov’s exit problem and the problem for the Dwell time, which will
be discussed later. However, an extensive listing of all instances where the
narrow escape problem arises is not relevant to this thesis. Instead, we review
the relevant work of a few authors in the area who have produced results for
escape from two and three-dimensional domains. In this thesis we intend to
expand upon these results, and compare our findings with the work of these

authors.

1.4 Literature Review - Biological Context

We review the work of certain authors who have determined results for the
MFPT in the context of biology. We intend to compare our findings to the
results of these authors.

The calculation of the mean first passage time is a typical problem in cellular
biochemistry. In particular, the function of neurobiological microstructures,
such as dendrites, is largely unknown since experimental methods have failed
to produce a complete understanding of the neuron. An understanding of the

mechanism by which newly synthesized proteins from the soma reach distant

10
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locations on axons or dendrites is still elusive. Hence, a mathematical framework

has been developed to shed light where experimental methods have failed.

1.4.1 Two Dimensions

We consider an example to emphasize the importance of the two-dimensional
narrow escape problem in a neurobiological context as outlined in [5].

The axon contains presynaptic active zones for neurotransmitter release.
Dendrites, on the other hand, contain postsynaptic densities where receptors
that bind neurotransmitters cluster. At most excitatory synapses in the brain, it
is the dendritic spines that contain the postsynaptic densities (PSD). Dendritic
spines are tiny membranous protrusions, on the order of micrometers, on the
surface of a dendrite. Generally, the spine head is bulbous in shape and is
connected to the stalk of the dendrite via a thin neck. Holcman and Schuss
in [5] consider the motion of a receptor inserted into a dendritic spine. The
physical question they address is, how long does it take the receptor to reach its
final destination on the postsynaptic density (PSD) from its point of insertion?
The motion of the diffusing receptor is considered to be free Brownian motion
in the plane.

Firstly, we describe the geometry of the surface of the dendritic spine as
in [5]. We consider the surface of the domain to be planar, thus neglecting
the curvature. The surface contains many confinement domains known as cor-
rals. These corrals are smooth two-dimensional domains, {2, whose boundary
is reflecting, 09),., except for a small absorbing portion, 9€2,. The reflecting
boundary may represent a physical barrier or a potential barrier. We expect
that the random walker, the receptor in this case, gets trapped in these con-
finement domains during its journey towards its final anchoring position on the
PSD. Holcman and Schuss aim to find the mean confinement time, the time a
receptor spends in a corral. Figure [1.1] depicts the geometry of the dendritic

spine.
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Anchoring

Position PSD

Confinement
Domain

\ Insertion Point

Trajectory of a
random walking
receptor

Figure 1.1: Structure of a dendritic spine and the trajectory of a receptor

The placement of the corrals, or confinement domains, are also illustrated

in Figure 1.1, The confinement domain may be an arbitrary two-dimensional

shape. Figure 1.2/ depicts a circular confinement domain along with the trajec-

tory of a random walker trapped within it.

12
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Figure 1.2: A circular confinement domain

Typically, the trajectory of the Brownian particle occupies a much larger
area within the domain than what is depicted in Figure [1.2 Figures 1.1 and
1.2 are based respectively on Figures 1 and 2 in [5].

Physically, the confinement domain represents sites where the diffusing re-
ceptor can bind to scaffolding proteins. Thus, the mean time a protein spends
in a confinement domain provides information on the type of bonds a receptor
can make with scaffolding proteins. Binding increases the mean first passage
time. In fact, a diffusing receptor may bind to a scaffolding protein and never
leave the confinement domain. This is in alignment with the fact that a receptor
inserted into a dendritic spine far from the PSD may remain in the spine with-
out reaching the PSD. Holecman and Schuss, in [5], are concerned with the mean
time it takes a receptor to leave a confinement domain. In other words, they did
not consider the possibility that receptors may be anchored in the confinement

domain.
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Holcman and Schuss considered a circular confinement domain, depicted in
Figure 1.2 The narrow escape problem for a circular domain with an absorbing
arc on the boundary was studied in both [23] and [5].

In [23] and [5], the mean first passage time from the centre of a disk of radius
R with a small absorbing arc of length 2¢ on the boundary was shown to be

Elr | 2(0)=0] = %2 {logi Flog2 + i + 0(5)} . (1.30)

The mean first passage time averaged with respect to an initial uniform distri-
bution of starting points in the disk, from [23], is

2 1 1
E. = = {log ot log2 + - + O(E)] : (1.31)

D 8
The maximum mean first passage time is attained when the initial position is
antipodal to the centre of the absorbing arc. Singer et al., in [25], placed the
initial position at * = (r = 1,0 = 0) and the centre of the absorbing arc at
xog = (r =1,0 = 7). For this situation Singer et al. calculated that

2
E[T|w:(r:1,9:0)]:R— logé—l—QlogQ—i—O(e) . (1.32)

D
Holcman and Schuss in [5] were able to calculate the mean time to anchoring in
the PSD using the confinement time. This process underlies synaptic plasticity,
the change in the number of receptors at a synapse. Synaptic plasticity is
conjectured to underlie processes as complex as learning and memory.
The results above conform to a general result derived by Singer et al. in
[25], in which they showed that the leading order term and error estimate for a

two-dimensional Riemannian manifold with metric g is
€2, 1
E.=—2 logg +0(1)], (1.33)
m

where ||, is the Riemannian area of the domain with the assumption that
1090,

1,
obtained for the circle of radius R. Notice here, that to this order in ¢, that the
mean escape time E; is not a function of the initial position, (0). Hence, it is
denoted E., not E[r | z(0) = z].

In [24], Singer et al. consider two-dimensional domains with cusps and cor-

€= 2 < 1. We see that the leading order term here is the same as that

14
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ners. In the other words, they modify their domains to include non-smooth
boundaries. If the absorbing window is located at a corner of angle «, the mean
lifetime is
E, = & {log1 + O(l)] . (1.34)
aD €
Singer et al., in [24], find that the MFPT in a rectangle with sides a and b with

the absorbing hole of size € at the corner is

_2le

E,
Dn

[log‘a+1og2+7rb+252+0<€,ﬂ4>} , (1.35)
€ ™ 6a a
where 3 = e~70/¢,

They also consider an annulus and the domain bounded between two tangent
circles in [24]. The annulus has applications to a closely related problem for the
Dwell time, described in [30]. The Dwell time is the time a Brownian particle
spends within a microdomain, a confinement domain, including binding time,
before it escapes through 0€,. The confinement domain is a circular annulus
of outer radius R and inner radius §. The boundary of the outer disk, D(R) is
reflecting except for a small absorbing portion, 92,. The boundary of the inner
disk, D(d) is absorbing. A Brownian particle is free to diffuse in D(R) — D(9).
If it is absorbed at D(d), it is eventually released within the annulus. If it is
absorbed at 9{),, it does not return to the annulus. The inner disk represents
an immobile trap, a domain of chemical reactions, where it reacts with binding
molecules.

The results for a two-dimensional domain, given by (1.30)-(1.35), were de-
rived using a separation of variables technique and the solution of certain dual
integral equations. We intend to reproduce the results obtained for the circu-
lar disk with radius one. Furthermore, we intend to determine an asymptotic

expression for the MFPT in an arbitrary two-dimensional domain.

1.4.2 The Narrow Escape Problem in Three Dimensions

The narrow escape problem has been studied for an arbitrary three-dimensional
domain with an arbitrary exit window in [25]. The leading order term for the
MFPT is expressed in terms of an integral equation, which can be solved for
specific geometries. Singer et al. were able to explicitly determine the leading
order term for an absorbing ellipse on the boundary. The additional assumption

was that the semi-major axis of the elliptic window, a, was to be much smaller
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than the cube root of the volume, |Q|1/3. The MFPT was found to be

€2

E, ~
2w Da

K(e), (1.36)
where e is the eccentricity of the elliptic hole, and K(.) is the complete elliptic

integral of the first kind. For a circular hole, the result above reduces to

1€

L~ . 1.
4aD (1.37)

These results were obtained by solving for the MFPT using the properties of the
Neumann Green’s function in three-dimensions. It is clear from these results
that the MFPT depends on the geometry of the exit window, as well as on the
domain 2. These results do not contain any error estimates, and since these are
only leading order approximations, the dependence of the MFPT on the initial
position and location of the absorbing window is lost. These results were known
to Lord Rayleigh in the context of acoustics [17]. For a spherical domain of
radius R with a circular hole of radius a on the boundary Singer et al., in [25],

derived the second term and error estimate of the MFPT,

2]

1

This result was derived using Collins’ method for solving dual series of integral
equations and a subsequent expansion of these results in orders of e = £ < 1.
We intend to expand on the results for the spherical domain with a circular exit
window by deriving the next term in the asymptotic expansion for the MFPT,
and to extend the results to include N small windows on the boundary of the

sphere.

1.5 Outline

In Chapter 2 we consider the narrow escape problem in two dimensions. We
derive an asymptotic expression for the MFPT in an arbitrary two-dimensional
domain with one absorbing arc on the boundary. We extend this framework
to include N absorbing arcs on the boundary. We use a matched asymptotic
expansions approach, a singular perturbation technique, to find the MFPT.
In Chapter 3, we use the findings from Chapter 2 to obtain specific results

for the unit disk and unit square. We also consider methods to solve for the
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Chapter 1. Introduction

Neumann Green’s function in arbitrary two-dimensional domains. We consider
both an analytical approach and a numerical approach. In Chapter 4 we solve
the narrow escape problem for a three-dimensional sphere. This involves finding
the Neumann Green’s function for a sphere with a singularity on the boundary
of the sphere. Wherever possible, we compare our results to relevant findings

in the literature.

17



Chapter 2

The Narrow Escape
Problem in Two

Dimensions

In this chapter, we consider the motion of a Brownian particle trapped in an
arbitrary bounded two-dimensional domain, §2, whose boundary is reflecting,
01),., except for a small absorbing window, 0f),, through which the particle
can escape. We use the method of matched asymptotic expansions to calculate
the mean escape time. The concepts and method of solution introduced in
this chapter are important as we use similar techniques in Chapter 4, where
we consider three-dimensional domains. Initially, we begin our analysis with
an arbitrary two-dimensional domain with one absorbing arc or hole on the
boundary. We then extend our results to include N absorbing arcs of varying
length. In addition, we derive results for N identical holes.

To recap, the length of the absorbing arc is asymptotically small in compar-

ison to the length of the reflecting boundary. In two-dimensions we define € as

le = 09, < 1, (2.1)

where [ is O(1).
The MFPT v(x), from a fixed starting position « is given by the probabilistic
formula [20], [5], [23] and [25]

v(z) = E[r | z(0) = x]. (2.2)

As the absorbing window shrinks, the mean free path time diverges. We expect
the behaviour v(x) — oo ase — 0 and v(x) — 0 as © — xp. Note that x(0) = =
is the initial position of the Brownian particle and xy denotes the centre of the
absorbing arc. These are not to be confused. The MFPT v(z) satisfies the

18
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mixed boundary value problem [20], [5], [23] and [25]

Av(z) = —%7 T e, (2.3)
v(x) = 0, x € 08, (2.4)

ov(x) -

@) ~ " € 90, (2.5)

where D is the diffusion coefficient. Our task is to calculate an asymptotic
solution for v(x) in the limit ¢ — 0 that satisfies (2.3)-(2.5)).

2.1 Formulation of the Problem

We know from the literature, [23] and [8], and we will show that the mean first
passage time is asymptotically inversely proportional to the principal eigenvalue.
Motivated by this fact, we transform our problem into an eigenvalue problem
for the principal eigenvalue.

We solve equations (2.3) to (2.5)) by writing v() in terms of a complete set

of eigenfunctions ¢;(x), that is
v(@) =Y c;e5(x), (2.6)
j=0

where ¢;(x) satisfies the eigenvalue problem

Agj + Ajd; 0, =z, (2.7)

(bj(w) = 0, T < aQau (28)
9¢;(x)

87LJ(a:) = 0, x € 90, (2.9)

Recall that the eigenfunctions ¢; satisfy the following properties

(2.10)

<¢j<w>7¢i<w>>={0 £i#

1 it Q=

where (u,v) denotes [, uvda.
To find ¢; in (2.6) we use the orthogonality properties of the eigenfunctions
¢;. We substitute the expression for v(x) from (2.6) into (2.3) and use (2.7) to
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obtain
o0

=Y chioi() (2.11)

7=0

By multiplying both sides of (2.11)) by ¢; and integrating over the domain, and
using (2.10), we find
N RVTC))
DA;j(6(), ¢;(x))
(

Substituting the result (2.12) for ¢; into (2.6) we find

(2.12)

S 9;())
oi(x). (2.13)

ZO D)\] 7¢ ( ))
j=
where (¢;(x), ¢;(x)) =1

Note that we have an expression for the mean escape time, v(x), in terms of
an infinite series, which is not simple to work with. Luckily, we can make some
approximations that simplify the expression for the escape time. Notice that
as ¢ — 0, or in other words as 02, — xg, where xg denotes the centre of the
absorbing arc, the eigenvalue problem given by equations (2.7) to (2.9) reduces

to the unperturbed problem

Agj+Njp; = 0, x€Q, (2.14)
9¢;(x)
anj(a:) = 0, x € 00. (2.15)

We know that the first eigenvalue and eigenfunction for this problem are Ao = 0
and ¢g = |Q|_% Thus, in the limit as ¢ — 0, we know Ay — 0, while the other

A; for j > 1 remain bounded. We can expect A\g ~ O ( ) as € — 0, as will

log e
become more apparent in the calculations that follow. This implies that /\%, — 00
and that )\% << )\io for j > 1 as ¢ — 0. Furthermore, by integrating (2.7)
over the domain and using the Divergence Theorem along with the boundary

conditions (2.8) and (2.9) we find

A¢]d$ = —)\j/(ﬁjdﬂ?,
Q
— | owsas+ [ ous.
o0, 0Ny

Q

/ Onh;dS. (2.16)
0Ng
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We know A\; ~ O (1) as € — 0 for j > 1 and we can assume that [0Q,| ~ O (¢).
By considering the first and third line of (2.16), we can deduce that [, ¢; ~ O ()
for j > 1. Thus, we can see that the most significant contribution to (2.13)) comes
from the first term, j = 0.
Thus to leading order
o) ~ L2 g ), (2.17)
with (¢o(x),do(x)) = 1. Therefore, the expected lifetime or exit time of a
Brownian particle is proportional to ﬁ(e) in accordance with theory, [8] and[23].
Our task now is to find ¢¢ and A using strong localized perturbation theory.
The absorbing arc 0f2, provides a perturbation that is large in magnitude
but small in extent, hence it is known as a strong localized perturbation. Gen-
erally strong localized perturbations produce large changes to the solution in a
localized region. We use the method of matched asymptotic expansions to con-
struct the solution in a similar way as outlined in [g], [33] and [34]. In particular
there will be expansions for the region in the vicinity of the absorbing arc, known
as the inner region, and expansions in the outer region, the region away from
the hole. By matching these expansions we can accurately describe the large
local changes that occur and the relatively small changes to the solution that

occur away from the absorbing arc. This is how we will proceed.

2.2 Two-Dimensional Domain with One Hole

on the Boundary

We start our analysis with one hole or absorbing arc on the boundary. In the
next section we will extend this framework to include N holes on the boundary
of varying length. We must first calculate the principal eigenvalue Ay and the
principal eigenfunction ¢y before we can calculate the mean escape time v(x)

given by equation (2.17).

2.2.1 Calculation of ¢y and )\

We need to solve the system of (2.7)-(2.9) for the principal eigenvalue A\g(¢) and

the corresponding eigenfunction ¢g. We start by expanding the eigenvalue
Xo(e) = Aoo + v(€)do1 + (¥(€))* Aoz + -+, (2.18)
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with the condition that v(¢) — 0 as e — 0, where v(g) = —m. Here d is

the logarithmic capacitance, a constant, which is dependent on the length of
the perturbing arc. This expansion was used for a similar problem, where the
holes were located within the domain instead of on the boundary. It was shown
by [34], that Ao; is independent of the position of the hole, xy. Though, the
problem studied in [34] is a slight variation of the problem at hand, the result
is analogous to our problem. Thus, we must go to higher orders to find terms
that do depend on the location of the hole. This is important so that we obtain
a formula for the MFPT that depends on the location of the hole as well as
on the initial position. We can write Ag(¢) in terms of an infinite logarithmic

expansion

) where vie) = ! . (2.19)

6 —
log(ed)

Xo(e) =X (v)+ 0O (1og5

In [33] it was shown how to formulate this expansion. We expand
Xo(e) =N (v) + A + -+, (2.20)

where p < v™ for m > 0.
In the outer region, away from the absorbing arc, we expand the global
solution as
po(x,e) =u"(z,v) + pus (e, v) + -+ . (2.21)

Substituting (2.20) and (2.21) into (2.7) and (2.9) we obtain for O(u°) that
Au* 4+ Xu* = 0, z € Q\ {zo},
8nu* = 0, T < aQra
/ W)dx = 1, (2.22)
Q

with some singularity condition as € — xg to be found from matching inner

and outer solutions. For order O(u') we obtain

Auy + )\*Ul = —>\1’Ll,*7 x e \ {ZB()},
Opur = 0, x € 09,
/ uvupde = 0. (2.23)
Q

The integral conditions on u* and u; in the last line of the system of (2.22)) and
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(2.23)) are an implementation of the normalization condition on the eigenfunc-
tions.
Now in the inner region near the absorbing portion of the boundary 0%, we
let
(x — x0)

G ) 2.24
Y — (2.24)

so that the arc is rescaled as 909y = 8% ~ O(1). In the inner region we let

U(y,E) = ¢0($0 + 51178)-

Then we expand
v(y,e) = vie)wo(y) +--- . (2.25)

Substituting (2.25) into (2.7) and (2.8), we find to order O(v(¢)?) that

Ay’UO = 07 Yy ¢ aQOa
vg = 0, (TS 0. (2.26)

We write
vo(y) = A(V)ve(y), (2.27)

with A(v) ~ O(1) as ¢ — 0 and v, defined later.

We will need to match v(y,e) to ¢o(x,e) in the limit as & — a¢. The limit
T — x( is equivalent to & — 0, which implies that |y| — co. We will need an
O(1) term at leading order. Notice that vg is multiplied by a factor of v(e) in
the expansion (2.25)). To ensure that we obtain an O(1) term in the expansion
for v(y,¢) in the limit as |y| — oo we would need vo(y) ~ log|y| as |y| — oo.
We find that v.(y) satisfies

Ay'Uc = 07 Yy ¢ aQOa
Ve = 07 RS aQO7
ve — logly] as ly| — 0. (2.28)

This ensures that the inner (local) solution has logarithmic behaviour at infinity.
The problem for v.(y), (2.28), has a unique solution and the behaviour at oo is
18]

p.
ve(y) ~ logy| — logd + ﬁ (2.29)
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where d, the logarithmic capacitance and p = (p1,p2), the dipole vector, are
determined from the length of the hole, 9Q,. In our case, where the length of
the hole is |0Q,] = 2¢, d = % In general, for an arc of length I, d = é. This
is obtained by a special solution in terms of elliptic cylindrical coordinates. We
present a derivation in Appendix A.

The inner and outer solutions must match to obtain a consistent solution.
Thus, from matching in the vicinity of the arc, in the limit as € — ¢ or |y| — oo

we must have

by

2
[y

w*(@,v) + pus (@) + - = v(e)A(v) |log [yl —logd + ZY | 4 ...

Writing the inner variables in terms of outer variables using (2.24))

u (x,v) + puyr(x,v) + - - = v(e)A(v) log | — xo| — v(e)A(v)log(ed) + - - - .
We recall that v(e) = —m. Thus, from matching we find that
u* — A+ Av(e)log |z — | as T — x. (2.30)

This gives us the missing singularity condition as @ — xg. Thus u* must satisfy
the system (2.22)-(2.30). From the matching, we see that the next order in the
inner expansion is O(ev). To ensure matching of the inner and outer solutions
w=O(ev).

To find u* and A* we introduce the Helmholtz Green’s function G(x, o, A*)

and its regular part R(x,x, \*). This Green’s function satisfies

AG+ NG = 0, z €,
oG 0, z € 00\ {zo}, (2.31)
1
G(xz,xo,\*) = —;log|w—mo| + R(x x, \"). (2.32)

Notice that if we did not have an absorbing arc, but instead a hole in the
interior of the domain, so that the singular point &g is in the interior of €2, the

behaviour of the Green’s function would be
* 1 *
G(z, o, \") = —2—log|a: — xo| + R(x, o, \¥).
s

However the singularity of the Green’s function at the boundary is twice as large
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as it is in the interior of the domain, thus we have a factor of —% in front of
log |x — x|

The solution to (2.22) with the correct factor for the logarithmic singularity
is

u* = —wAvG(x, 2o, \¥). (2.33)

The normalization condition in (2.12) determines A as
7r2A21/2/QG2(a:,w0,)\*)dw =1 (2.34)
By using (2.32) and (2.33) we calculate u* in the limit as @ — xo as
u*(x,e) = Avlog | — xo| — TAVR(xq, o, \). (2.35)

Comparing this with (2.30), we find that «* has the desired behaviour as * — xg
provided that
1
R A= ——. 2.36
(iL‘(), Lo, ) Ju ( )
Equation (2.36)) is a transcendental equation for A*. To proceed we expand G

in powers of A\* for A* << 1 as
1
G(x,xp, \") = FGo(m,mo) + Gi(z,x0) + AN Ga(x, o) + -+ . (2.37)
We substitute (2.37)) into (2.31)) to obtain for O (%) that

AGy = 0, T €,

oGy = 0, z € 00\ {zo}. (2.38)
For O ((A\*)?) we have
AGI = _GOa T 97
OnG1 = 0, x €00 \ {170},
/ Gidz = 0. (2.39)
Q
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For O ((A*)771) with j =1,2,3,---

AG; = -Gy, x <,
0,G; = 0, x € 00\ {xo},
/ G]dw = 0. (240)
Q

We see that Gy is a constant from (2.38). The condition that the integral of G
over the domain must be zero for j > 1 is a consequence of the normalization
condition. It also ensures that we obtain a unique solution, as the Green’s
function is only unique up to a constant as a result of the Neumann boundary
condition.

We can solve for the G';s recursively. We can solve for Gg from (2.38) and
(2.39). We make a semi-circular cut out of radius o, ¢ << 1, near xy. We
integrate (2.39) over Q and using the Divergence Theorem and the boundary
condition for G; we find that

lim AGide = lim (86’1 p_s) edp,
e—0 Q\Qo e—0 0 6p
= —lim Godz, (2.41)
e—0 N\
where p = |& — xy|. We know that G1 ~ —Llogp as & — o, thus 88621 = —T%p.
Substituting this into (2.41)) we find that
G ! (2.42)
0= —7=- .
1€
Thus G satisfies
AG ! z el
1 = 740 ’
€2
an(;(l = Oa x € 0N \ {‘TO}a
/ Gldac = 0. (243)
Q

We call the Green’s function satisfying (2.43) the Neumann Green’s function
or modified Green’s function G,,(x,xo) with regular part R,,(x,xq). We will

refer to GG1 as G,,. We know that as x — x¢

1
Gm(x,20) = — log |z — xo| + R (@0, xo). (2.44)
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Using our expressions for Go and G; given by (2.42) and (2.44) respectively,

we can rewrite expansion (2.37) as

1
G(x,xo, \") = e + Gz, 20) + O(XY). (2.45)

Comparing the behaviour of G(x, xo.A*) from (2.35) and the behaviour of
G(x, o) from (2.44) we see that

1
R(x,xg, \*) = e + Ry (x, ) + O(NY). (2.46)

Substituting the expression for R(x,xg, \*), given by (2.46), in the limit as

x — xo into (2.306), we find that

nz

- Q] (1 + 7V Ry (0, x0))

A* +0(?). (2.47)

0

We have found A\ and ¢g to first order in the outer region, from (2.20) and
(2.21) we see that

v w2

(o, o) + O(1?), (2.48)

¢po(x,v) = WAV( Gm(az,wo))—i—O(A*), (2.49)

X9
where G, (x, zo) satisfies (2.43).
It remains to find the constant A = A(v). To find the constant we must

impose the normalization condition, (¢g, ¢o) = 1, which gives

1 —(1 = 1Ry (z0, x0)) + O(V?), (2.50)

Av) = —
€2

where we have used the fact that fQ Gdx = 0 and the expression for Ay given
by (2.48)). Substituting this into the expression for ¢¢(x,v), (2.49), and using
(2.48) we have the following main result:

Proposition 2.1: (One Hole) For ¢ — 0, the first eigenvalue, Ao, and the
first eigenfunction, ¢o, of the system (2.7)-(2.9), have the two-term asymptotic
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behaviour
v wi? 3
Ao(v) = 9 WRm(iBmeo) +O(v°),
do(x,v) = Q72 —7v|Q 2 Gp(x, o) + O(V?). (2.51)

2.2.2 Calculation of the Mean First Passage Time

Using (2.17) we can find an expression for v(x) that holds in a general two-
dimensional domain with one hole on the boundary. Substituting the leading
order expressions for Ag and ¢g, given by (2.48) and (2.51) respectively, into
(2.17) gives

Q
o) = 4w (R, @) — Gl 0) + OW), (252
where v = —log(ed), with d the logarithmic capacitance. Hence we have the

following result:

Proposition 2.2: (One Hole) For ¢ — 0, the mean first passage time,

v(x), given by (2.17), has the two-term asymptotic behaviour

_

v(x) D (—log(ed) + m (R (xo, o) — G (x, 0))) + O(v). (2.53)

The average MFPT, v, is

v= % (—log(ed) + TRy (o, o)) + O(v). (2.54)
Recall that v = ﬁ Jo v(z)de.

This expression for the mean first passage time v(x) holds in a general two-
dimensional domain. The modified Green’s function remains to be found for the
geometry under consideration. As £ — 0, we see that v(x) — oo, in accordance
with the behaviour that we had anticipated. Also note that we have used the
outer expansion for the eigenfunction to construct the mean first passage time.
In other words (2.53) holds in the outer region. To find the behaviour in the
local region, we must use the local expansion for the eigenfunction v(y). In this

region, we do obtain the behaviour v(x) — 0 as ¢ — 0 for | — x| = O(e).
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We compare our result to that of Singer et al., [25], in which they obtained
the one-term expansion for the behaviour of v(x) in a two-dimensional domain

with one hole given by

E. = % {logi + O(l)] :
Our result, (2.53)), significantly improves upon theirs. We have a two-term
expansion for the mean first passage time. Consequently, our result depends on
the location of the hole, xg, the initial position, x, as well as on the length of
the hole, through d, and the shape of the domain, through the Green’s function.
Note that if |0€,| = ¢, then d = £.

2.3 Two-Dimensional Domain with N Holes on

the Boundary

We can extend the expression for v(x) to include N absorbing arcs. The bulk
of the analysis in the previous section remains the same, except that we replace
the single arc with N arcs, 9Q; for i = 1,2,.., N, of length O(e), where x; can

be interpreted as the centre of the arc. Here the length of each arc is
10| = ek, (2.55)

for some [; = O(1). We assume that the arcs are non-overlapping. We restate
the problem for the mean first passage time v(x) with N absorbing arcs on the

boundary as

Av(z) = —%, zeQ, (2.56)
v@) = 0, xed, i=1,2..,N, (2.57)

ov(x)

on(z) 0, x € 09y, (2.58)

where 0f); denotes the ith absorbing arc on the boundary.

We proceed as before, by writing v(x) in terms of a complete set of eigen-
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functions ¢;(x) which satisfy

Ajj+ XN, = 0, weQ, (2.59)

pj(x) = 0, wedy, i=12..N, (2.60)
9¢j(x) _

)~ & e (2.61)

After imposing the orthogonality and orthonormal properties, we arrive at the
same expression for the MFPT wv(z) as in equation (2.17). The difference is
that our eigenfunctions satisfy a slightly different problem to that for one hole.
We must solve solve the system (2.59)-(2.61)) for the leading order eigenfunction

and eigenvalue.

2.3.1 Calculation of ¢y and )\,

For ¢ — 0 we expand the eigenvalue Ay and the eigenfunction ¢o(x) as given
by (2.20) and (2.21)). The subtlety to notice here, is that we no longer have one

parameter v, instead, we have N parameters v; for i = 1,2,...N where

1
R 2.62
Vi log(gdi)’ (2.62)

where we incorporate the logarithmic capacitance, d; of each arc. In this manner
L

Z .
Now we proceed as in the case for one hole. The problem in the outer region

we capture the length of each arc. In particular, if |0€;| = €l;, then d =

away from the hole at order O(u°) reads as

Au*+ Nu* = 0, xz € Q\{xy,x2,....,xN},
Opu* = 0, x € 00, (2.63)

Now in the inner region near the absorbing portions of the boundary 0€;

for:=1,...N we let
(z — =)
Yi=—""">
€

la?il = O(1). In the inner region we let

so that the arc is rescaled as [0€Q;| =

v(Ys,€) = go(x; + ey, €).
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and we expand
v(yi,€) = v(e)vo(ys) + - (2.64)

Proceeding as before we arrive at the order O(v(g)?) equation for each hole

Ayvg = 0, yi ¢ 0Q0i,
vg = 0, Y; € 0Q;. (265)

According to the same reasoning outlined for one hole, we want vg(y;) ~
log |y;i| as |y;| — oo. This ensures that we can eventually match the inner and

outer solutions. We write

vo(y) = Ai(vi)ve(ys), (2.66)

with A;(v;) ~ O(1) as € — 0. So we find that v.(y;) satisfies

Ayvc = 0, Y, ¢ 8901',
Ve = Oa RS aQOia
ve — logly,l as ly;| — oo. (2.67)

Recall that if |0Q;| = €l;, then d; = ZZ Matching the inner and outer

solutions as before we find that «* must satisfy
Au* + Nu* = 0, z € Q\{x1,x2,....,N},
Opu* = 0, x€,, /(u*)%m =1, (2.68)
Q

*

u* = A+ Awi(e)log | — x4 as T — x;. (2.69)

This is similar to (2.22) and (2.30) for u* for one hole. However, notice that
we have N unknowns A; for ¢ = 1,..., N, with only one normalization condi-
tion. Thus, we will have a single relation between each of the A;’s set by the
normalization condition.

We write the solution for v* in terms of the Helmholtz Green’s function
u* = —mXN_ A Gz, Tp, AY) (2.70)

where k is the index of the N absorbing arcs. The Green’s function G(x, i, \*)
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must satisfy a system similar to (2.31). The Green’s function satisfies

AG+ NG = 0, x e,

0,G = 0, x € 0f) \ {331,152, ...,SCN}, (2.71)
1
Gz, xp, \*) ~ —=log|x — xk| + R(xk, Tk, \*) as T — T
™
(2.72)

Substituting (2.72) into (2.70) will give an expression for «* in the limit as
x — x;. This expression must match to (2.69). After some simplification, in

the limit as * — x;, we require that

N
Ai(1+7TVZ‘R(33i7(BZ‘,)\*))+7T Z AkUkG(CBZ‘,SEk,)\*) :0, 1= 1,2,...,N,
k=1,k#i
(2.73)

to satisfy the matching condition to the inner solution. This is different from
the result for one hole, and is a consequence of the fact that there are N holes.
System (2.73) is an NX N homogeneous linear system for the N unknowns

A;,i=1,..., N, which we write in matrix form as
MA =0,

where A = (Ay, As, ..., Ax)T is a vector and M is the matrix shown below,
whose determinant must be zero in order for nontrivial solution to exist. This
allows us to solve for the A; numerically. Here we have denoted R(x;,x;, \*)
by Ri;(X*) and G(x;, x5, A*) by G;;(A\*) for i # j. The matrix M is

1+7TZ/1R11()\*) 7TV2G12(/\*) 7TI/3G13(>\*) 7TI/NG1N(/\*)
7TV1G21(>\*) 1+ 7TV2R22()\*) 7TV3G23()\*) cee 7TVNG2N()\*)
7TZ/1G31(>\*) 7TI/2G32()\*) ]. +7TI/3R33()\*) 7TZ/NG3N(>\*)
711G N1 (AF) 711G N1 (AF) -+« 14+ avyRyn(A)

We expand each of the G;; in orders of A* as

1
—Go(wi,wj) + Gl(iL'i, :Ej) + )\*GQ((BZ‘, :Ej) + e (274)

Gz @, ") = e

Consequently, each of the G;; must satisfy equivalent forms of (2.38)), (2.39)
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and (2.40). Applying the Divergence Theorem as we previously did in the case

of one hole, we find that for each G;; we have

1
Go(®i, zj) = — 57 (2.75)
’ €2
and thus G satisfies
AGy(z;, x;) = x e
1 2] j = T )
6nG1(.’131',£Cj) = 0, T € 89\{:81,.’132,...,:BN}, (276)
/Gl(.’lli,m]‘)dﬂ) = O,
Q
1
Gi ~ ——logle— x|+ Ri(x;,x;) as T — x,.
™
(2.77)

This is the problem for the modified Green’s function or Neumann’s Green
function. We shall henceforth refer to Gy as G,,. Now we can rewrite (2.74)) for

A* << 1 using G,,, as

1
Gz @, A") = —A*|Q‘+Gm(mi7wj)+0(A*). (2.78)

Comparing the behaviour of this expression as &; — x; with (2.72), where

we set = x;, we find that

1

R(wi,wi,)\*) = —m +

We substitute (2.78) and (2.79) into (2.73) to obtain

N
TV; 1
A, <1 + v R (T, ;) — |Q|;\*> +7rk:1z];# Agvg (Gm(:ci,wk-) - )\*|Q> 0,
(2.80)
fori=1,...,N.

It is convenient to rewrite this in matrix form as an eigenvalue problem.
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Firstly we do some rearranging

N
AL+ 7Ry (@i, @) + 7 > ApriGr(Ti, 1)

k=1 ki
. N
= Jane | Am S A |, (2.81)
k=1,k+#i

fori=1,...,N.

We can write this equation in matrix form as

™

where
C=I+xIV, (2.83)
and
v O 1 1 1
0 1y 0 1 1 1
V = 0 0 w3 0 , B = 11 11,
0 0 vn 1 1 1
T
A= ( A A, Ay ) :
Gm(2, R (2, Gm(2, Gm(2,N)
I'= G (3, Gm(3,2) Rn(3,3) Gm(3,N)
Gmn(N,1) G (N,2) oo Ryp(N,N)

The Green’s function is symmetric since G, (%, j) = G (J, ) where G, (7, j) de-
notes Gy, (x;, ;) and R,,(%,¢) denotes R, (x;, x;). As aresult, I' is a symmetric
matrix. Let v,, = max vy, for k = 1,..., N. For v, sufficiently small, we can

invert C' so that we obtain a matrix eigenvalue problem for the eigenvalue A*

ﬁc—lBVA =\ A. (2.84)
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We let T = ‘” C~'BV, this gives us

TA=)A T= @C 1BV (2.85)

We can find A* by finding the eigenvalue of the system above. We follow
the procedure as outlined in [8]. Notice that each row of BV is the same
[v1, V2, ..., vp], thus there is only one linearly independent row. Hence, BV has
rank one. As a result, we can conclude that T has rank one. Thus, we can
conclude that A* is the only unique non-zero eigenvalue of Y. Hence, \* =
Trace(T). By using the structure of T as defined in (2.85]), we find that

\* = Trace(Y) = Fﬁ' Zyj (Z cjk> ) Cik = (C_l)jk_ (2.86)

We are left to find C~!. We have assumed that v, << 1, thus the asymp-
totic inverse of C' is
Cl=T—-7alV+--.

Substituting this into equation (2.86) we find that

N
A*:ﬁzuj (Z i —m(TV); ) (2.87)

where I'V = Zjvzl ij:l vil'j, and Z,ivzl I, =1 for each j. Thus

N N

N
A = |g—| Zyj - WZ vj Z vl | +OW3). (2.88)
j=1 j=1 k=1

To find u* we use (2.70) and (2.74). We have found a two-term expansion

for Ag and ¢9. We summarize our result as follows:

Proposition 2.3: (N Holes) For e — 0, the first eigenvalue, Ao, and first
eigenfunction, ¢o, of the system (2.59)-(2.61), have the two-term asymptotic
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expansions

. N N N
Xoe) = T Svi—wd Y vl | +0(h),  (2.89)

7j=1 Jj=1k=1
. X
do(x,e) ~ ) ZA}CV]C — ﬁZAkaG (z,xp). (2.90)
k=1 k=1

This gives us a general expression for a two-dimensional domain with N holes
of differing length on the boundary. It must be noted that we have not explicitly
imposed the normalization condition here to find the relationship between the
A;. The A; can be found by finding the eigenvector of the matrix system (2.85)).

Notice that in the case of N identical holes, there is simplification in the
expression for the eigenvalue )y and the eigenvalue ¢y. Suppose that we have
N identical holes. Thus, each of the v; are identical. The expression for ¢q

given by (2.90) reduces to

do(x,€) )\0 ‘Q| ZAk ﬂ'VZAkG T, Ty). (2.91)

N N N N
Note that 527, S5 e = S0 (Rl i) + 0 Gl 20)).
To simplify the notation, we define p(x1, 2, ..., zx) by

N N
p@1, @2, zn) = | Rul@e.ze) + Y Gz, i) (2.92)

k=1 jzl,j#’@

In the case of N identical holes we can impose the normalization condition
explicitly to find the relationship between the A;. We calculate (¢g, ¢g) using
(2.91) and (2.89) to find that

N
ZAk =—7 (1 - 7r—Vp(:nl,arzg7 ...,:cN)> +0(v?), (2.93)
P Q|2 N

where p is given by (2.92)).
As a Corollary to Proposition 2.3, we obtain the following result for N iden-

tical holes:

Corollary 2.4 (N Identical Holes) Suppose that the N holes are identical,
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that is v; = v. The expressions for Xg and ¢o, given by (2.89) and (2.90),
simplify to

No(e,e) = %ﬂN—wmmmw%mmN»+ow%, (2.94)
do(z,e) = |Q7 7 — mSN, ApGon(, 1) + O(2). (2.95)

For v < 1, we observe that the eigenvalue, A\g, given by (2.94)) is largest when
the hole locations @1, 2, ...,z N are chosen so as to minimize p(x1, 2, ..., Ty ).
The mean escape time, which is inversely proportional to the principal eigen-
value, will be a minimum in this case.

There is in fact one more special case that we can consider. In the case of N
identical holes, there arises the possibility of attaining a cyclic matrix. Recall
from the matrix equation (2.85) where we have TA = A*A, we can find A as
the eigenvector associated with the eigenvalue A\*. If we have an even number of
equally spaced identical points in certain geometries, we find that the matrix T
is cyclic. For example, if we have two holes placed at the corners of a rectangle or
square, we obtain a cyclic matrix. In addition, we find that this property holds
for any two points located on the circumference of the unit circle. Furthermore,
we find that the property holds for four points, located along lines of symmetry.
These will be illustrated in following sections. The cause of this special property
of the matrix T is that the matrices I and C and C~! are cyclic. As a result, we
find that the eigenvector associated with the eigenvalue \* has identical entries.
Thus, A; = A = ... = Ay. Using this unique property, we can find a simple
expression for v(x) analogous to the expression we found for one hole in (2.53).

Notice that, for identical A’s, ¢g becomes

TN Av

po(x,€) ~ ol

N
— A G, ). (2.96)
k=1

We can simplify the expression for ZkN=1 Ay, given by (2.93) to find

1 T
A= 1-— . 2.
IQIé( op(@1, @) + O?) (2:97)

We can now state the new expression for ¢g in the case of a cyclic matrix
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Corollary 2.5: (N Identical Holes, Y Cyclic) Suppose that the N holes
are identical, that is v; = v and the holes are placed in such a manner that the
matriz T in system (2.85) is cyclic. The expression for ¢g, given by (2.90),

simplifies to

N
do(a,e) = Q72 — |72 Y Gz, z1) + O(2). (2.98)
k=1

2.3.2 Calculation of the Mean First Passage Time

Next we use (2.17) to find the MFPT in an arbitrary two-dimensional domain
with IV holes on the boundary. We will have three different expressions for the
MFPT for the following cases, N holes of differing length on the boundary, N
identical holes on the boundary, and N identical holes where we have a cyclic
matrix.

For N holes of differing length we substitute the expressions for ¢y and Ag
from (2.89)) and (2.90)) into (2.17). In terms of Ag, we find a two-term expression

for v(x):

Proposition 2.6: (N Holes) For e — 0, the two-term asymptotic be-

haviour of the mean first passage time, v(x), is

v(@) ~ T Ly A x iv:Aka - WiAkva (z,z) |- (2.99)
D(X0)? Ao 9] k=1 M7

The average MFPT, v, is

N
awwzgﬂA’“”’“ il ZAM . (2.100)
D(Xo)? o |Q] &

Notice that the normalization condition has not been imposed in equation
(2.99)) for the MFPT. Therefore, we must divide expression (2.99) by (¢q, ¢o),
once we have found the A; numerically by solving the eigenvalue problem (2.85).

For N identical holes, we use expressions (2.94) and (2.95) for the eigen-
function and eigenvalue. We have already imposed the normalization condition

in this case. We obtain that the mean first passage time for a two-dimensional
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domain with N identical holes on the boundary is given by the following:

Corollary 2.7: (N Identical Holes) For e — 0, the two-term asymptotic

behaviour of the mean first passage time, v(x), is

Q T
v(z) = € < log(ed) — |Q|2 WZA]C (x,xr) + Np(:cl,a:g,...,:BN)>—|—O(V)7

TND
(2.101)
where p(xy, s, ...,xN) is defined by (2.92). The average MFPT, v, is
] T\
7= —~D (— log(ed) + N ’;p(:vl,wg, o a:N)> + O(v). (2.102)

In the case of the matrix T being cyclic we find:

Corollary 2.8: (N Identical Holes, T Cyclic) For e — 0, the two-term

asymptotic behaviour of the mean first passage time, v(x), is

= it I d ! 3 G
v(x) = —~p = ogled)+ 7 Np($17.’132,..., kz::l m(T,T))
+ OW). (2.103)

The average MFPT, v, is

U= —~ND (— log(ed) + %p(ﬂh,i@, s IEN)) + O(v). (2.104)

Notice that by setting N = 1 in equations (2.98) and (2.103), we recover
(2.51) and (2.53). Also notice that in (2.102) and (2.104) that the average
MFPT is minimized for a configuration of arcs that minimize p(x1, s, ..., £N).

Holecman and Schuss, in [5], consider the case of N absorbing arcs of differing
length. We cannot directly compare our results with those of Holcman and
Schuss, since their results are in terms of an infinite series. In the case of N
identical arcs, Holcman and Schuss find that the leading order term for the mean
first passage time is proportional to % The leading order term in our results,
(2.101) and (2.103), are also proportional to 4. Our results for the mean first
passage time depend on x, g, for k = 1, ..., N, the length of the arcs through d
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and the shape of the domain, 2. This is an improvement on the results derived
in [5].

2.4 Discussion

In this chapter we solved for the MFPT in an arbitrary two-dimensional domain.
We transformed the problem at hand to an eigenvalue problem. We used the
method of matched asymptotic expansions to solve for the principal eigenvalue,
Ao, and eigenfunction, ¢g. In the case of one hole on the boundary, our expres-
sion for the MFPT, (2.53)), agrees with the leading order term derived by Singer
et al. in [25]. Furthermore, our result is an improvement on the result derived
by Singer et al. since we have the next term in the asymptotic expansion for the
MFPT, which depends on the position of the hole at &y and the initial position
at . We were able to extend this framework to find general expressions for
the MFPT with N holes on the boundary. We found expressions for the MFPT
with NV holes of differing size on the boundary, (2.99) and N identical holes on
the boundary, (2.101). Furthermore, we found the MFPT, equation (2.103), in
the special case of a cyclic matrix in the system (2.85).

In the next chapter we will apply these results to calculate the MFPT in a

few domains.
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Chapter 3

Numerical Realizations:
The Neumann Green’s

Function

In this chapter, we apply the results derived in Chapter 2 to a few special
domains. It is clear from our expressions for the MFPT in Chapter 2, that the
Neumann Green’s function plays an important role. In fact, to find the MFPT in
a given domain, one must find the Neumann Green’s function. For the unit disk
and unit square we can calculate the Neumann Green’s function, G,,(x,xo),
and its regular part, R,,(x,xq), analytically. For more general domains, we
present and implement a boundary element method to numerically calculate
G (x,20) and R,,(x,xo). We use these results to find the mean first passage

time.

3.1 The Unit Disk

We have found an expression for the mean first passage time, (2.53)), for a general
two-dimensional domain with one hole on the boundary. In addition, we have
found three differnt formulas for the mean first passage time with N holes on the
boundary, namely (2.99)), (2.101)) and (2.103). We would now like to investigate
the behaviour of the MFPT in specific geometries. We begin with the unit disk.

In the next section we will consider the unit square.

3.1.1 The Neumann Green’s Function in a Unit Disk

To investigate the mean free path time in the unit disk, we must find the Neu-

mann Green’s function G, for the unit disk. For xq € €2, so that xg is in the
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interior of €2, the modified Green’s function satisfies

AG,, = ﬁ —d(x — m), x €, (3.1)

0n,Gry, = 0, x € 09, (3.2)

/ G (x,x0)de = 0, (3.3)
Q

where the integral condition ensures that we obtain a unique solution to the
problem.

The solution to the problem above for the unit disk is well known, and takes
the form [8]

Lo

o]

1

(2 + o)+ C (@)

(3.4)

where the singularity, @, is located in the interior of the disk and C(x) is to

1 1
Gm(z,xg) = —=—log|x — xg| — — log |@ |xo| — +

2 21

be determined from the integral condition. Writing the expression above in the

form )
Gm(x,20) = o log |z — xo| + Rm (2, x0),

we see that the regular part R,, is given by

+ i(\mﬁ +lzo[’) + C(@).  (35)

o

[o

For the theory in Chapter 2, the singularity is located on the boundary of the

1
Ry (x,x0) = —%log o |xo| —

circle, so that |xg| = 1. However, we first find the constant C before we take
the limit as &y — 99.

To determine C, we multiply (3.4) for G, (@, }) by (3.1) and integrate over
Q. We make use of the integral property (3.3) to obtain

G (0, @) = —/ o (, ) AG (3, 0 ). (3.6)
Q

We now use integration by parts and the Neumann boundary condition (3.2) to
find
Gm(xo, ) = / VG (x,x)) - VG (x, 20)d. (3.7)
Q

We can see from this equation that G,,(xo,x)) = Gm (), o). This is just a
proof of the symmetry property of the Green’s function, which follows from the

fact that the Laplacian is a self-adjoint operator. It does allow us to deduce that
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C(xo) = C(x)) = C. Before we find C, we show another property. Following
the same argument as outlined above, along with the symmetry property of the

Green’s function, we find that
1
@/ G(z, z,)dx = G (o, Tp) —/ VGn(xz,xy) - VG (x, 20)dx.  (3.8)
Q Q

Imposing the symmetry property, we see that the fQ G (x, p)dx is indepen-
dent of xy. We will need this result later on when we consider a numerical
approach to finding the Neumann Green’s function.

To determine C, we integrate (3.4) over . Since we know that the integral
over G is independent of xg, we pick &g = 0. We know that fQ log|xz|dx =
—n/2, [y|z|*dz = 7/2 and [;, Gy (2,0)dz = 0. Using this, we find that
C=-2

8 °
Using this, the expression for the Neumann Green’s function in a unit disk

with a singularity on the boundary is obtained by letting |xo| — 1. We obtain

1 1 5 1
Gm(x,20) = ——log|x —x —|x|" = —. 3.9
(@, 20) =~ log o — | + - [eff - (39)
Note that this expression is consistent with the remark regarding (2.31) for a
surface Green’s function, in that a singularity on the boundary is twice as large
as one in the interior.
Now we are ready to use expression (2.53) to find the mean free path time

for a Brownian particle trapped in a unit circle with one hole on the boundary.

3.1.2 The Mean First Passage Time in a Unit Disk with
One Hole on the Boundary

We set our initial position to be the origin, & = (0,0) and we place the singu-
larity at &y = (1,0). Note that R, (@, x¢) = é. We substitute for R,,(xo, xo)
and G, (x, xo) with the starting point x at the centre of the disk and the sin-
gularity @y at (1,0) into (2.53) to obtain

v(x) = % (—log(ed) + i) +O0(v). (3.10)

where d is the logarithmic capacitance. For a length |0Q| = 2¢, d = % and
|| = 7 we find that:

43



Chapter 3. Numerical Realizations: The Neumann Green’s Function

Proposition 3.1: (One Hole in the Unit Disk) In the limit that e — 0,
we find the two-term asymptotic behaviour of the MEPT from the centre of the
disk to be

1

E[r | z(0) = (0,0)] = v(z) = =

1 1
<log B +log2 + 4> + O(v). (3.11)

Notice that with our initial position, x, at the origin, and an xg located
anywhere on the boundary, we will always arrive at the same result, (3.11).
This is a consequence of the symmetry of the circle, and that all points on
the boundary are located an equal distance r = 1 from the origin. This is
comparable to the result derived by Singer et al., equation (1.2) of [23]

Next we find the MFPT with the initial position at the antipodal point to
the absorbing arc, = (—1,0):

Proposition 3.2: (One Hole in the Unit Disk) In the limit that € — 0,
we find the two-term asymptotic behaviour of the MEFPT from the antipodal point

to the absorbing arc to be

1

E[r | 2(0) = (—1,0)] = v(x) = 5

<10g % +2log 2) +O(v). (3.12)

This result is also comparable to that derived by Singer et al. in equation
(1.4) of [23]. Lastly, we investigate the behaviour of moving the initial position
@ from the antipodal point at = (—1,0) towards the singular point, at (1,0),
in fixed increments of 4—10 in the x direction. Weset D =1,d = % and ¢ = 107°.
We expect that the mean free path time decreases as the initial position moves

towards the hole. The configuration and results are shown in Figure [3.1 below.
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(a) The initial position moves from (—1,0) (blue) towards the hole at (1,0)
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(b) Plot of the MFPT, v(x), as a function of the & coordinate of the initial
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Figure 3.1: MFPT for the unit disk as the initial position moves from (—1,0)
towards the absorbing arc at (1,0) with D =1, d = § and e = 107°. 45
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It is important to note that the initial position does not actually reach the
absorbing arc, at (1,0), since our expression for the MFPT is not valid in the
inner region. The MFPT does indeed decrease as the initial position moves
towards the hole.

3.1.3 The Mean First Passage Time in a Unit Disk with

Two Holes on the Boundary

We will now make use of formula (2.103) to find the MFPT in a unit circle with
two holes on the boundary. As mentioned, in this case the placement of the
holes results in the matrix T in the system (2.85) being cyclic.
To illustrate the behaviour of the MFPT, we hold one absorbing arc fixed
at ¢op = (1,0) while we move another hole in fixed angular increments of § = 55
from a position an increment away from (1,0), at position 1, to the antipodal
point at (—1,0), at position 32. We keep the initial position fixed at the origin.
Weset D=1,d= % and € = 107°. The simplified expression for the MFPT
from the origin is
Elr | 2(0) = (0,0)] = — (logl + 3 iogo — Liog( — cos 9)) +OW).
2D e 8 2 2
(3.13)
The configuration and the behaviour of the MFPT as a function of positions 1

to 32 are shown in Figure (3.2
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(b) Plot of the MFPT, v(x), versus the configuration number

Figure 3.2: MFPT from the centre of the unit disk with two holes on the

boundary with D =1, d = % and € = 1075,
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We see that the MFPT decreases as the two holes on the boundary move
further apart. The MFPT reaches a minimum when the two holes are antipodal

to each other, which is what we would expect.

3.1.4 Equally spaced Points on a Unit Disk

We investigate one more case in the unit disk. By placing N absorbing arcs of
equal length at equally spaced points along the circumference of a unit circle,
we can find a closed form expression for the eigenvalue A\g and the mean free
path time v(x). For a pattern of N identical holes located symmetrically on the

circumference of the unit disk, we have

x; =e?™I/N j =1 .. N, (3.14)
with N > 1 and ¢ = +/—1. We start by simplifying
N
p(x1, T2, ..., EN) = Z R (xy, i) + Z Gm(xj, x) | - (3.15)
k=1 j=1,j#k

Recall that Gy, (@, @) = — 2 log |@; — | + 5= as stated in (3.9). We first

state the following lemma [§]:

Lemma 3.3: Let N > 0 and n be integers, and i =+/—1. Then, for y > 0,

we have

N
H (:c — yezm-(jfn)/N) =N — . (3.16)
j=1

Proof: The interested reader is directed to the proof in [8].
Now, we consider each term of G,, separately and along with the previous

Lemma we formulate the following Lemma:

Lemma 3.4: Let N > 1 be an integer and let ®; for j =1,2,..., N satisfy
(3.14)). Then we have

(I +leil?) = 2N, (3.17)
log|x; —xx| = logN. (3.18)
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Proof: The first result, (3.17), is immediate. To prove the second result (3.18),

we start with

N N
Z loglx; —xx| = Z log’ezmj/Nfezmk/N,
J=1j#k J=1i#k
N
= log| ] (1-6%”U—kWN> . (3.19)
J=1j#k

Now using Lemma 3.3 we find

log H (x - yeg’”(j*k)/N> = log
i=1i#k

P [ie (@) ()]

By using (3.20) with x = y = 1, and substituting this into (3.19)), we obtain
(3.18).m

Using the Lemma above along with the Green’s function (3.9) we can rewrite

mN_yN‘

r—y

= log (3.20)

p as

- 1 2 2 3 1 &
po= Z 2(47{'(|w]| +|wk)_87r>_ﬂ- Z 10g|:13j—:ck| R

k=1 | j=1 J=1,j#k
N
2N 3N 1
= — — — — —logN|. 3.21
kz_:l{ém 8 ™ 08 } ( )

Proposition 3.5: (Unit Disk) Let N > 1 be an integer, and let x; satisfy
(3.14). Then p =p(N), given by (2.95) reduces to

p(N) = % {J\: — Nlog N} . (3.22)

We can use the simplification above in (2.94) for A\ to give us:

Proposition 3.6: (Unit Disk) For ¢ — 0, the two-term asymptotic be-
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haviour of the principal eigenvalue, g, in a unit disk with N symmetrically

located holes on the boundary is

Uz

Ao(e) = ] (N —v (1\5 - NlogN>) + 0. (3.23)

From (2.101)) we determine the mean first passage time by using (3.22)) for

p. This leads to the following result:

Proposition 3.7: (Unit Disk) For e — 0, the two-term asymptotic be-
haviour of the mean first passage time, v(x), in a unit disk with N symmetrically

located holes on the boundary is

v(x) = % (V—l + g —log N — ﬂ';Gm(az,mk)> + O(v). (3.24)

We now find an explicit expression for the mean escape time from the centre
of the disk with N absorbing arcs each with length 2e, for which d = 3:

Proposition 3.8: (Unit Disk) For e — 0, the two-term asymptotic be-
haviour of the mean first passage time, v(x), in a unit disk with N symmetrically

located holes on the boundary, from the centre of the disk is

E[r | x(0) =(0,0)] = v(x) = ﬁ (logi +log2+ g - logN) . (3.25)

Notice that for N = 1 we recover the result obtained for one hole in the unit
disk given in Proposition 2.3.

Lastly, we expect that as N gets larger, the MFPT tends to get smaller and
smaller. In fact as N — oo, the MFPT given by (3.25), tends to ﬁ when
log 2 >> N. This is depicted in Figure 3.3 below for D =1,d =, e = 107°
and N = 100.
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14

MFPT for the unit disk

0 20 40 60 80 100
N — number of holes

Figure 3.3: MFPT, v(x), from the centre of the unit disk with N symmetrically
located holes on the boundary with D =1, d = % and € = 1075.

3.2 The Unit Square

We have found an expression for the mean first passage time, given by (2.53), for
a general two-dimensional domain with one hole on the boundary. In addition,
we have found three formulas for the mean first passage time with N holes
on the boundary, namely (2.99), (2.101) and (2.103). We would now like to
investigate the behaviour of the MFPT in the unit square.

3.2.1 The Neumann Green’s Function in a Unit Square

To investigate the mean first passage time in the unit square we must first derive
the Neumann Green’s function for the unit square. We start with a derivation
of the Neumann Green’s function for a rectangle.

We will calculate the Neumann Green’s function in a rectangle, where Q2 =
[0,L] x [0,d] with |©2] = Ld. For the moment we place the singular point xg
within the domain Q2. We will eventually take the limit as &y — 02 so that we

can use the result to find the mean escape time. We understand = = (z,y) so
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that G, (2, 2g) = Gm (2, y, o, Yo), where  and y are the Cartesian coordinates
of x, and zg and yo are the Cartesian coordinates of xy. We need to solve

(3:1)-(3.3) for the Neumann Green’s function. That is, we need to solve

1

AGm(m7w0) = @ - (5($ - $0)7 T c Qa
ame(Oa Y, wO) = 8me(Lv Y, :EO) =0, (326)
0yGm(x,0,29) = 0,Gm(x,d, zo) =0.

We impose the following integral condition to ensure uniqueness of the Neu-

mann Green’s function,

/ Gz, zo)dx = 0. (3.27)
Q

3.2.2 Solution Method

We expand G,, in terms of a complete set of eigenfunctions, and we use a
separation of variables technique to solve the resulting eigenvalue problem. In
other words, we use a Fourier series representation.

We find that

G (z, o) Z Z Crm,n COS ( x) cos (?) . (3.28)

n=0m=0

To enforce the integral condition, we must set cg,o = 0. That is, we set the
coefficient of the n = 0, m = 0 mode to zero. This ensures that the integral
condition is satisfied.

We then define

Gmn = COS (?) cos (?) . (3.29)

We decompose the n = 0, m = 0 modes as follows

:1: wO ZCO n¢0 n T Z Cm, O¢m o+ Z Z Cm n¢m n- (330)

n=1m=1
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We find that

2L2 cos (12220)
On = Q]  n2x?

2d? cos (M)

Cm,0 = ﬁ m2n2 3
4 cos(m)

Cmn = Q| wE g (3:31)
L2 d?

We will make use of the following identities

> cos (k7x) 7w cosh (ar(1l — z)) 1

Ry IRV 2 0<a<2, (3.32
— k2 4+ a2 2ac sinh(am) 202 ‘ (3.32)
2. cos (kmx) o, (1 z 22

—_— = - — — 4+ — <z <2 .
];1 e w<6 st ) 0<as< (3.33)

To simplify the first term in (3.30) we make use of the identity (3.33). We
find that the first term reduces to

H(z,zo)

L? T+ 9 T+ xg 2 |z — xo] T — To 2
p— 4— S — J—
o (10 () o () o () e (1)

(3.34)

To simplify the third term in (3.31) we make use of identity (3.32). The
second term in (3.31)) cancels with a term in this simplified expression. Making

all the necessary simplifications we find that (3.31) reduces to

G (x,x0) = H(z,20) +

1 (oo (e (1 (5))) weo (2 (1 (55)))

o m—L“)

X
m sinh ( 3

=1

fon (21} g (001 5

We now make use of the following identity

h(a — b) + cosh(a — !
ol s)ix;;(;os azd 1— ¢ 2a (e +e“+et 2 +e2),  (3.36)
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. — 2L 7w
with a = méﬂr, b= mLm |J/’*z$0| _ mLw |lz—z0| 2Lm

= ye="r e and g=¢e" " .
We expand the second term in (3.35) into exponentials. We define the fol-

lowing complex constants:

T+ = —l|z+zol+i(y + o),

r4— = —lz+xol+i(y —yo),

r—4+ = —lr—zo[+i(y+yo),

r—— = —lz—zo|+i(y — o),

P4+ = |r+wzol+i(y+yo) — 2L,

p+— = |z +zo|+ily —yo)— 2L,

p—+ = |z —mo|+i(y+yo)— 2L,

p—— = |z—zo|+ily—yo)—2L. (3.37)

Then we introduce the new variables

2y, = eT’+,+7T/d7 Zy _ = e”’*”/d,
Z_ 4 = A Z__ = e“**”/d,
I ep+,+7f/d7 £y = eP+,—7f/d7
£, = e+ £ _=ermm/d, (3.38)

Using (3.37) and (3.38)) in (3.35)) and recalling that 1_1qm =3 (@)™, we
find that

dm m=1n=0
1 oo oo m
L= DD DI Ul Ml CANE AN N
d m=1n=0
1 = — n\m m cm m cm
+ A Z Z (@)™ (€r 4 + €0+ +§+7,)
m=1n=0
1 o0 o0 m B . 3
+ An Z Z (¢") (fT,Jr + gin,+ + 53,, + £T’,) . (3.39)
m=1n=0
Furthermore, we recall that Re [y o, %] = —log|l — w|. Provided that

each of the z’s and £’s do not equal one, the double sum is absolutely convergent,

and we can change the order of summation in (3.39). We perform the summation
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over m to obtain
Gm(337w0) = H((E7(E0)
1 o0
3 il [1—q¢"&r |11 —q" &y |11 —q"E- 4|11 —q"E— |
- o _ 7 e ) B L
or 2 081 T Do [l T e |1 — g
(3.40)

At this point we must extract the regular and singular part of the Green’s

function as * — xp. We observe that r_ - = 0 as * — x( causing the
log |1 — z_ _| term to diverge when n = 0. We simplify as follows
1—z_
log|1 —2_ _| =log|r_ _| +log : (3.41)
r_._

Then we write the Green’s function as

1
G (x, o) = o log |x — xo| + Rm (2, x0), (3.42)

with

1—2__
r

1 1 &
Ry (z,20) = H(z,20) — o log ~ 30 Z log |1 —q"z_ |
n=1

1 [o @)
T on Zlog 1 —q"zqp |1 —q 2y —||1 —q"2_ 4]
n=0

oo
— e S losll— - " g - | (3.43)
n=0

We have derived the Neumann Green’s function for a rectangle. We now
consider the specific case with L = d = 1, the unit square. Now we determine
expressions for a singular point on the boundary, g € 92. Using the symmetry
of the square, we see that we need only find the Green’s function on one side
and on one corner. The method of extracting the regular and singular parts
is identical to that used above. We state the results here. For a unit square,

L = d = 1, with a singular point along the bottom side, that is yo = 0 and

95



Chapter 3. Numerical Realizations: The Neumann Green’s Function

xo € (0,1) we find

1 1
Gm(x,20) = —glog\az —xg| — %log \/|x — zo|® + |y + yo|* + Ron (2, o),

(3.44)
with

1
Ry (x,x0) = H(x,x9) — — log

r— - T—+

1 o 1 «
- %Zlogu—q”z,,,|\1—q"z,}+|—§ZIOg|1—q"z+,,|\1—q”z+,+\

n=1 n=0
1 oo
= 5o logll = g i [[1—q s |- q"E o[ 1 - g6 . (3.45)
n=0

As x — xy we find

1
Gp =

™

log |z — xo| + Ryn(x0, To), (3.46)
with
1 e N
Rin (@0, ®0) = H(x0,70) — —logm — — > logl —q"|
n=1

1 0o
S [V (B
n=0

1 o0
=D DI RS B | B S ) S
n=0

)

(3.47)
where z and £ are defined as in (3.38) with
1“3_74_ = —2x, 7’3_,_ = —2x9,
r97+ = 0, =0,
0 _ 0o _
P+ + = 2z — 2, Py, — = 2x0 — 2,
Py = -2 P _=-2. (3.48)

Notice that the singularity is now twice what it was with the singular point
within the unit square.

For a unit square, L = d = 1, with a singular point at the left end corner,

56



Chapter 3. Numerical Realizations: The Neumann Green’s Function

that is zg = 0 and yo = 0 we find

1 1
Gin(,0) = — 5 log | — o] — 5 log y/ |2+ wol” + [y + ol

1 1
— o logy/le ol + 1y —wol? — 5 log/|e — wol + |y + wol* + Rz, o)

2
= ——log|x|+ Rn(x,0), (3.49)
T
with
1 ]. — 1 — _ 1 — 2z 1 — s
Rm(va)H(x,O)log‘ (AT ‘ 2y, H Zo 4 ‘ Z_, ‘
2 T+ T4, — r_ 4 o
1 oo
I ;bg 1= ¢ 2|1 = q"2q -]l = ¢"2— 4|1 = "2 |
1 oo
T on D log|l =&y |11 —q &y |1 — "¢ |1 —q ¢ ). (3.50)
n=0
As £ — 0 we find
2
Gm(0,0) — - log |z| + R, (0,0), (3.51)
with
R (00)_H(00)—210 —éilo 11— ¢"| (3.52)
m\Y, - ) - g ﬂ_nil g q"|, .

with H(0,0) = 3. Notice that the log|x — x| term in (3.51) is multiplied by
%. This means that singularity at a corner is four times larger than a singular
point in the interior.

Now that we have expressions for the Neumann Green’s function in a unit

square, we can proceed to the calculation of the MFPT using (2.17).

3.2.3 The Mean First Passage Time in a Unit Square
with One Hole on the Boundary

We can use (2.53)) for the MFPT for one hole along with the expressions for the
Green’s function for a unit square given above. Since all of the expressions for
the Green’s function involve an infinite series, it is more instructive to plot the
results until a certain tolerance is reached. That is, until the terms in the series

are negligible in comparison to some specified tolerance. We use a tolerance
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10712, D =1 and d = 1 in all cases investigated.

Firstly, we consider one hole in the unit square located at the position (1,0.5).
The initial position starts at (0,0.5) and moves closer to the hole in fixed incre-
ments of %. The initial position does not reach the hole. We investigate the
behaviour of the MFPT in this case with D = 1, d = % and € = 107°. The
configuration and the MFPT are shown in Figure (3.4l
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(a) Plot of the initial position (blue), as it moves from the antipodal point at
(0,0.5) towards the singular point (red) at (1,0.5)
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(b) Plot of the MFPT, v(x), versus the x-coordinate of the initial position

Figure 3.4: MFPT for the unit square as the initial position moves from (0, 0.5)
towards the exit window at (1,0.5) with D=1, d =} and £ = 107°.
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We see that the MFPT decreases as the initial position moves towards the
exit window.
Now we consider the case where we hold the initial position fixed at the

centre of the unit square, at * = (0.5,0.5). We place the exit window a small

1
» 800

in increments of g5 from (1,0.0125) to (1,0.9875) and calculate the MFPT with
D=1d= % and ¢ = 107°. The configuration is shown below in Figure

increment away from the corner at (1,0). We then move the exit window

3.5 along with the MFPT plotted against the y-coordinate of the moving exit

window.
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Figure 3.5: MFPT from the centre of the unit square as the exit window moves

from (1,0.0125) to (1,0.9875) with D =1, d =% and e = 107°.
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We observe symmetric behaviour in the MFPT, with a minimum where the
distance from the exit window to the initial position is shortest. Our results are

consistent with what we would expect.

3.2.4 The Mean First Passage Time in a Unit Square
with Two Holes on the Boundary

Now we consider two holes in a unit square. We fix the initial position at the
centre of the unit square at = (0.5,0.5). One exit window is fixed at (0,0.5)
while the other moves from (0, 0.48) towards the corner at (0,0). Then it moves
from (0,0) to (1,0) and finally from (1,0) to (1,0.5). We plot the behaviour of
the MFPT as a function of the moving coordinate of the moving exit window on
each side, excluding the corner point. We then plot the total behaviour, as the
exit window moves from (0,0.48) to (1,0.5), including the corner points, with
the points numbered from 1 to 100. We set D =1, d = % and € = 107°. The

results are plotted shown in Figures 3.6/ and 3.7 below.
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(a) Plot of the MFPT as a function of the y-coordinate of the moving exit
window along side 1, from (0,0.48) to (0,0.02)
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Figure 3.6: MFPT from the centre of a unit square with two exit windows, one
fixed at (0,0.5) and the other moving from (0,0.48) to (1,0.5), sides 1 and 2 with
Dzl,d:%and€:10_5.
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(b) Plot of the MFPT as a function of the moving exit window from (0,048) to
(1,0.5), including the corner points. The position of the moving exit window

is labelled from 1-100

Figure 3.7: MFPT from the centre of a unit square with two exit windows, one
fixed at (0,0.5) and the other moving from (0,0.48) to (1,0.5), side 3 and all

sides with D =1,d = % and € = 107°.

64



Chapter 3. Numerical Realizations: The Neumann Green’s Function

Notice that the local minima in Figures 3.6/ (a) and (b) are not where the
distance of the moving exit window from the initial position is a minimum. This
is consequence of the fact that there are two holes, and there is an interaction
between the two holes, as well as with the initial position. We see that the
minimum is shifted to the right slightly. In Figurel3.7/(a), we do find a minimum
for the MFPT in the expected position. This is a result of the symmetry of the
placement of the two holes. In fact, if we continue to move the second exit
window from (1,0.02) to (1,0.98), the plot of the MFPT is symmetric in this
case.

Also notice the discontinuities in Figure [3.7/ (b) at the corner points. This
is expected, since the boundary is non-smooth at these points. We remark that
our formula for the MFPT is not valid when the arc is at the corner of the
square. The local geometry at the corner of a square is different. Therefore, we
need a different form for the outer solution.

If we look at the expression for the Neumann Green’s function at the corner,
given by (3.49), (3.50), (3.51), (3.52), we see that the singularity is twice as large
at the corner than a singularity on the smooth portion of the boundary. This
agrees with the result for a rectangle obtained by Singer et al. in [24]. Here,
Singer et al. state that the leading order term for the MFPT is twice as large as
the case with the singular on the smooth portion of the boundary. We proceed
to derive an expression for the MFPT from the centre of the unit square with a
single arc at the corner, &y = (0,0).

We alter the method outlined in Chapter 2, Section 2.2. The outer solution
for the principal eigenfunction, u*, is written in terms of the Helmholtz Green’s
function given by (2.31)) and (2.32)). We alter (2.32) so that

2
G(mam())A*) = —*10g|$—$0| +R(3372130,)\*). (353)
™
Thus, u* = —”;‘”G(az,wo, A*). Matching to the inner solution, we find that
R(xq, xo, \*) = —%. We expand G(x,xg, A*) as in (2.37). We find that G,
satisfies (2.43) with G, (z, o) = —2log|x — xo| + Rm(z,®¢). We find the
principal eigenvalue and eigenfunction to be
v w?
A = a7~ o itm(®o, s
o(v) 210 4|Q|R (zo,x0) + O(v°)
1 Q2
do(x,v) = |9 3 _ %Gm(%wo) +0?). (3.54)
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We calculate the MFPT to be

_ 219]

v(x) B (— log(ed) + g (R (o, o) — Gm(a:7wo))) +O(v), (3.55)

with the average MFPT given by

219
D

7= (— log(ed) + ng(mO, zco)) +O). (3.56)

Now, for the corner point gy = (0,0), R,,,(0,0) is given by (3.52) with
H(0,0) = £ and G, (x,0) is given by (3.49) and (3.50). Finally, the constant
d in (3.55) is determined from the far-field behaviour of the inner problem. In
particular, d depends on the manner in which the absorbing arc of length 2¢
is placed at the corner. If the arc is placed along one side so that v = 0 on
0 < x < 2e with y = 0, then d = 1. If the arc is placed along two sides such
thatv:Oony:OWithO<x<5andonm:0vvith0<y<5,thend:i.

Taking an arc of length e placed along one side such that v =0 ony =0
with 0 < z < e, we find that d = % Approximating R,,(0,0) by the first term
in (3.56) we find that

2|9 1 2 7 9
~——|log=+log=+ = +27"" ). .
v~ 5 <0g5+0g7r+6+ e ) (3.57)
This agrees with equation (2.8) of [24], which was found by solving certain

integral equations asymptotically.

3.3 Arbitrary Domains - A Numerical
Approach

As we have seen, to investigate the MFPT in a particular domain we must find
the Neumann Green’s function and its regular part. We have succeeded in doing
this for a unit circle and square. However, other geometries are more challenging
as an analytical solution for the Green’s function is unattainable in most cases.
In this section we introduce a numerical procedure to calculate the Neumann

Green’s function and its regular part in an arbitrary domain.
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3.3.1 The Boundary Element Method

We introduce the boundary element method, the method we will use to cal-
culate the Neumann Green’s function in an arbitrary domain. We alter the
statement of the problem for the Neumann Green’s function slightly, by putting
the singularity directly on the boundary as

AGo(z,30) = ﬁ zeq, (3.58)

OnGm(x,29) = 0(s—s0), x € 09, (3.59)
/ Gl mo)dw = 0, (3.60)
Q

where s is an arclength parameter and the normal derivative is taken with
respect to the unit outward normal. As mentioned, the condition that the
integral of the Green’s function over the domain is zero ensures that the solution
to the problem is unique.

We decompose G, (x, xq) as

1 1
G (@, 20) = ——log | — @o| + R(x,zo) + 9] (\$|2 + |w0|2) (3.61)

We will define w as

1
w(x, xy) = 1 <|:t:|2 + |ac0\2> . (3.62)
The Neumann Green’s function is given by G,,(x,xg) = —%logkc —xo| +

R, (x,20). Notice that the regular part of the Neumann Green’s function in
(3.61)) is given by
Ron(@,20) = R(@,@0) + 157 (Il + o) (3.63)

We solve for R(x, o) numerically.
Substituting (3.61)) into (3.58))-(3.60) we find that R(x,x¢) must satisfy

AR(x,xzy) = 0, x € Q,
R = —-Ohw, x € 082,

/Rda: = f/ (llogmazo|w> dz. (3.64)
Q Q\7T

67



Chapter 3. Numerical Realizations: The Neumann Green’s Function

Note that Aw = \ﬁll
We now apply Green’s identity given by

(ul, AUQ) — (UQ, Aul) = / ulanugdS — uganuldS. (365)
o0 o

We let u1 = R(x,x0) and uz = g(xo,&), where g(x, &) is the free-space
Green’s function satisfying

Ag(a),E) = _5(:1:_5), (S Qa

which is given by
1
9(@,€) = —5—log|z — &]. (3.66)

Substituting u; and ug into (3.65) we find that the integral equation for R at
x e is

R(e.&) == | Ri@.mdgn.€asm - /8 o(@m)duln.€as(m). (367

Now we discretize the boundary 9€) into n arcs 921, 98s, ...,9,. We can
then use the midpoint rule to approximate the integrals in (3.67). For example,
we can approximate R(x,n) by R(x,&;) where &; is the midpoint of each arc
09;. We let R; = R(x,§;), using this we find

R; =% (aRi + bij) (3.68)

where a;; =[50, Ong(n,€;)dS(M), bij = [4q, 9(x,M)Onw(n, €;)dS(n) and R; =
Now we compute a;; and b;; by the midpoint rule to find

Q5 = liang(giagj)7 bij = g(wagi)lianw(gi’éj)v (369)

where [; is the length of the arc 9€2;. Using this we find that we can represent
R by

R, &)+ > LR(®,€)0,9(&:,€,) = — Y Lig(x,&)0,w(€;,€;).  (3.70)
i=1 =1

Firstly, we calculate 0, w(§;,&;) in (3.70). We denote the x and y component
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of §; as &, and & respectively. We obtain that

Vw(Ez)E]) = ﬁ(fuv giy)a

Hence 0,,w is independent of its second argument &;. Now we calculate 0, g(&;, & j),

. 1 &-§&
Vy(&,&) n = —?72 L. (3.72)
T1&i - &

When calculating 9,9(§;,§;), the case i = j requires special care because
of the singularity of the Green’s function. We must calculate the first integral
in (3.67) differently. We introduce a local coordinate system. We let % be
the radius of curvature of 0€); at &, where x; is the curvature. Since we have
assumed each arc 9€2; to be very small, we may assume that 0f2; is parametrized
for t << 1 as
l; l;

(#) = L (cost, sint) <i<
= —|(COS T, SIn —
n Ki ’ ’ 26, T 2K

, (3.73)

with €, = (%, O). We compute 9,9(n, &) = Vg.iu where nn = (cost,sint) is the

unit outward normal in the local coordinate system. We find

1 _ £
vy - _Zi"i&w
7T|77—§i|
(1 11 . )
n—§ = —cost — —, —sint |,
Kj KRi Kj
R 1
n.(n—¢§,) = —(1—cost),
Ki
2
n—¢&° = =5 (1 = cost). (3.74)
Therefore 1( )
1 =—(1—cost K
Ong(n, &) = ——— = — -, 3.75
9(n.&:) 21 25 (1 — cost) 4 (3.75)
Thus !
iKi
i = = . 3.76
a ym (3.76)

We do not encounter any problems when ¢ = j for b;;.
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We can represent (3.70) as a matrix system AR = —B as follows:

T
R=(R@&) R@&) - R@E)) . G

(1_47lr1n) 120,9(&2,&1)  130,9(&5.&1) -+ 1n0ng(€,,:&1)

llang(£17£2) <1 - 47lr2w) l38ng(€3a€2) e lnang(gnaéé)
A= llaﬂQ(Sl? 53) l28ﬂ9(£27 53) (1 - 47lr3}3) T lnang(ﬁm 53) ,
10961 €) bog(6n€)) e (1- )
B =

llg(wa&)anw(ﬁl,ﬁl) + 129(13752)&1“’(52751) +oee lng(w’én)anw<€n’£l)
lig(x,&1)0nw(&y, &) + l2g(®, £5)Onw(€s, &) + -+ - + lng(x, §,) Onw(§,,, &)
lig(x,&1)0hw(&y, 53) +l2g(x, &3)0nw(§s, 53) + g2, €,)0hw(E,, 53)

llg(wa gl)anw(gl? 571) + 129(1:7 E2)aﬂw(£27 £n) +eee lng(x’ én)anw<£n’ £n)

We solve for R using Gaussian elimination.

Our goal is to calculate the MFPT. To this end, we must determine R (xq, o).
Using this formulation, this means that we must find R(§;,§;). Thus, we pick
x = §; for some j = 1,2,..., N in (3.70)). This introduces another case where
the possibility of i = j arises. We have to recalculate fc’)Q g(&,m)0pw(n, £€)dS(n)
in (3.67). We use the same local coordinate system as outlined above. Thus,
we have g(¢,m) = —5=loglz — & = — L log (%(1 - Cost)) and d,w(n, &) =
ﬁ Once again, % is the radius of curvature lin the local coordinate system

in segment . The integral becomes

1 liK,i/Q 2
- 1 — (1 —cost) | dt. 3.78
e [y (10 o) 7%

(3

Notice that when ¢ = 0 we have a singularity, so we can use gaussian quadrature
to get around this by using an even number of sample points. However, for
certain domains we remove the singularity by rewriting the integral, as will be

discussed in later sections.
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Notice that we have not imposed the integral condition. We must still deter-
mine the constant C so that (3.64) is satisfied. To do this, we must integrate our
numerical result for R over the domain (2, which proves to be a computationally
intensive process. We now illustrate the use of the method for a circle and an

ellipse.

3.3.2 The Unit Disk

We make use of the boundary element method described in the previous section
to determine the Neumann Green’s function for a unit disk. This allows us to
compare our numerical method to the analytical result given by (3.9).

According to the formulation above, we let

G, o) = —% log |2 — @o| + ﬁ (W + |ao|? |) +R(z,20) +C (3.79)
Thus, the unknown is R(x,x() and C is to be determined from the integral
condition once R has been found. If we compare the expression above (3.79)
with (3.9), we see that we already have the expression for the unit circle. Our
solution for R in this case should be zero for all . In this section we confirm that
the boundary element formulation does in fact give us this result. We illustrate
the results in terms of N, the number of segments used for the calculation. We
aim to attain zero to six decimal places. Note that since we are essentially
looking for a constant, each entry of the vector R, (3.77), will be the same.

We begin with the calculation of R(x,xg) for € Q. We notice, by consid-
ering Table [3.1] below, that as & moves towards the boundary of the unit disk,

we require more segments to attain the desired accuracy.

N 40 80 100
x = (0,0) | —0.3534 x 10717 | —0.6184 x 10~17 | —0.5624 x 10~ 17
z = (0.5,0) | 0.7237 x 107 | 0.1084 x 10716 | 0.2602 x 10716
x = (0.75,0) | 0.8003 x 107 | 0.4024 x 10~'2 | 0.1016 x 10~
x = (0.99,0) 0.0041 0.0015 0.9928 x 103

Table 3.1: R(x,xo) for the unit disk with N mesh points on the boundary

Table 3.1l shows the value of R(x, xg) for each & shown above, and for all N
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xo’s on the boundary. The x¢’s on the boundary are the &,’s in the boundary
element formulation. There is only one value shown for the vector R since each
entry of the vector is the same, since we are looking for a constant.

It is clear that as @ moves towards the boundary more mesh points are re-
quired to attain the desired result of zero to six decimal places, whereas with x at
the centre of the disk we attain convergence immediately. This is a consequence
of the fact that as « tends towards the boundary, the self effect starts to play an
important role. For N = 800, with = (0.99,0) we obtain R = 0.1282 x 1076.

To calculate R(x, zo) we need to recalculate the second integral in equation
(3.67) as outlined in the previous section. We use integral (3.78) instead. We
calculate the integral (3.78) using a four point Gaussian quadrature rule. We
do not rewrite the integral to remove the singularity in this case. As long as
we do not use an odd number of sample points in the Gaussian quadrature
procedure, we are able to avoid singular contributions to the integral. We also
anticipate that we will require many mesh points to attain the desired accuracy.
Additionally, as a result of the formulation of the boundary element method, we
are able to check the symmetry of R in this case. In other words, for = &; we
require R(§;,§;) = R(&;,§;) for each j. The symmetry of the problem ensures
that R(z;, ;) are identical for each j. We tabulate the results in Table [3.2

below

N 50 100 200 400 800
R(xo,xo) | 0.0025 [ 0.0012 | 0.6193 x 1073 | 0.3097 x 1073 | 0.1548 x 1073

Table 3.2: R(xg,xo) for the unit disk with N mesh points on the boundary

We see that as we double N, the value of R divides by 2. Thus, we can
conclude that R(xg, xo) is tending to zero. We are left to calculate the integral
over G, equation (3.79). It is simple to calculate the integral over the domain
of each term in equation (3.79) with the exception of the integral over R. We
use the composite trapezoidal rule to numerically compute the integral over
R and log |z — xp|. As shown in (3.8), the integral of G, over the domain
is independent of xy. We calculate the desired integrals for several xy’s. We
expect each integral to return the same value. This is another way to check that

the numerical method is working correctly. We describe the integration method
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over R. We need to calculate

2 1
/ / R(x, zo)rdrdd (3.80)
o Jo

We first split the integral over 6 using the composite trapezoidal rule with n
intervals. There will be n remaining integrals over r. We evaluate the remaining
n integrals using the midpoint rule. We run our boundary element method for
the values of @ that are required to compute the integral. The integration over
log |z — x| is similar. Notice that we compute the integrals over r using the
midpoint rule to avoid any singularities.

We find that the integral over log |z — x| is zero for all &y and we find the
integral over R to be zero for all x.

We are now ready to calculate the constant C. Since the integral over
R and log |z — x| are zero, we are left to calculate the integral over w =
4|Q‘ (|w| + || ) For any o on the boundary, |@o| = 1. We find C = -2,
which agrees with what we find analytically.

We have confirmed that the boundary element method does in fact give us

the desired results for a unit circle.

3.3.3 The Ellipse

We are now ready to use the boundary element method to determine the regular
part of the Neumann Green’s function for an ellipse. We state the properties
that will be required for the boundary element method. For a curve defined in

polar coordinates, we have r = r(0),x = rcos(),y = rsin(f). For an ellipse

ab

"o ) (3.81)
\/a2sm (0) + b2 cos?(0)
;o absm( )cos()(a® — b?)
T  a2sin 2(0) 4 b2 cos2(9)3/2)° (3.82)
7 = —ab(a® —b?) x

a?sin(0) + b2 cos2(0))3/2  (aZsin®(0) + b2 cos?(8) )5/
(3.83)

( 0082(9) — sin?(0) 3(a® — b?) sin?(#) cos? () )
( )
where a is the semi-major axis and b is the semi-minor axis.
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The outward normal vector, the arclength and curvature are given by

n = \/ﬁ (rcos(6) + 7' sin(F), rsin(f) — 1’ cos(h)), (3.84)

02
s = V2 +r2do, (3.85)
01

2 /2 "
ko= 7“(:221—702);2 (3.86)
To determine the length of a segment I; we will need to calculate the integral
(3.85)) for the arclength. We compute this numerically using the trapezoidal
rule.

The algorithm outlined for the boundary element method holds for a general
domain. We consider an ellipse with ¢ = 2 and b = 1. Once again, we begin
with the calculation for R(x, o) for & € Q. We use more mesh points as x
moves towards the boundary of the ellipse. The results are tabulated below in
Table 3.3l

N 80 160 320 640
x=(0,0) |0.1290 | 0.1291 | 0.1291 | 0.1291
x =(1,0) |0.1291 | 0.1291 | 0.1291 | 0.1291

x = (1.75,0) | 0.1291 | 0.1291 | 0.1291 | 0.1291
x = (1.99,0) | 0.1331 | 0.1305 | 0.1294 | 0.1291
x =(0,0.5) | 0.1290 | 0.1291 | 0.1291 | 0.1291
x =(0,0.99) | 0.1298 | 0.1292 | 0.1291 | 0.1291
x =(1,0.5) | 0.1291 | 0.1291 | 0.1291 | 0.1291

Table 3.3: R(x,xq) for the ellipse with N mesh points on the boundary

Table [3.3 shows the value of R(x,x) for each x within the ellipse, and for
all &y on the boundary. We find that each entry of the vector R is identical,
regardless of where we place  or xy. This implies that R is a constant, R =
0.1291. The behaviour of the Green’s function for the ellipse is thus contained

within log |z — xo| and w(x, z¢). We have found that

1 1
G, 20) = ~_log e~ @0l + 1oy (1) + laol”) +0.1291 (3.87)

Notice that we have not imposed [, G(x, x¢)dx = 0, and thus the expression for
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the Neumann Green’s function, (3.87), for the ellipse is unique up to a constant,
C. Below, in Figure (3.8 we show the behaviour of the Neumann Green’s function
for the ellipse, G, — C.

0.18

0.16 1

0.14r 1

0.12f ]

G _-C for the ellipse

m

©

=
.

0.08f 1

0.06 .‘ v " .
0 pi/2 pi 3pi/2 2pi

Figure 3.8: Plot of the Neumann Green’s function for the ellipse, G, —C, versus
0o

In Figure 3.8 we have x at the origin and x( at points along the boundary in
increments of 175. We observe the symmetric behaviour of the Green’s function
for the ellipse, which is consistent with our expectations.

We proceed to the calculation of R(xg,xo). We compute the integral (3.78)

as follows
liki/2 ) ) liki/2
/ log (2(1 — cos t)) dt = l;k; log (2) + / log(1 — cost)dt.
—lini/2 Ki K —liki/2
(3.88)
We rewrite the last integral in (3.88) as
liki/2 liki/2
= / log(1 — cost) — log(t?/2)dt + / log(t?/2)dt, (3.89)
—liKi/2 —liki/2
liki/2
= / log(2(1 — cost)/t?)dt + 21k log lik; — 2lik; — 3k log 2.
—liki/2
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We compute the remaining integral using Gaussian quadrature, with an even
number of sample points. Initially we use weight one with sample points :I:%,
two point Gaussian quadrature. Notice that since we have observed that R is
a constant, R(xo, o) should be the same for each xg. We encounter extremely
slow convergence of the numerical method in this case. We require many mesh
points in order for the method to converge to an answer that we expect, that
is, all the entries of the vector R(xg,zo) should be identical and each vector
R should be the same regardless of xy. In Table [3.4 below, we tabulate the

maximum difference between the entries in any vector R(xo, xg).

N 150 300 600 1200 2400
min 0.1136 | 0.1202 | 0.1240 | 0.1263 | 0.1275
max 0.1429 | 0.1371 | 0.1336 | 0.1316 | 0.1305

|max —min| | 0.0293 | 0.0169 | 0.0096 | 0.0054 | 0.0030
R(xo, o) | 0.1209 | 0.1244 | 0.1264 | 0.1276 | 0.1282

Table 3.4: R(xo, xo) for the ellipse with N mesh points on the boundary

The last row in Table 3.4 shows the average value of R(xg, o). We find
that the vector R satisfies the expected properties when the mesh points are
clustered very closely together, at 6§ = 7/2,37/2. At 6§ = 0,7 the points are
far apart along the boundary due to the curvature of the ellipse. It is here that
we obtain the largest discrepancy between values of R. We have been unable
to get the method to converge for N = 2400. We propose altering the manner
in which we have computed the integrals for the boundary element method by
using Gaussian quadrature instead of the midpoint rule to compute the integrals
in (3.67). In addition, we did attempt to use four point Gaussian quadrature
to compute the last integral in (3.90). However, there was no improvement in
the convergence. In fact, we obtained exactly the same results as we did with
two point Gaussian quadrature. The reason for this is that the integrand is not
sufficiently differentiable in order for four point Gaussian quadrature to make
a difference. We expect that R(xg,xo) = 0.1291. We see, by considering the
average values of R, that R is tending towards this value.

We are left to calculate the integral over G,,, (3.87), to determine the
constant C. We use the same procedure as we used for the unit circle. We

find the same value for the integral over R regardless of the xy we choose.
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This agrees with the fact that integral over G,, should be independent of x.
We find that [, R(x, zo)rdrdd = 0.8108. We know that since R is a con-
stant, that [, R(x,z¢)de = 27 x 0.1291 = 0.8112. Our numerical answer
is correct up to three decimal places. It is simple to calculate the integral
Jo ﬁ (|.'/c|2 + |w0|2) de = ﬁ (7.85398 + 27 \:1:0|2). However, the integral
over —% log | — @o| is not simple to calculate as a consequence of the singular-
ity when & = xyp. We are only able to estimate this integral up to one decimal
place accurately. As a result, we find that C = —% (0.8108 4+ 0.1) = —0.1450
We can now find the MFPT for the ellipse. We know the Neumann Green’s
function for the ellipse, (3.87). In addition, we can assume that R(xo,zo) =
0.1291. To calculate the MFPT for the ellipse with one hole on the boundary we
use (2.53). It is worth noting that the constant, C, does not play a role directly
in this equation since the constant term from R,,(xo, o) and G,,(x, xo) cancel
each other. However, it is assumed that we are able to find the constant C' such
that fﬂ Gm(x,x0)de = 0 since it is an implementation of the normalization
condition. It is only in the case of normalized eigenfunctions that (2.53) holds.

We place the initial position at the origin. We place one hole on the bound-

ary, initially at an angle 175, which moves from this position at equal angular
increments of Z5 until it reaches —175. Weset D =1, d = % and € = 107°. The

MFPT from the centre of an ellipse with semi-major axis 2 and semi-minor axis

1 is depicted in Figure 3.9
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27
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0 pi/2 pi 3pi/l2 2pi

Figure 3.9: Plot of the MFPT, v(x), from the centre of the ellipse versus 6
with D=1,d=1 ande=10"°

We observe the expected symmetric behaviour in the MFPT. The MFPT is
a minimum at 6 = /2, where the distance from the centre is a minimum. We

see a maximum in the MFPT at 8 = 0, 7w, where the distance from the centre is

a maximum.
Now, we move the initial position from the origin to = (1,0). The MFPT

in this case is depicted in Figure 3.10.
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27.5

MFPT for the ellipse
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Figure 3.10: Plot of the MFPT, v(x), from x = (1,0) for the ellipse versus 6
with D=1,d=1 ande=10"°

Since the initial position is shifted in this case, we find that the MFPT has
a minimum at § = £197/100 and a maximum at § = 7, where the hole is the

furthest from the initial position.

3.4 Perturbed Circular Domains - Analytical
Approach

We now derive expressions for the regular part for the Neumann Green’s function
in a perturbed circular domain. This work was completed by T. Kolokolnikov,

[7]. We present an overview of his work.

3.4.1 Derivation

We want to solve system (2.43)) for the Neumann Green’s function, with the

exception of the integral condition. That is, we solve for the Green’s function
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up to an arbitrary constant. We have the general expression
1
Gm(x,xg) = —=log |z — x| + R(x, xo), xo € 9N. (3.90)
T

We want to determine R, (x,xo) and R,,(x, () in the limit as & — x( for do-
mains that are near the unit disk. We parametrize the boundary of the domain,

€, in polar coordinates. We propose the following theorem:
Theorem 3.9: Suppose that the domain ) is defined in polar coordinates

by
r=r(0)=1+c¢cc(h), ek 1. (3.91)

Suppose that o(0) is given by
o(8) = Z (an cosn + b, sinnf) . (3.92)
n=1

Let xg = (rgcos by, rosinby) be a point on the boundary where ro = 1+ e0(fy).
We define

p(0) = Ry (x, o) and  p(6o) = R (0, o). (3.93)
We have the following expression for p'(6p)

€ .
0 (00) = p Z (n* 4+ n — 2) (b, cosnby — a, sinnby) (3.94)

n>1

Proof: We find that R,,(x,xo) satisfies

1
ARy (xz,xo) = @, x €, (3.95)
1 (@ — x) - 7
VRa(@w.zo) n = LEZTn@) g (3.96)
T e — x|

where the unit outward normal 7 is defined by (3.84). We compute the expres-

sion on the right-hand side of (3.96) for e << 1 as

(@ —m) - nl@) 1 (1 . {gcos(e - 190_) ZOZ(()e:(Ie/OS;iH(Q - GO)D L OE)

1
s |;1; — ;1;0‘2 2
(3.97)
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The expression in square brackets is bounded for § — 6y. Thus the expression
is uniformly valid for all € [0, 27). We define f() as

ocos(d — 0y) — o9 — o’ sin(0 — 6p)

10) = 1 — cos(0 — 69) (3.98)
Then we express f(0) in terms of a Fourier series as
f(o) = Z (A, cosn(8 — 6y) + B, sinn(f — b)), (3.99)
n=1
where A,, and B,, are given by
1 27 1 27
A, =— f(8) cosm(8 — 6y)do, B, =— f(0)sinm(8 — 6y)d6.
™ Jo ™ Jo
(3.100)

We denote I; and Iy by Iy = 1A, and I = 7B,.
Firstly, we consider the case where ¢ = cosnf = Re (eme). We need to

calculate

cosm(0 — 6y)de.
(3.101)

2m . in® _ _inlg _ ;o ,in0 o o
I — Re/ cos(f — fg)e e ine™’ sin(6 — 6p)
0 1 —cos(6 — 6p)

Let z = €Y and zg = €¢%9. The equation above becomes

2z 4.z -1 2z _ .z -1
ZTL Z0 Z0 _ ZTL _nzn Z0 Z0 _
I ( 2 ) 0 2 z2\" 2\ "\ dz
- PP ») T\% i
= 0 0

20

(3.102)
Let w = % The integral becomes
1-n,, n+1 14n,, n—1
I e e i A O
I_/ P — (W™ +w™ ™) dw. (3.103)
The integration is performed over the boundary of the unit disk.
Note that we can write m as
1 d 1 d &
e n 3.104
1-w)? dwl-w dew ( )

n=0

Notice that |w| < 1 since w is within the unit circle. After some simplification
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we find

15nwn+1 + 1-12-nwn—1 -1

w2 —2w+1

(n—1)
2

= - <1+2w+3w2+-~-+(n—1)w"2+ w"1>. (3.105)

We use the residue theorem to calculate the integral. We find that

27m, 1<m < n,
I= 23{ m(n —1), m=n, (3.106)

0, m > n.

We can now state the following results for I; and I. For gg = cosnfg:

2mm, 1<m<n,
I = cosn@o{ m(n—1), m=mn, (3.107)
0, m>n,
and
2mm, 1<m<n,
I, = — sinn@o{ m(n—1), m=n, (3.108)
0, m > n.
For o¢ = sin(nby):
27m, 1<m<mn,
I = sinn@o{ w(n—1), m=n, (3.109)
0, m>n,
and
2mm, 1<m<mn,
I, = cosn@o{ 7(n—1), m=nmn, (3.110)
0, m > n.

We have now found A4, = %I 1 and B,, = %Ig. We have the following Fourier

expansions for f(#). For oy = cosnby:

n—1
f(0) = Z 2m [cos nby cosm(0 — by) — sinnby sinm(6 — 0y)]
m=1

+ (n—1)(cosnbycosn(d — 6y) — sinnbysinn(0 — y)) . (3.111)
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For oy = sinnfy:

n—1
f(6) = Z 2m [cos nby sinm(0 — 6p) + sinnby cos m(6 — o))
m=1
+ (n—1)(cosnbysinn(f — bp) + sinnby cosn(d — 0y)) . (3.112)

Recall that o = >°7 | (an, cosnf + b, sinnd) from (3.92). We can find f()

n=1

for o given by (3.92) by superposition. In this way we find

o) n—1
f(e) = Z <an(n - 1)7071 + Z aan%m)

n=1 m=1
o] n—1
+ Z <bn(n = DYen + Z bn2m75m> , (3.113)
n=1 m=1
where
Yem = cosnbycosm(d —0y) — sinnbysinm(0 — 6y), (3.114)
Ysm = cosnbpsinm(d — 0y) + sinnby cosm (0 — bp). (3.115)

We can rearrange f(6) and rewrite it as

NE

f(o) = [(n — 1) (ay, cosnby + by, sinnby) cosn(0 — by)]

3
Il
—
|
—

n

n
NE

[2m (a,, cosnby + by, sinnby) cosm (8 — 0y)]

3
Il
—
Il
_

m

n
M8

[(n —1) (b, cosnby — an, sinnby) sinn(f — by)]

3

Il

-
—

n—

n
V]2

[2m (b, cosnby — a,, sinnby) sinm(0 — 6y)] .

n=1m=1
(3.116)
Then we interchange the order of summation as follows:
oo n—1 oo o0 oo 00
)SDIETHED S SRV o SESINCHED
n=1m=1 m=1n>m n=1lm>n

83



Chapter 3. Numerical Realizations: The Neumann Green’s Function

Using this we find that

F0) = D Ancosn(f —6) + Bnsinn(6 — 6), (3.118)
n=1
A, = (n—1)(a,cosnby+ b, sinnby) + 2n Z (am cosmby + by, sinmby) ,
m>n
B, = (n—1)(bycosnby — a,sinnby) + 2n Z (by, cosmby — ay, sinmby) .
m>n
(3.119)

IC pIC:EEj € :1Efillf 5(117:[0) :)
R”(:[7:[0) S(:‘[’:[O) 1‘ Q| (3 12[)
| |

Substituting this into the system for R, (3.95) and (3.96), we find that

AS(xz,x9) = 0, x €9, (3.121)
1
OnS(x,0) = OnRpm(x,20) — man |ar;|2 , x e (3.122)
2 _ 2r . . .

We calculate 0, |z|” = Wit Using this along with (3.96), (3.97) and

(3.98) we find that
008 (x, o) = Qi (f(0) —a(0) + O(c)2, =€ o (3.123)

™

Note that |Q] = 7. Now we introduce Sy(x, z¢) by
€
S(x,zo) = %So(m,mo). (3.124)

To leading order we can write 9,50 = 9,-Sp |r=1 +O(g). We obtain the following

leading order problem:

AS()((E,QI()) = 0, 0<r<l, (3.125)
0,S0(x, x0) o1 = f(O)—o(6), r=1. (3.126)
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We can solve this system using separation of variables. We find that

(o)
So=Do+ Y 1" (Dycosn(f — 0o) + E, sinn(f — 0)). (3.127)
n=1
To solve for the coefficients D,, and F, we must use the boundary condition
(3.126). To this end, we must rewrite o, given by (3.92), in terms of cos n(6 —6y)
and sinn(6 — 6p). Notice that f(0) is already in this form, (3.99). We calculate
for o that

oo

o = 3 (an cos (0 — 0g) + by sinn(6 — 90)) , (3.128)
n=1

an = ay,cosnby + b, sinnbgy, (3.129)

by, = by cosnby — a, sinnby. (3.130)

By imposing the boundary condition (3.126) we find that

0rSo |r=1= Z n (D, cosn(d — 0y) + E, sinn(6 — 6p)) . (3.131)

n=1

Equating coefficients with the right-hand side of (3.126) we obtain

nD, = Ay —an,  nE, = By, — by. (3.132)

To summarize, we have, for € 91, that

2
1
Ron(, o) = S(z, o) + =1~ _ £ Sola,mo) + — + 2 1 0(?).  (3.133)
47 2T 47 21

Using definition (3.93), we calculate the derivative of p'(6y) as follows

d d

p'(0o) = T%Rm(%(%)a%(%)) =2

R (2(0),20(00)) lo=a, - (3.134)
Substituting (3.133) into (3.134) we find

e|d

p'(6o) = p @50(33(9)7330(90)) lo=6, +0'(00)| - (3.135)

We differentiate So(x, xg) given by (3.127) and o given by (3.92) with respect
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to 0. We substitute these into the equation above to find that

0 (00) = % i (nEn + nl}n) . (3.136)

n=1

Then, using equations (3.130) and (3.132) we find

_ Z [By, + (n — 1)by, cosnby — (n — 1)a, sinnbp). (3.137)

:1

Next, we use the expression for B,

B, = (n—1) (b, cosnby — a, sinnby) + 2n Z (b, cosmby — ay, sinmby) ,
m>n

(3.138)
so that

oo = = Z ( n—1yn +2n Z ’ym> , (3.139)

m>n

VY = bm cosmby — a,, sinmby. (3.140)

We calculate x = > 0", > " nvyn,. We can change the order of summation
such that x = 32 ~,, """ n. We find that x = 3°°° n(n — 1)y,. Thus
our final result for p'(6p) is

- £ Z n+2)(n — 1) (b, cosnby — ap, sinnby) . (3.141)
n=1

:1

|
We have found R}, (xo,x0).

3.4.2 Example

We present an example here that makes use of (3.141). We determine whether
there is a relationship between the curvature of €2 and where the regular part
of the Green’s function, R,,, has its extrema. In addition, we compare these
predictions with R, from our boundary element method.

Consider the shape with ¢ defined by

0(0) = cos26 + acos 30 (3.142)
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This implies that a; = 0,a2 = 1,a3 = a,b, = 0. Recall (§) = 1+ eco(f). The
curvature in polar coordinates is given by (3.86). Substituting the expression

for r into the expression for the curvature we find

k(0) = 1+¢e(3cos20 + 8acos3h) + O(c)? (3.143)
k'(0) = —6esin20 — 24easin3f (3.144)

Using equation (3.141) we find that
4 5
P(0) = —= |sin20 + 3“ sin 30 (3.145)
7r

Using (3.143) and (3.144), we can find conditions on the parameter a that
involves the minima and maxima of x and p. Note that at § = nxw , the first
derivative of x and p are zero. Thus, we have extrema at = nw. We calculate

the second derivatives when 8 =

K'(m) = —6e(2—12a) (3.146)
plm) = % (2 - 1Za> (3.147)

We see that at § = 7 , there is a maximum for kK when a < % and there is a
1 4
615
has a minimum. We have the reverse result if o is negative. Thus, the principle

maximum for p when a < 7. Thus for a € ( ), p has a maximum where x
eigenvalue, Ao, given by (2.51)), (2.89), (2.94)) for one hole, N absorbing arcs and
N identical absorbing arcs are not in general minimized at the maximum of the
domain curvature.

Now at 8 = 0, the second derivatives are

K'(0) = —12¢(1 + 36a) (3.148)
)(0) = f% (2 + 1§a> (3.149)

We see that £”(0) and p”(0) are both negative for @ > 0. Thus, both £ and p
have maximums at # = 0. In fact, it is where both attain their global maximums.

We can relate these findings to our boundary element method by plotting
R, (20, o) versus xg(fp). The shape of the domain is shown in Figure 3.11/ (a),
while the curvature, x — 1, and p — C, where C' is a constant of integration, are
plotted in Figure [3.11] (b) for a = 0.2 and € = 0.1.
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0.8f 1
0.6f ]
0.4f 1
0.2f 1

>~ 0f g
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-0.4f 1
—0.6} ]

-0.81 1

-1 s s s s s
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X

(a) Plot of the perturbed unit disk with boundary » = 14¢ (cos 20 + a cos 30).

pi/2 pi 3pi/2 2pi
€]

(b) Plot of k(0) — 1 (red) from (3.143) and p(#) — C (blue) from (3.145).

Figure 3.11: Plot of the perturbed unit disk, the curvature and p with ¢ = 0.1
and a = 0.2.

We see from Figure[3.11] (a) that at # = 7 the curvature has a local minimum
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and p has a local maximum. At § = 0 and 0 = 27, we see that p and k have
global maxima here. Now we plot p = R,, (@0, o) from the numerical method
for N = 600 and N = 2400 mesh points in Figure(3.12/ with ¢ = 0.2 and € = 0.1.

0.21
0.2
0.19}
0.18}
2017}
50
£ 0.16f
0.15}

0.14r

0.13f

0.12

0 pi/2 pi 3pi/2 2pi

Figure 3.12: Plot of R, (o, xo) for N = 600 (red) and N = 2400 (blue) with
€=0.1and a=0.2.

We see that p attains a local maximum at § = m, while at 8, = 0, p attains
a global maximum. Thus, our numerical results using the boundary element
method agree with the analytical predictions qualitatively. However, the scaling
of our numerical results does not match the analytical results. We see from
considering the curve for N = 600 and N = 2400 that the numerical method
is converging extremely slowly since the curves are almost identical. To attain
accurate results that are quantitatively comparable to the analytical result we
require many more mesh points. We are not able to run the method for more

mesh points due to computational limitations.

3.5 Discussion

In this chapter, we applied the results from Chapter 2 to calculate the MFPT

in a few domains. We calculated the MFPT in the unit disk. In particular, we
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considered one hole on the boundary of the unit disk with the initial position at
the centre of the disk and the initial position at the antipodal point to the hole.
Our results are comparable to that derived by Singer et al. in [23]. In addition,
we investigate the behaviour of the MFPT as the initial position moved towards
the hole at the antipodal point. These are depicted in Figure 3.1. With two
holes on the boundary, and the initial position at the centre, we found that
the MFPT reached a minimum when the holes were furthest apart. This is
depicted in Figure 3.2 We also derived results for NV equally spaced points on
the boundary of the unit disk. We found that v(x) — ;5 when N — oo, when
log% >> N

We derived the Neumann Green’s function in the unit square in order to
calculate the MFPT. We considered the behaviour of the MFPT as the ini-
tial position moves towards the hole, and the case where the initial position is
fixed, but the hole moves. These are depicted in Figures 3.4/ and 3.5. We also
considered two holes on the boundary of the unit square. The behaviour in
this case was not as predictable as the other cases. We held one hole fixed at
(0,0.5), while the other hole moved from (0, 0.48) to (1,0.5) along the boundary.
We found that the minimum of the MFPT on the first two sides were slightly
shifted as a result of the interaction between the two holes. In other words, the
minimum was not where the distance between the initial position and moving
exit window was a minimum. However, on the third side, this was the case as a
result of the symmetry of the configuration. These results are shown in Figures
3.6l and [3.7. It is worth noting that our expression for the MFPT is not valid
at the corners of the unit square. We derived an expression for the MFPT that
is valid at the corner &y = (0,0) given by [3.55.

In the last two sections of this Chapter, we considered an analytical and a nu-
merical approach to solving for the Green’s function in more arbitrary domains.
The boundary element method was introduced as a numerical technique to solve
for the Green’s function. We showed that the boundary element method did
indeed give the correct results in the case of a unit disk. We then proceeded to
use the boundary element method to find the Neumann Green’s function in an
ellipse with semi-major axis, a = 2 and semi-minor axis, b = 1. More precisely,
we used our numerical technique to find R(x, zp). We found that the numerical
method converged for N = 640 mesh points. We found that R(x,x¢) = 0.1291
for all  within the Q and for all &y on the boundary. Thus, R(x,xo) is a
constant. We expect then that R(xg,xo) = 0.1291.

To calculate R(xg, o) we must rewrite integral (3.78)) as we did in (3.88)
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and (3.90). The calculation of R(x,xo) proved to be a challenge, and requires
many mesh points for convergence. By considering Table [3.4/ we see that the
difference between entries in the vector R decreases by approximately 0.57 as
the number of mesh points doubles. The convergence is thus extremely slow.
We propose that the integral (3.78)) be calculated a more accurate way in this
case. We propose using gaussian quadrature in stead of the midpoint rule to
compute this integral. This is left for further work.

We plotted the behaviour of the Neumann Green’s function for an ellipse
with a at the origin and xy at various points along the boundary in Figure
3.8. We found that the Green’s function satisfied the symmetry properties
that we expected. We used the numerical results for the Green’s function to
find the MFPT for the ellipse with « at the origin and xy moving along the
boundary. The results are depicted in Figure [3.9. We then moved the initial
position to & = (1,0) with xg moving along the boundary as before. The results
are depicted in Figure [3.10. We see that the MFPT is a minimum when the
exit window is closest to the initial position, and a maximum when the exit is
furthest from the initial position.

To find the Neumann Green’s function in a perturbed circular domain we
considered an analytical approach by T. Kolokolnikov [7]. Here, we derived an
expression for the regular part of the Green’s function, R,,(xg, o). One must
integrate this expression and impose the integral condition to obtain a unique
solution. We considered an example of a particular domain with o given by
(3.142), which is depicted in Figure 3.11 (a). We found that the regular part
of the Green’s function, p, (3.145), has a local maximum while the curvature,
K, (3.143) has a local minimum at § = 7 for a particular parameter regime,
a € (},+5). We plotted the the curvature and p in Figure 3.11/ (b) for a = 0.2
and € = 0.1.

We then calculated R, (xo, ) using our numerical boundary element method
and plotted this against 6y in Figure 3.12/ for N = 600 and N = 2400 mesh
points. By comparing these curves we see that the numerical method is con-
verging extremely slowly since the two curves are similar. We see that our nu-
merical results qualitatively agree with the analytical result in that R(xq,xo)
has a maximum at § = 7. However, the scaling is incorrect in comparison to the
analytical result. To obtain a more accurate numerical result we must calculate

the integral (3.78) more accurately.
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Chapter 4

The Narrow Escape
Problem in Three

Dimensions - The Sphere

We now proceed to the narrow escape problem for the mean first passage time
for a Brownian particle trapped within a three-dimensional domain. The math-
ematical statement of the problem remains the same, however, the method of
approach and results are different from those in two dimensions. We will derive
results for a sphere as the confinement domain. It is an open problem to extend
this framework to arbitrary domains in three dimensions. The extension is not
as straightforward as in two dimensions, as the local geometry and curvature
of the three-dimensional domain plays a significant role in the final solution. It
is, thus, necessary to solve for the Green’s function for each three-dimensional

domain before one can proceed to find the mean first passage time.

4.1 Derivation of the Neumann Green’s

function for a Sphere

We begin by deriving the Neumann Green’s function, G4 (x, xy), for a sphere,

with a singularity on the boundary, which satisfies

1

AGy, = —, x e, 4.1
Q) (4.1)
1

0,Gs = ?5(00530 — ¢os )0 (¢ — o), x € 012, (4.2)

/Q Gydx = 0. (4.3)
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where Q = {z | |z| < 1} and |Q| = %. The angles are defined with 0 < ¢ < ,
the latitude, and 0 < ¢ < 27, the longitude. We have the property that if

9(po) = 0 and g(p) is a monotone function, then §(g(p)) = ‘S‘;‘,P(;fi). Thus

0 — o)

4.4
sin g (44)

d(cos p — cos ) =
The singularity of the Green’s function in three dimensions is a simple pole.
Since the singular point is on the boundary, the singularity is twice as large.

Thus, we expect

1

Galw,m0) = o
(@, @0) 27 | — x|

+ R(x, o), (4.5)
where R(x,x() has a milder singularity than a simple pole as  — oc. In the
three-dimensional case we show that R(x,x() has a logarithmic singularity as
r — Ig.

Now we define G,

Gy = < (Il + Jzol*) 4.6
= g7 (" + leo (1.6
Note that |2|> = 72 and |zo|> = R2. To solve (4.1) and (4.2) we let G, =
G, + Gs. Substituting this into (4.1) and (4.2) we find

AG, = 0, xe€Q, (4.7)
_ 1 1

— _ _ / _ N _
0,Gs = R25(cos<p cosp’)o(p — ') yPyoh x € 09.

(4.8)

We will look for a solution written in terms of Legendre Polynomials. To this
end, we must rewrite the Neumann boundary condition in terms of Legendre

polynomials. This leads to the following Lemma:

Lemma 4.1: We claim that

d(cos p — cosg)d(Pp — ¢g) = i Z (2m + 1) Py, (cos ), (4.9)

m=0
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where

COSY=X Ty = COSPCOSpy + sinpsin g cos(P — ¢o),
x = (cos¢sing,sin@sin g, cos ),
xo = (cos ¢gsin pg,sin ¢g sin ¢, cos o).

Here x and xy are written in spherical coordinates in the unit sphere, R = 1.

Proof: We recall the completeness formula

Z Z i (005 00)Yin (@, @) = 6(¢ — o) (cos ¢ — cos o), (4.10)

where the Y,,, are the spherical harmonics. The addition theorem for Legendre

polynomials states that

(2m + 1)

an Pmlcosy) Z Yo (0, 90) Yinn (9, ¢)- (4.11)

n=—m

Summing (4.11)) from m = 0 to oo, we obtain the desired result (4.9).H
Using this Lemma, the boundary condition (4.2)) becomes

_ 1 &
0Gs = s ;(Qm + 1) Py, (cosy),onr = 1. (4.12)

We look for a solution for G, in the form
— e r m
Gs = mz:lam <R) P, (cosv), (4.13)

which satisfies Laplace’s equation by construction. Applying the boundary con-
dition (4.12)) we find that

1 2m+1)
mw=———" 4.14
@ 4R m ( )
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We can write the solution for G, as

Gy =

(2m +1 ( ) P, (cos7) (4.15)

( ) ' (Cosy) % i % <L> Pp(cos7).

(4.16)

47ri
>

1
2rR

We deal with these two terms separately.
We start with the first term. Recall the generating function for Legendre
polynomials

\/W -3 (4-17)

m=0

I & /r\™ 1 1 1
) p svy) = — — . 4.1
2rR Z (R) m(c0s7) 2 \/r2 + R? —2rRcosy 27R (4.18)

Now we consider the second term in (4.16). Let 3 = % and
I=%>_ L3mP,(cos). Using this we find
') = 1 io: 8" Py (cosy) = 1 ! -1 (4.19)
Bm:l B | \/1—2Bcosy+ (2

Also note, that I(0) = 0. We integrate the equation above

A1 1 1
I = / - ds
0o \S4/1—2scosy+s2 s

2
B 10g<1—6cos*y+ \/1+ﬁ2—25cosv> (4.20)

Then with G5 = G, + G, and substituting for 4 we find that

- i(|5,;|2_|_|5,3 |2)+7#_i
° 69 0 o1 |z — mo|  27R
1 2R
1 C. 4.21
* 4R Og(chosw+|mm0|)+ (421)
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We are ready to use the integral condition (4.3)), fo fo s sinyr2dydédr =
0, to find the constant C.
We know that

2R — 1 AN
1 — (= 4.22
8 (R—rcosv—i—a:—a:d) lem< ) m (€08 7). (4.22)

We also have that

4 2 sinm 0 if m # 0,
P,,(cosy)sinydy = ——— = 4.23
A (cos ) sinydy mr(m T 1) {2 P (4.23)
Thus, the integral over v of (4.22) is zero.
Next we note that
1 1 = T\™
- Py (cos (7) . 1.24
2T |CE - ZB()| 2TR n; (COb PY) R ( )

We can perform the integration over 4 by using property (4.23)). We find that
2

2m
r . 9 2R
27TR Z / / / ' (Cosy) ) sin yrdydodr = 5 (4.25)

Using (4.22) and (4.25) we find that C' = —z—5 for the integral condition, (4.3)

to be satisfied. Our final expression for Gs is

1 1 s
)
27 | — @] G 12 (|ac| +

N 1 1 2R 7
irR % R — |x|cosy + | — x| 10mR

Gs(ma :EO)

(4.26)

We will need the expression for the Green’s function, (4.26) in the limit that
x — xg. We let

gy T, _R-or (4.27)
€ €
We then calculate using the law of cosines that
elcosy = g (I - w0l — (=~ B2))
2R
1
~ 3R (0(e)> = (R—eN)*> — R?)) ~eA + O(e). (4.28)
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Therefore, by substituting (4.27) and (4.28) into (4.26)), we obtain in the limit

as * — xq that

1 1 2R 9
Gy ~ 1 - . 4.29
27e |y * inR ® (5(|y| + A)) 20mR (429)

Now we calculate |& — x| in the limit as @ — xo in spherical coordinates.

We use a Taylor expansion about xy. We find that

@ — @0 = \/(r — R+ R2(¢ — o) + R2sin” p(6— d0)? a5 @ — o

(4.30)
We let
R- Rsi — R(p —
a=Bor JBsmelé—do) o Rle—o) (4.31)
€ € €
Using this, we find that
x — x| = (A% + s% + s2 1/2 as T — X 4.32
1152
This implies that
ly| = (A2 + 57+ 53)1/2 ) (4.33)

Combining (4.29) with (4.33) we obtain the far field behaviour of the Neu-

mann Green’s function.

4.2 Three-Dimensional Sphere with N
Absorbing Patches on the Boundary

We want to find the MFPT in a unit sphere, Q = {x | || < 1}. 99, is the
reflecting part of the boundary, 0f2, while 0f2, is the absorbing part consisting
of N non-overlapping circular patches defined by

09, = {(p. ) | (¢ — 9j)* +sin” (¢ — ¢;)* < %af = rZ} (4.34)

Thus, the area of the circular patch centred at (1,¢;,¢;) is ’89€j| = 7T€2a? for
7 =1,2,..N. Without loss of generality, there is no absorbing patch centred at
a pole of the coordinate system. In Cartesian coordinates, the location of the
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centre of the jth patch is given by
xj = cos ¢; sin ¢, y; = sin ¢; sin p;, Zj = COS @j, (4.35)

where |x;| = 1.

The Laplacian in spherical coordinates is

Lo 1 .
Au = 2 (7’ ur)r + 72 5in2 (p3¢¢u + 25 0y (sin pd,u)
2 1 cot ¢ 1
= Upr + ;ur + mu¢¢ + TTU‘P + T72USD89' (436)

We write the mean escape time in terms of eigenfunctions as in (2.6), as
A¢0 + >\0¢0 = 07 HARS Qa
N
go(z) = 0, =z =[]0,
j=1

67’ ¢0

Il
o

x € 09, (4.37)

4.2.1 Calculation of \g and ¢q

We need to solve the system (4.37) to find the principal eigenvalue, Ag, and the
principal eigenfunction, ¢g.

The eigenvalue is expanded as
Xo(e) = el + &2 log (%) Ao+ g +---. (4.38)

In the outer region, away from the absorbing arcs, we expand the principal

eigenfunction as
do(x,€) = ug + cuy + &% log (%) Us + 2ug + - . (4.39)

Here, ug = ﬁ, the solution to the leading order problem.
2

Substituting these expansions into (4.37)), we find to order O(e) that

Aup = —Aug, x €,

8,,"(1,1 = O7 T € 8QT,
/uldm = 0. (4.40)
Q
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The integral condition enforces the normalization condition. At the next order,
0] (52 log (%)), we find

A’UQ = 7)\2'&0, T € Q,
a’r‘u2 = 0, T c 8Q7~,

/ugda: = 0. (4.41)
Q

At order O(e?) we find

Auz = —M\u — A3ug, T € Q,
87«’&3 = 0, T c 8Qra
/ (2uous +ui)de = 0. (4.42)
Q

In the absorbing region we introduce the following change of variables, (4.31)),

near the jth absorbing patch

1_ o (b — b, — 0.
N a2 (4.43)
5 5 €
We let
£S81
v(A, s1,82,8) =u (1 — e, m + @), €50+ <pj) . (4.44)

To proceed, we must transform the Laplacian, (4.36), into an expression

involving the inner variables using the chain rule. We find that

Aw = &2 (wAA + Wsys; T+ w8282) + e! (_le\ +2A (w5151 + w5252))
+ e teot pj (ws, — $22ws, s, ) + O(1). (4.45)

In the inner region we expand the eigenfunction as
€
v:v0+510g<§)v1+5v2+~~. (4.46)

We project all the patches onto a circular disk of radius a? in the plane. At
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O(£%) we find

LUO = UOAA + U()Slsl + UOSQSQ = 07 A Z 07 —0 < 817 82 < OO?
Oavg = 0, A=0, s% + sg > a?,
vg = 0, A =0, 7+ 535 < aj. (4.47)

At O (elog (§)) we find

Lvy = 0, A >0, —00 < 81,82 < 00,
opv1 = 0, A =0, s% + s% > a?,
vy = 0, A=0, si+s3<al. (4.48)

At order O(e) we have

Lvy = 2 (UOA —A (U031sl + '003232)) — cot (UOSQ - 2821}03181)
Oava = 0, A=0, 52 452> a?,
v = 0, A=0, s? + sg < a?. (4.49)

To proceed, we must match inner and outer solutions. We compare (4.39)
to (4.46) in the limit as @ — x; or |y| = (A% + s7 + 55)1/2 — 00. We see that

-1, C e . . .
vo = up = |©2|” 2 in this limit. We write the solution as

vo =977 (1 —v,), (4.50)
where v, satisfies
Lv. = 0, A >0, —00 < 81,82 < 00,
Ozve = 0, A =0, s7 452 > a?,
ve = 1, A =0, 57+ 53 < a?. (4.51)

This is the well-known electrified disk problem in electrostatics, [6], which has

a solution given in terms of the Bessel Function Jy(z) by

2 [ si
— / S ay g (W) . (4.52)
mJo M aj
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1/2

where 0 = (s% + s%) . This solution has the asymptotic behaviour

; 1
Ve~ =+ O <||3> as ly| = (A% + s + s3) 2 . (4.53)
Y
Here, c; is the capacitance of a disk of radius a; in an infinite plane given by
¢ = 2% (4.54)

The result above is obtained using Laplace’s method and is shown in Appendix
B.
Thus vo ~ ﬁ (1 — ‘;77‘) Writing y in inner variables, as in (4.27) and
2

(4.33), we find from matching in the limit as & — x; that

1 €Cj +
19" |z - x|

— +eup + g2 log (E
Q|2 2

This gives the missing singular condition on u;

)u2+""\‘

ulw—# as x—x; j=1,.,N. (4.55)
Q? |2 — x|
We must solve for u; from (4.40)) and (4.55). Recall, from (4.1) and (4.2), that

a singularity on the boundary can be written as

IR (R Lt )

: on r=1 (4.56)
sin p;
This gives rise to a term in the solution of the form u; ~ m as * — ;.
Thus, we can write the problem for u; as
Aup = —Muy, T € Q (457)
Oru; = Z O = 3)0(6 = &) on r=1, (4.58)

|Q|z = sin ¢,

/uldaz = 0. (4.59)
Q

Before we find the solution for u; we impose a solvability condition that will

allow us to find the eigenvalue A;.
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We integrate (4.57)) over €2 and apply the Divergence Theorem to obtain

0
Auldw = ﬂ |r:1 dS,
Q 09 or
2
—/\1U0‘Q| = —Z 7T'C]
j=1 |Q‘2
Thus,
2aj
1 |Q| ZCJ7 Cj = 7 (460)
We can write the solution for u; as
2T
uy = _H Cle(mawi)a (461)

where Gy satisfies (4.1)-(4.3) with the Neumann boundary condition written
using (4.4). That is, G, satisfies

1
AG, = —, =meq, 4.62
Ql (4.62)
oG, = dezwelezd) Ly (4.63)
sin @;
/Gsda: -0 (4.64)
Q

We proceed by matching. In the limit as * — x;, u; becomes

N

2

Uy ~ ——i [c;Gs(x, x;)] Z ciGs(Tj, i), (4.65)
|Q‘2 |Q| i=1,i#j

where the near-field behaviour of G¢(x, ;) as € — «; is given by (4.29) with
y given by (4.33).

The outer expansion in terms of inner variables for € — x; is

1 Cj
1 1
Q12 [yl
2 Gy ( )+—Jlo (| \+A)+&—5 iv: ciGs(zj, x;)
72 | “ar %82 gy R
+ 5210g<%)uz+52u3+---. (4.66)
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The inner expansion is

1 .
- — Clj + elog (E) vy +Evy + - . (4.67)
1z € |y 2

Comparing these expressions we find that

v~ 5 . as ly| — oo. (4.68)
219>
To proceed, we let
v = —2(1-wv,), (4.69)
219>

where v, satisfies (4.51). Using the behaviour of v. as |y| — oo given by (4.53),
we find that

: : 1
v~ 07]1 1- 9 10 — as ly| — oo. (4.70)
2107 Yl Y

Substituting this into (4.67) and comparing to (4.66) we find from matching

that
2
Upw——— D as  m—m;, j=1,.,N. (4.71)

T
2[9* @ — ;|
Thus, we must solve for ug from (4.41) and (4.71). Proceeding as we did
when finding u;, we rewrite the boundary condition of (4.41) as
N
m 20(0 = ¢j)0(¢ — )

Orug = ——— c; : on r=1. (4.72)
Q]2 = sin p;

Before solving for us we use a solvability condition to find As.
We integrate (4.41)) over  and use the Divergence Theorem. We find that

N
Yo = > 6l (4.73)
9] &
At this stage, as ¢ — 0, we have the following two-term asymptotic behaviour
2 N - c N
2 5 9
A~ @5; 5 + e’ los (5) ;cj +0(), (4.74)

2a;
where ¢; = —2.
™
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The solution for us is written in terms of the Green’s function G as

N
T
Uy = ——7 Z Gy (x, ), (4.75)
€22 =
where G satisfies (4.62)-(4.64)). It is key to note that there is no need to expand
up as * — x;. This is a consequence of the fact that any unmatched terms in
ug are dominated by the O(e) terms in the expansion (4.66).

The O(e) terms in u as @ — x; written in the variable y are

2m Cj
——A;+ —log(lyl + A), (4.76)
Q[ 2107
where
9c; al
Aj= 5+ i%j Gy, @;). (4.77)
From (4.67) we see that
2 .
v~ A — I log(ly| + ) as Jy| — oo, (4.78)
€[> 219>

Thus vy must satisfy (4.49) and (4.78). We can rewrite the right-hand side of
the first equation of (4.49) by using vos,s, + Vos,s, + voar = 0 as

2 (Avpa) y — cot @; (Vos, — 282005, s, ) - (4.79)

We use an asymptotic decomposition to solve for vs to obtain

92 .
Vg = — ﬂ—; Aj(1—we) + e 1 Y2p) (4.80)
€2/ 2(9|>
where
vp~log(lyl+4)  as |yl - oo. (4.81)

Here, v, is homogeneous solution, satisfying (4.51) with the behaviour as |y| —

00, given by (4.53). That is v, ~ % + O( as |y| — oo. Furthermore,

1
1y
vgp is the particular solution satisfying (4.49) with the far-field behaviour given
by (4.81). By using the far-field behaviour of v., (4.53), combined with a few
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simple estimates, we find that the far-field behaviour of vs is

2 .
Vg ~ _%AJ_ (1 Cj ) + =9 _1og(|y| + A), as ly| — co. (4.82)
ok [yl |sz|

From matching, we must then conclude that

2 Ajc;
us ~ —71-1776] as ly| — oo. (4.83)
Q2 B
This matches the unmatched term in the inner expansion vy ~ érl ’Tijﬁ .
2
The problem for us becomes
Aug = —>\1’U,1 — A3ug, T € Q (484)
4
Dy = w2 ZAJ ¢ 5(p — ¢;)0(¢ — ¢;) on r=1, (4.85)

|Q| sin g

/UgdiL‘ = 0. (4.86)
Q

We can find A3 using a solvability condition. We integrate (4.84) over (2, recall-
ing that fQ urde = 0. We use the Divergence Theorem to obtain

4r? Y
[l > Ajej. (4.87)
j=1

where A; is given by (4.77).
We have the following proposition:

Proposition 4.2: (N Holes) In the limit as ¢ — 0, Ao and ¢o have the

following three-term asymptotic behaviour

N N
27e e\ T 4m2e?
Aole) ~ ci+elog (=) = 2 — Ajcy, 4.88
© ~ a2 (2)|j=1J |Q|Z o (As)
po(xz,e) = LI 2—ngv:c-G (x, ;) — &% log (E) u ZCZG (z,z;)
o e i 22107 i
+ O(e?). (4.89)
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We can simplify the notation by introducing the Green’s matrix, I', and

capacitance vector C by

Gs(1,2) Gs(1,3) Gs(1,N)
G4(2,1) R G4(2,3) G4(2,N)
r=| G.3,1) G52 R G.(3,N) |,
Gs(N,1) Gs(N,2) R
T
C = ( cp Cy C3 - CN ) ’

T
e:(1 11 .. 1).

Note that the matrix I' is symmetric since G4(j,4) = Gs(i, j), where G4(j, %)
denotes G4(x;, x;). Also, we define R by

9
R=——. 4.90
20m ( )
Now, we can write A as
2me T € 5 T T
Xo(e) o) (C ety log (5) C'C - 2reC FC’) . (4.91)

We can simplify this further by simplifying the expression for the Green’s func-
tion G given by (4.26). We know that |x;| = |x;| = 1. Furthermore, by the
law of cosines, 1 — cos;; = % Using this, the Green’s function reduces

to
Gs(:cj,:ci) = R
+ L #+10 27110 |w-fa:-|—llo (2+ |x; — £4P2)
2w |:ch—aci| & 2 & 1% ! 2 & J k

We define H;; by

1 1 1
H;;j = <|wj_wi|—2log|mj—sci|—2log(2+|ar:j—mi|)> , (4.93)

for ¢ # j. Thus, I' can be written as

log2 1
B4~ Hy, (4.94)

I'\i =R
J + 2 27
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for i # j. For i = j we see that I';; = R.
We define p(x1, 2, ..., xN) by

N
p(x1, 2, ..., TN) = CTFCZZZCiCjFij;

i=1 jfl
= RZC +Z Z ciciTyj. (4.95)
i=1j=1,j%#i
We now write A\ as
27T€ T T
Ao(g) ~ o] (C’ e+ — log( )C C - 27T€p(581,.’132,...,:]3N)). (4.96)

Now we consider the special case when each of the absorbing patches are
of the same radius, that is a; = a. In this case, the capacitance, c;, becomes

c= 27“ We have the following proposition:

Proposition 4.3: (N Identical Holes) In the limit as € — 0, Ao and ¢q

have the three-term asymptotic behaviour

Xo(e) ~ 27r|ET]|VC (1 + %log (%) c)

N N
2meNc 9N 1
+ |Q| EC TO—(N—l)logQ—NZZHU s

do(x,e) = 1 27T€CZG (x,x;) — ?log ( )

+ 0(e?), (4.98)

where H;; is given by (4.93).
For the case of equally sized absorbing patches, Ag(¢), is maximized with
respect to {&1,xs,...,xn} when we find {x1, z2,...,xn} with |x;| = 1, for all j

that satisfies the following discrete variational problem

N N
H B ) H 7 . _ . Z 9 4 99
~ min oa) (T1,22,...,TN) {whfj}n, }ZZ:: Z ’ )

{Z1,Z2,...,

where H;; is given by (4.93). By using Hy in (4.97) for X\, we obtain a max-
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imum for \g up to O(¢?). The first term in H(x1,x2,...,xy) is the usual
Coulomb singularity in three-dimensions while the other two terms represent a
contribution from surface diffusion on the boundary of the sphere.

The discrete variational problem (4.99) is a modification of the classical
discrete variational problems for finding optimal configurations of N points on

the surface of a sphere that minimize the Coulomb energy

; || =1, (4.100)

{5317(11312},1n wN}Z Z

i=1 j= 1]751 ]|

or the logarithmic energy

N N
_{;c r Z Z log |x; — x;|. (4.101)
1,2, ., TN} “— 15

The problem of minimizing H;; appears to be a generalization of these two
classic discrete variational problems. An overview of these variational problems

are given in [19] and references therein.

4.2.2 Calculation of the Mean First Passage Time

We calculate the MFPT in the case where we have N holes on the boundary of
a unit sphere, of radius a;. We use expansions (4.88)) and (4.89) to compute the
MFPT. Recall, that the MFPT is given by

(L ¢0)

4.102
D)\O ¢07 ( 0 )

v(z) ~
where @ is the initial position within the sphere. This assumes, that (¢q, ¢g) = 1,
which is satisfied by (4.89) since the integrals of G over  are zero. Recall that
G is the Green’s function in a sphere of radius one.
The MFPT for N holes of differing radius in terms of \q is given by

N
v(x) = D)\lo < 27ra€ZcZ (z, ;) — € log(Q)W;chs(m,mi) +O(62)> )
- (4.103)
where \¢ is given by (4.88]).
By substituting for A\g we have the following proposition for the MFPT with
N holes of differing radius a; on the boundary of the unit sphere:
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Proposition 4.4: (N Holes) For ¢ — 0, the three-term asymptotic be-

haviour of the mean first passage time, v(x), is

N
fe] £ (2) SN2
ve) = ———|1+=log| - Z;Z—Qﬂfg Gz, x;
(*) 2meD Zz]il Ci 2 € ol i=1 ( :

D iz Ci
|| 2me 9
p(xy, X2, ...,xN) + O(e”loge) |, (4.104
2meDs Y o \TN o (1, 2 )+ O( )|, (4.104)
where ¢; = 2;”', p(x1, T2, ..., xN) s given by (4.95), G5 is given by (4.92) and

|Q| = 4F. The average MFPT, v, is

0 2 N .2
g o= 1 |N <1+Elog<) Zg”l)
2meD Y il ¢ 2 €) D isiCi

Y] 2me 9
p(x1, e, ...,xNn) + O(c’loge) | . (4.105
2neD Zf\;l C; vazl ¢ (@1, ) ( )] )
In the case of N identical holes of radius a, so that ¢; = ¢ = 2¢, we find:

™

Corollary 4.5: (N Identical Holes) Fore — 0, the three-term asymptotic

behaviour of the mean first passage time is

Q| e (2 a
o) = zmm<”2k’g<s)c2“02&@’%))

i=1

N N
Q 9N 1
+ it ec| ——+ (N —-1)log2+ Z Z H;j

2neDNe 10 N& =
+ O(’loge), (4.106)
where H;j; is given by (4.93). The average MFPT, v, is
o |2 € 2
U= mepne \lTaloelC)¢
N N
|2 9N 1
—_— —— 4+ (N—-1)log2+ — H;,;
+ 2neDNc =¢ 10+( ) log +NZ.Z. “
i=1 j=1,57#1
+ O(*loge). (4.107)
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Notice that if we minimize H;; as in (4.99), we minimize the MFPT. We can
find an expression for one hole by setting N = 1 in (4.106) to obtain the follow-

ing corollary:

Corollary 4.6: (One Hole) For ¢ — 0, the three-term asymptotic be-

haviour of the mean first passage time, v(x), is

9] e, 2 9ec
= 1+ —=-log—c—2 — 1 . (4.1
v(x) 5= Do + 5 ogec mecGs(x, xg) — 10 +0(e? oge) (4.108)

The average MFPT, v, is

_ | € 2 9ec
= 1+ =-log— — — 1 4.1
v 2meDe + 2 5 10 + 0(6 0ge) (4.109)

In the case of one hole with a = 1, the MFPT from the centre of the sphere is:

Corollary 4.7: (One Hole) For e — 0, the three-term asymptotic be-
haviour of the mean first passage time from the centre of a unit sphere, v(x),
with one absorbing patch of radius a = 1 on the boundary is

E[r |z =(0,0)] = 4|Ql‘) (1 + 71 g - ;L + O(? loge)) (4.110)

Furthermore, for the case of one absorbing circular window of radius ¢, the
average MFPT is v ~ M = (1+ £log L + O(e)). This is comparable to the result
derived by Singer et al in [25] for the MFPT for one absorbing circular window

of radius €. They found the MFPT, and the average MFPT, to be

190

Elr |2 = (0,0] = 1

1+—1o 7+O( ) (4.111)
The original result in equation (3.52) of [25] omits the 7 term in (4.111) due to
an omission of an extra factor of 7 on the left-hand side of the equation above
(3.52) in [25]. Our result, (4.110), agrees asymptotically with that of (4.111)
and determines explicitly the O(g) term to v(x).

Our results, (4.104) and (4.106), generalizes the result in [25] to N circular

absorbing windows of different radii on the unit sphere.
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4.3 Three-Dimensional Sphere with N
Absorbing Patches on the Boundary - An

Alternate Derivation

Here, we present an alternate derivation of the MFPT. Instead of writing the
MFPT in terms of a complete set of eigenfunctions, we solve for the MFPT

directly. That is, we want to solve

Av(x) = —%, T e,
N
v(e) = 0, x € i, = U 09,
j=1
Opv(z) = 0, x € Q,, (4.112)

where 0f).; is given by (4.34). The Laplacian is given (4.36). As before, there
is no absorbing patch centred at a pole of the coordinate system. In Carte-
sian coordinates, the location of the centre of the jth is given (4.35). We will
now proceed to solve (4.112)) directly using the method of matched asymptotic

expansions.

4.3.1 Calculation of the MFPT Directly

We want to solve (4.112)). In the outer region, away from absorbing patches, we

expand v(x) as

v(x,e) = % +v1 +elog (%) +evs+ - (4.113)

We obtain the following problems: At O(¢~1)

Avyyg = 0, x €,
oo = 0, xeQ,, (4.114)
at O(g%)
1
Av; = D x €,
Opv1y = 0, x €N, (4.115)

111



Chapter 4. The Narrow Escape Problem in Three Dimensions - The Sphere

at O (5 log (%))

A’UQ

anvg
and at O(e)

A’Ug

an U3

0, x €,
0, x € Q,,
0, x €,
0, x € Q.

(4.116)

(4.117)

In the inner region we introduce the change of variables given by (4.31) and

(4.43)). In the inner region we expand

’LU(A,51782,€) = % + log (

9

2)w1+w2+

(4.118)

We must transform the Laplacian, given by (4.36) into an expression in terms of

local variables by using the chain rule. As before, we obtain (4.45)). We obtain

to O(e™1)
Lwo =
8Aw0 = O7 A= 0,
wy = O7 A= 0,

At O (log (%)) we have

Lw1 = O7
aA’wl = 07
wy = 07

At O(£") we have

ng =
aA’lUQ = 07
wy = 0,

We proceed by matching, which implies that wg — vg as |y| — (A2 + 53 + 53

wOAA + wOslsl + w08282 - 0) A 2 O? —0o0 < sl) 82 < OO’

2 .2 2
51+ s3 > aj,

2 2 2
81+32 SCLJ

A>0, —0c0 < 51,89 < 00,
A=0
A=0

2, 2 2
s1+ 83 2 aj,

2 2 2
51+ 83 < aj.

2 (Awoan + wOA) — cot p; (wos, — 282Wosy s, )
A=0,
A=0

2, 2 2
81+ s3 2 aj,

2, 2 2
51+ 53 < aj.

(4.119)

(4.120)

(4.121)

)1/2
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or as * — x;. We write the solution for wy as
wo = vo(l — w,), (4.122)

where w, satisfies (4.51). The solution to this is given by (4.52). The solution
has the asymptotic behaviour (4.53) where ¢; is the capacitance of a disk of

radius a; in an infinite plane given by (4.54). Writing y in outer variables as

Y= w;wj and matching wg to the outer solution we find that
VoC
I p— . as x —x;. (4.123)
|z — o]

Thus, we must solve for v; from (4.115), and (4.123)).
Recall from (4.1)) and (4.2)), that a singularity on the boundary can be written

as
50 — 0)S(b — b
o= o=@l =05) (4.124)
sin p;

This gives rise to a term in the solution of the form u ~ m as & — ;.

Thus, we can write the problem for v; as
A S e (4.125)

v = D xr y .
N
0 —@i)0(p — &y

dur = —2mu Y ¢ (p=wolo=¢i) L1 (a126)

sin @
i=1 i

Before we find vy, we apply a solvability condition that will allow us to find
vg. We apply the Divergence Theorem by integrating (4.125) and using the
boundary condition (4.126]). We find that

2]

Vg = ———x—- 4.127
°" 2D Z;vzl ¢; ( )

Now, the solution to v; is written in terms of the surface Green’s function
N
v = —2my Z ¢iGs(x, ;) + x, (4.128)
i=1

where G satisfies (4.62)-(4.64). Using this, notices that [, vide = x || so that
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x = v. We proceed by matching. In the limit as € — x;

N
vy~ —27TU00jG5($,wj) — 27y Z ciGS(mj,a:i) + X (4.129)
i=1,i%]

where the far-field behaviour of Gy is given by (4.29) along with (4.33). We let

£

2) . (4.130)

X=X010g(

We write the outer expansion in terms of inner variables and match to the inner
solution. That is, in the limit as |y| — oo we have

Vo VoCj VoCj lo (E

e eyl 2

VoCy
— B+ —log(A
s )+ By + 2 10g (A + Jy)

€ €
+  Xo (*) + X1 —|—6<§> V2 + €V3

2
; €
+ Nvo( _%>+()w1+w2+...7 (4.131)
€ Yl 2
where
N
9 .
= 1% 2 3 G @) | (4.132)
i=1,i#j
If we consider the expression for A;, (4.77), we see that B; = —2mvyA;.
By matching we see that
wy ~ % + Xo as ly| — oc. (4.133)
The solution is
Vo€
wy) = (% + Xo) (1 —we), (4.134)

where w, satisfies (4.51). Using the far-field behaviour of w, given by (4.53)) we
find that

e ¢;
wy ~ (% + Xo) (1 - |y7|) as ly| — oo. (4.135)

Substituting this into the matching condition (4.131) we find that
Vg~ — (% + x()> 9 as T — ;. (4.136)

2 |l — ;|

Thus, we must solve for vy from (4.116) and (4.136)). Proceeding as we did when
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finding vy, we rewrite the boundary condition of (4.116) as

N
. 5o — 0 )5(db — s
vn = —27 Y (% n XO) It Ll N PR E e
= 2 sin @ ;
We use a solvability condition to find xg. Applying the Divergence Theorem
to (4.116) and using the boundary condition (4.137)) we find that

N
Xo = —M (4.138)
2 Zj:l Cj
We can write the solution to vo as
Vg ~ —2%% (Uoci + Xo) ¢iGs(x, x;) + x2 (4.139)
1=1 2 T S b) K2 M .

At this stage, we have the following outer expansion for the MFPT

N
v~ %0 + xo log (%) + x1 — 27 Z ¢iGs(x,x;) + clog (%) v + evg, (4.140)

i=1

where vg is given by (4.127)), xo is given by (4.138) and v9 is given by (4.139).
The inner solution is

g

Ug
~ 00 1 (
w 5( we) + log 5

)(%*XO) (1 —we) +wa+--+, (4.141)

where w, satisfies (4.51)).

Now, if we consider the matching condition, (4.131), with (4.140) and (4.141)
substituted, we find that vy contributes an unmatched term of O (52 log? (%))
This term can be ignored since the O(1) unmatched terms dominate. Thus, we

must have that
VoC;
wy ~ Bj 4+ x1+ % log (A + |y|) as ly| — oo, (4.142)

so that all the necessary terms are matched. Recall that wy satisfies (4.121)).

We solve this problem for ws by superposition. We let

Vo5
wy ~ (Bj +x1) (1 —we) + %wzp,. (4.143)
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Here w, is the homogeneous solution satisfying (4.51) with the behaviour as
ly| — oo, given by (4.53). That is w, ~ ﬁ +0 (\y%
more, wa,, is the particular solution satisfying (4.121) with the far-field behaviour
given by (4.81). By using the far-field behaviour of w,, (4.53), combined with a

few simple estimates, we find that the far-field behaviour of ws is

) as |y| — oo. Further-

ws ~ (B +x1) (1 - |y|) + 1% 1ogly| 4 A). (4.144)

From matching we must then conclude that

¢ (Bj+x1)

P as T — ;. (4.145)
]

V3 ~
We must solve for vg from (4.117) and (4.145). We rewrite the boundary con-
dition of (4.117) as
S — ¢5)0(0 — ¢))

N
Orvg = —QWZCj (Bj +x1) o on r=1.(4.146)
i=1 i

We apply the Divergence Theorem to (4.117) and use the boundary condition
(4.146). We find that

N
_1¢B;

X1 = —Lj& 2, (4.147)

Zj:l c.j
where Bj; is given by (4.132). We let R = —53— as in (4.90). Substituting for

vo from (4.127) we find that
2mv al al

X1 = Nio Z C?R + Cj Z CiGS(Ile,IBi) . (4148)

> =16 \io i=1,i#j

Substituting for x; and vy into (4.140), we find that the outer solution for
the MFPT is
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v(zx) = L 1-— E1og (E) M - QWEiCZ‘G(IB,ZBi)

= N N
27T€D Z]:l c.j 2 2 Zj:l Cj
N N
19] 27e 9
e D DY ET RS et
2meD Zj:l ¢j Zj:l G \j=1 i=1,ij
+ O(e%loge). (4.149)

Notice that (Z;.V:l (C?R +¢ Zijil’i# ¢iGs(x;, xz))) is the same expression as
p(x1, x2,...,xN) given by (4.95). Thus, we have recovered the result that was
derived in the previous section for the MFPT with N holes on the boundary,
Proposition 4.4, (4.104). Thus, by simplifying (4.149) in the same manner as we
did (4.104)), we recover Corollary 4.5, 4.6 and 4.7 for N identical holes, one hole
and one hole of radius a = 1. Thus, the two methods for deriving the MFPT
agree exactly.

Lastly, we compare the asymptotic results with the numerical results solving
(4.112) computed using COMSOL [15] by R. Straube [28]. We use the expression
for the average MFPT for N identical holes, (4.107). We set a = 1, so that we
have IV identical circular windows of radius € equidistantly placed on the surface
of the sphere. We let 75 be the two-term asymptotic result obtained be omitting
the O(e) terms in (4.107), v3 be the full three-term asymptotic result (4.107)
and v, the full numerical result. We tabulate the results for N = 1,2 and 4 in
Table 4.1 below.

N=1 N=2 N=14
3 Vg ’L_)g Up, Vg 173 T)n Vo 1_13 ’l_}n
0.02 | 53.89 | 53.29 | 52.81 | 26.95 | 26.40 | 26.12 | 13.47 | 13.10 | 12.99
0.05 | 22.17 | 21.57 | 21.35 | 11.09 | 10.54 | 10.43 | 5.54 5.17 5.12
0.10 | 11.47 | 10.87 | 10.78 | 5.74 5.19 5.14 | 2.87 2.50 247
0.20 | 6.00 5.40 5.36 | 3.00 2.45 244 | 1.50 1.13 1.13
0.50 | 2.56 1.95 196 | 1.28 | 0.73 | 0.70 | 0.64 | 0.27 | 0.30

Table 4.1: Comparison of v», 3 and v,, for various values of ¢, N = 1,2 and 4.

We see good agreement between the numerical results and the asymptotic

results, especially when using the full three-term asymptotic result, vs.
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4.4 Discussion

In this Chapter we aimed to find the MFPT in a unit sphere. To this end, we
began with a derivation of the Neumann Green’s function for a sphere of radius
R. As in two dimensions, we transformed the problem for the MFPT into an
eigenvalue problem. We solved for the principle eigenvalue, A, and the principle
eigenfunction, ¢¢ for N holes of differing radius, using the method of matched
asymptotic expansions. These results are given by (4.88) and (4.89). We then
simplified the expressions for A\g and ¢q for the case of N identical holes, given by
(4.97) and (4.98). We then found the MFPT in a unit sphere with N absorbing
patches of differing radii on the boundary given by (4.104). We found a simpler
expression in the case of N identical holes, given by (4.106). In the case of
one hole in a unit sphere we were able to compare our result, (4.110), to that
derived by Singer et al. in [25], (4.111). Our result agrees asymptotically with
(4.111) and determines explicitly the O(e) term. Our result, (4.104) generalizes
the result obtained in [25]. Furthermore, the result contains more terms in the
asymptotic expansion for the MFPT, which depend on the initial position «,
the location of the patches, x;, j = 1,.., N, and the radii of the holes.

Next, we derived the MFPT directly using the method of matched asymp-
totic expansions. We found that the result for the MFPT derived directly,
(4.149), agrees exactly with (4.104)). In addition, we compared our asymptotic
result for the average MFPT for identical holes, (4.107)), with numerical results
solving (4.112)). We considered N equidistantly placed identical holes of radius
e for N = 1,2 and 4. The numerical results were computed using COMSOL [15]
by R. Straube [28]. We found good agreement with the numerical results when
using the three-term expression for the average MFPT, (4.107). The results are
tabulated in Table [4.1.

It is worth noting that in the case of N circular absorbing windows of com-
mon radius ¢, that the MFPT is minimized in the limit as ¢ — 0 at the con-
figuration {x1, xs, ..., £y} that minimizes the discrete sum Zf\; Z?’:L#i H;;.
This also maximizes the eigenvalue \g, thus minimizing the MFPT.

Recall that our expressions for the MFPT are valid in the outer region and
are not valid in the vicinity of the absorbing windows. That is, our results for
the MEPT hold when |z — ;| >> O(¢), for each absorbing window j.
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Conclusion

In this thesis we focused on the mean first passage time, which is the mean time
a Brownian particle takes to escape from a domain Q € R?, d = 2,3, whose
boundary is reflecting, 052, except for a small absorbing window, 0f2,. We let
€ = |0Q4]|. This is known as the narrow escape problem, a singular perturbation
problem. As we have discussed, the mean first passage time has applications
in many fields including electrostatics, biology, and finance to name a few. We
discussed specific applications in biology and relevant results found in [25], [5],
[23], [24]. We compared our results with the work of these authors.

As it was shown in Chapter 1, the MFPT is defined in terms of a conditional
expectation, (1.10), dependent on the initial position @, which satisfies a mixed
boundary value problem for the Poisson equation, (1.26)-(1.28)). The focus of
this thesis was to find the MFPT in various two-dimensional domains and in a
unit sphere.

In Chapter 2, we transformed the problem for the MFPT, (2.3)-(2.5)), into
an eigenvalue problem by writing the MFPT in terms of a complete set of eigen-
functions. We found that the MFPT to leading order is inversely proportional
to the principal eigenvalue in the limit that ¢ — 0. This agrees with the lit-
erature. Recall that the absorbing arc 02, is a perturbation that is small in
extent but large in magnitude in a localized region. Thus, our methodology was
to find the principal eigenvalue and eigenfunction, Ay and ¢q, using the method
of matched asymptotic expansions, a singular perturbation technique.

We found the two-term asymptotic behaviour of the principal eigenvalue and
eigenfunction, in the limit that £ — 0. We then proceeded to find the MFPT.
We determined the two-term asymptotic behaviour of the MFPT in an arbitrary
two-dimensional domain with one hole on the boundary in the limit as € — 0,
given by (2.53). The leading order term agrees with that derived by Singer et.
al in [25]. Our result provides more information since it is dependent on the
initial position, x, the location of the hole, x(, the length of the hole through d
and the shape of the domain.
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We extended our results to include N absorbing holes on the boundary. We
derived results for the principal eigenvalue and eigenfunction with N holes on
the boundary and N identical holes on the boundary. In the case of N identical
holes, we derived another result that exploited the special property of a cyclic
matrix in the matrix system (2.85). We proceeded to derive results for the
MFPT in these cases, given by (2.99), (2.101) and (2.103). We found in the
case of N identical holes that the leading order term was proportional to %,
which agrees with a result found by Holcman and Schuss in [5].

With these results in hand, we proceeded to investigate the MFPT in specific
geometries, namely the unit disk and unit square in Chapter 3. We compared
our results for a unit disk with one hole on the boundary with those derived by
Singer et al. in [23]. We found good agreement with their results. Furthermore,
we investigated the behaviour of the MFPT as the initial position moves towards
the hole on the boundary. We found that the MFPT decreases in this case. We
also investigated two holes on the boundary, and found that the MFPT reaches a
minimum when the holes are furthest apart. These results are shown in Figures
3.1 and 3.2. With N symmetrically located holes on the boundary of the unit
disk, we found a special result. In the limit as N — oo, v(x) — ﬁ when x is
placed at the centre of the disk, with log% >> N.

We derived the Green’s function for a unit square. We used this result to
find the MFPT. In the case where the initial position moves towards the hole,
the MFPT decreases. When the initial position is fixed and the hole moves
along one side of the unit square, we find that the MFPT is a minimum where
the distance between the hole and the initial position is a minimum. These
results are depicted in Figures 3.4/ and 3.5, We then considered two holes on
the boundary, one fixed, and one moved. The results are illustrated in Figure
3.6l and 3.7. We found that the MFPT is not a minimum where the distance
between the initial position and the moving arc is a minimum along sides 1
and 2. This is a result of the interaction with the second arc which is fixed
at the midpoint of side 1. However, along side 3, the MFPT is a minimum
when the two holes are furthest apart, and the distance from the moving arc
and the initial position is a minimum. This is a consequence of the symmetry
of the configuration with the moving exit window along side 3. Notice that
our expression for the MFPT is not uniformly valid at the corners of the unit
square, since the boundary is non-smooth at these points. By considering the
expression for the Green’s function at the corner, we see that the singularity

at the corner is twice as large as a singularity along the smooth portion of the
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boundary. We derived an expression for the MFPT that is valid at the corner
xo = (0,0) given by (3.55).

As we have seen from the general expressions for v(x), the Neumann Green’s
function plays an important role. To investigate different geometries, we must
find the Neumann Green’s function. We proposed a numerical technique, the
boundary element method, to find the Neumann Green’s function. We showed
that the method gave accurate results in the case of the unit circle. We then
attempted to use the method to find the Green’s function in an ellipse. We
found that R(x,x) = 0.1291 for all € Q and zy € 9. Thus, we concluded
that R was a constant. This implies that R(xo, o) = 0.1291. We plotted the
behaviour of the Green’s function for x at the origin and &y moving along the
boundary in Figure 3.8, We attempted to find R(x, o) numerically. However,
the numerical method did not converge in this case. We require many more
mesh points to attain the desired accuracy. At the present time, we do not
have the computational ability to reach the desired accuracy of four decimal
places. We propose using an integration technique that converges quicker, or
Richardson’s extrapolation to attain a more accurate answer.

In the case of perturbed circular domains, we used an analytical approach,
derived by T. Kolokolnikov [7], to find the Green’s function. The result, given
by (3.141), is unique up to a constant. To find the constant, we must impose
the integral condition fQ G(x,xo)dx = 0. This analytic approach allows for
a comparison with the numerical approach. We considered an example of a
particular domain with o given by (3.142), which is depicted in Figure 3.11/ (a).
We found that the regular part of the Green’s function, p, (3.145)), has a local

maximum where the curvature, , (3.143), has a local minimum at § = « for a
1 4
6715
in Figure 3.11 (b) for a = 0.2 and ¢ = 0.1. We then used our numerical method

particular parameter regime, a € ( ). We plotted the the curvature and p
to plot Ry (o, o) versus 6y in Figure 3.12, for the shape given by (3.142),
for N = 600 and N = 2400 mesh points along the boundary. By comparing
these curves we see that the numerical method is converging extremely slowly
since the two curves are similar. The numerical results qualitatively agree with
the analytical result in that R,,(xo, o) has a maximum at § = 7. However,
the scaling is incorrect in comparison to the analytical result. To obtain a
more accurate numerical result, or at least one that converges faster, we must
calculate the integral (3.78) more accurately instead of using the midpoint rule.

In three-dimensions, the statement of the narrow escape problem is no dif-

ferent from the statement in two dimensions. Thus, the MFPT must satisfy
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(1.26)-(1.28). As in two-dimensions, we transform the problem into an eigen-
value problem, for the principal eigenvalue and eigenfunction. To proceed by the
method of matched asymptotic expansions, we solved for the Green’s function
first. This is different to the approach in two dimensions. In three-dimensions,
one must find the Green’s function first, before finding the MFPT. We found
the Neumann Green’s function for a sphere of radius R. We found the principal
eigenvalue and eigenfunction in a unit sphere with N holes on the boundary
given by (4.88)) and (4.89). We derived simplified results in the case of N iden-
tical holes. We found the MFPT for N absorbing patches of differing radii
on the boundary, (4.104). We simplified this result for the case of N identical
patches. The result is given by (4.106). For one hole on the boundary of radius
a the MFPT is given by (4.108). In the case of one hole with radius @ = 1 in
a unit sphere we were able to compare our result, (4.110), to that derived by
Singer et al. in [25], (4.111). Our result agrees asymptotically with (4.111)) and
determines explicitly the O(e) term. Our result, (4.104), generalizes the result
obtained in [25]. Furthermore, the result contains more terms in the asymptotic
expansion for the MFPT, which depend on the initial position @, the location
of the patches, x;, j = 1,.., N, and the radii of the holes.

Next, we derived the MFPT directly using the method of matched asymp-
totic expansions. We found that the result for the MFPT derived directly,
(4.149), agrees exactly with (4.104). We also compared our asymptotic result
for the average MFPT for NV identical holes of radius € on the boundary, (4.107),
with numerical results solving (4.112)). These numerical results were computed
for N = 1,2 and 4 identical holes placed equidistantly on the surface of the
sphere using COMSOL [15] by R. Straube [28]. We found good agreement with
the numerical results when comparing them to the three-term asymptotic result
(4.107). The results are tabulated in Table 4.1l

It is worth noting that in the case of N circular absorbing windows of com-
mon radius €, that the MFPT is minimized in the limit as ¢ — 0 at the con-
figuration {x1, 2, ..., £y} that minimizes the discrete sum Zivzl E;VZLJ# H;;.
This also maximizes the eigenvalue \g, thus minimizing the MFPT.

We note that our expressions for the MFPT are valid in the outer region
and are not valid in the vicinity of the absorbing windows. That is, our results
for the MFPT hold when |z — ;| >> O(¢), for each absorbing window j.

We would like to extend the framework introduced in Chapter 4 to include
an arbitrary three-dimensional domain. It is an open problem to find the MFPT

and the Green’s function in an arbitrary three-dimensional domain.
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We would like to improve the convergence of the boundary element method
introduced in Chapter 3 when finding R(xo,xo). As mentioned, we could cal-
culate the integrals more accurately using gaussian quadrature. Alternatively,
we could find the error term for the technique and attempt Richardson extrapo-
lation to find more accurate answers for R(xg, o). Lastly, we could change the
elements for the method by using line segments instead of circular arcs. With
improved convergence, we could use the technique to find the Neumann Green’s
function for domains with smooth boundaries more accurately.

Finally, the related problem for the Dwell time would be an extension of the

work presented in this thesis.
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Appendix A

Derivation of d

We want to solve for v.(y), where v, satisfies

Ayvc = 0, Yy ¢ aQOa
ve = 0, RS aQOa
ve — logly] as ly| — 0. (A1)

The problem for v.(y), (2.28), has a unique solution and the behaviour at oo is
18] oy
ve(y) ~ log |y| — logd + W (A.2)

where d, the logarithmic capacitance and p = (p1,p2), the dipole vector, are
determined from the length of the hole, 0€2,. In our case, where the length of
the hole is [0Q,| = 2¢, d = 3. This is obtained by a special solution in terms of
elliptic cylindrical coordinates. We present a derivation here.

In elliptic cylindrical polar coordinates y = (x,y) transforms as
x = Rcosh&cos A, y = Rsinh {sin A, (A.3)

with 0 < A < 27. Furthermore we find for a function f(z,y) that fzz + fyy =
fee + fan = 0.
Under these coordinates we have that
2 2

z Yy
R2cosh®’¢  RZsinh?¢ (A4

Thus, curves of constant & form ellipses. We choose

Rcosh &y = a, Rsin&y = b. (A.5)
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Therefore,

1 1+b/a
_ (.2 _ 32y1/2 _ 1
R=(a®—b%)"", &o 5 log (1 — b/a) for a>b. (A.6)

We have mapped the ellipse onto an infinite sheet in the A — ¢ plane. To solve

the problem (A.1) we must solve

fee + fan 0, &§>&, 0<A<2m,
f =0 on =&,
f log || as £ — oo, (A7)

2

where r = /22 + y? and f is 27 periodic in A. The solution is f = C(§ — &),
where C is a constant.
As & — oo the coordinates (A.3)) become

Re® Re®
x = Te cos A, y= Te sin A. (A.8)

In this limit r = Rg’s and therefore £ = logr + log %. We find the behaviour of

f as £ — oo by substituting for £ in this limit and &, and R from (A.6). We

find that
f = C(logr+1og2 110g<1+b/a>>,

R 2 1-b/a
b
= C’<10g7’—1og<a;r )> (A.9)
Thus, to obtain f ~ logr at co, C' = 1. By setting d = “T“’ we obtain the

behaviour (A.2) at co. In our case b = 0, thus for an arc of length 2a, d = 5. In
general, for an arc of length [, d = i. The solution for v, is given by C(§ — &),
where one must map back to Cartesian coordinates. The far-field behavior of

v, is given by (A.2).
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Far-Field Behaviour of ¢

We consider

Year + Vesysy T Yesps, = 0, A >0, —oc0 < 51,52 < 00, (Bl)
oAy = 0, A=0, 52 452> a?, (B.2)
e = 1, A =0, 52 452 < a?. (B.3)

The exact solution from [6] is

2 [ si
e = ;/ LZ“e—#A/% Jo (W) dy, (B.4)
0

aj
/2 Now, we want to derive the asymptotics of this solution

where o = (5% + s3)
as ly| = (A2 + 52 + 52

We introduce r = % Then
J

— OQ.

o= 24 / S0 (457/9) —ar g, (), (B.5)
o Jo a;r/o

where v = A/o. We would like to determine the asymptotic behavoiur as

o — 00, but with ~ fixed. Asa:—>0weknowthat%Nl—%—z—i—--m Thus,

o 2 (G (B.6)
c o 0 60’2 1 ) .
where
o
I, = / e " Jo(r)dr, (B.7)
0
I, = / r2e= 1" Jo(r)dr. (B.8)
0
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Appendix B. Far-Field Behaviour of 1,

It follows that I is the Laplace transform of Jy(r). Hence

1

I+

I(] =

Also I = j*,:zfo(’y)-

We find that ,
¥ 2& & _ Y 1
¢ T |o 603 ’
where
Lo 1
o JAZ+o2
Lo 1 L
o3 _(A2+02)3/2 (A2 + 02)7/%

Defining |y| = (A? + s} + 33)1/2 we find that

2; (1 a2 [ 1 A2
7/1cwﬂ = 73—375 as ly| — oo.
™ \lyl 6 \|y* |yl

This is the asymptotic behaviour at co uniform in A, s; and ss.

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)
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Appendix C

Matlab Code

Here we give the code for the boundary element method for an ellipse.

We

first give the code for finding R(x, () and then the code for finding R(xq, o).

Lastly we give the code for finding the integral of R(x,x) over .

clear all;
N=640; dth = 2*pi/N; th = 0:dth:2*pi;

zeros(N,1); Yarclength vector

]
1]

m = 5000; %number of steps in the trapezoidal rule for

the arclength

a=2; b=1; sum2 = 0; area = pixa*b; for j = 1:N
lowerth = th(j);

th(j+1);

ht = (upperth-lowerth)/m;

upperth

sum2 = O;
for k = O:m
thk = lowerth + kxht;
if k ==
sum2 = ht/2*sqrt((a”6*b~2*(sin(thk)) "2+a"2*b"
6% (cos(thk))"2)/((a"2*(sin(thk)) "2 +
b~ 2*x(cos(thk))"2)"3)) + sum2;
elseif k == m
sum2 = ht/2*sqrt((a”6*b~2*(sin(thk)) "2+a"2*b"
6% (cos(thk))~2)/((a~2*(sin(thk)) "2 +
b~ 2*x(cos(thk))"2)"3)) + sum?2;
else
sum?2 = ht*sqrt((a"6xb~2*(sin(thk)) "2+a~2%b~ 6%
(cos(thk))~2)/((a~2*(sin(thk)) "2 +
b~ 2*x(cos(thk))"2)"3)) + sum2;
end;

end;
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s(j) = sum2;

end;
% s is the vector of lengths of each segment
% Setting up the midpoints
for j = 1:N

nth(j) = (0.5%(th(j)+th(j+1))); %midpoints

end; r = (axb)./(a"2.*sin(nth).”2 + b~2.*cos(nth)."2).7(1/2); xm
=r.xcos(nth); ym = r.*sin(ath);
plot(xm,ym,’*r’); Y%plot of meshpoints
x=1; y =0.5;

c -axb*(a"2-b"2); d = a“2.*sin(nth).”2 + b~2.*cos(nth)."2;

rdr = c*sin(ath).*cos(nth).*(a"2.*sin(nth) . 2+b"2.*cos(nth)."2).
~(-3/2); %first derivative

rddr = c.*((cos(nth). 2-sin(nth)."2).*(d.~(-3/2))-3*(a"2-b"2) .*
(sin(nth) . 2) .*(cos(nth)."2).*d.~(-5/2)); %second derivative

k = (r. 2+2*rdr. 2-r.*rddr)./((r."2+ rdr.~2).~(3/2)); ‘%curvature
nx = (1./sqrt(rdr. 2+r."2)) .*x(xm+rdr.*sin(nth)); ny =
(1./sqrt(rdr. 2+r."2)) .*(ym-rdr.*cos(nth)) ;

f = inline(’sqrt((x1-x2) "2+(yl-y2)"2)’);
for j = 1:N

bb(j)

for i

0;
1:N

if i == j
A(i,j) = 1-(s(i)*k(i))/(4*pi);
bb(j) = s(i)/(4*xpixarea)*log(f (x,xm(i),y,ym(i)))
*(xm (1) *nx (i) +ym (i) *ny (1)) +bb(j);
else
A(i,j) = -s(i)/(2%pi*f Gxm (i) ,xm(j),ym(i),ym(j))"2)*
(nx (1) *(xm (i) -xm () +ny (L) * (ym (i) -ym()));
bb(j) = s(i)/(4xpixarea)*log(f (x,xm(i),y,ym(i)))
* (xm (i) *nx (1) +ym (i) *ny (1)) +bb(j);
end;
end;
end; R = A’\bb’;
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Now we give the code for the calculation of R(xo, xo).

clear all; clf
N=2400; dth = 2*pi/N; th = 0:dth:2*pi; s = zeros(N,1); m = 5000;
a=2; b=1; area = pi*a*b; sum2 = 0; delta = 0; for j = 1:N
lowerth = th(j);
upperth = th(j+1);
ht = (upperth-lowerth)/m;

sum2 = 0;

for k = O:m
thk = lowerth + kxht;
if k ==

sum2 = ht/2*sqrt((a~6*b~2*(sin(thk)) "2+a"2x%
b 6 (cos(thk))~2)/((a"2*(sin(thk)) "2 +
b~2*(cos(thk))"2)"3)) + sum2;
elseif k == m
sum2 = ht/2*sqrt((a~6*b~2x(sin(thk)) "2+a"2x%
b~6*(cos(thk))"2)/((a"2*(sin(thk)) "2 +
b~2*(cos(thk))"2)"3)) + sum2;
else
sum2 = htxsqrt((a"6*b~2*(sin(thk)) ~2+a”~2*
b~6*x(cos(thk)) ~2)/((a"2x(sin(thk)) "2 +
b~2*(cos(thk))"2)"3)) + sum2;
end;
end;
s(j) = sum2;
end;

% s is the vector of lengths of each segment

for j = 1:N

nth(j) = (0.5%(th(j)+th(j+1))); %midpoints
end; r = (axb)./(a"2.*sin(nth)."2 + b"2.*cos(nth)."2).7(1/2); xm
=r.*cos(nth); ym = r.*sin(nth); plot(xm,ym,’.’); c =
—axb*x(a"2-b"2); d = a~2.*sin(nth).”2 + b~2.*cos(nth)."2; rdr =
cxsin(nth) .*cos(nth) .*(a"2.*sin(nth) ."2+b~2.*cos(nth) ."2) . (-3/2);
rddr = c.*((cos(nth). 2-sin(nth)."2).*d.~(-3/2)-3*%(a"2-b"2).
*(sin(nth) .~2) .*(cos(nth) ."2).*d.~(-5/2));
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k = (r. 2+2*rdr. " 2-r.*rddr)./((r."2+ rdr."2)."(3/2)); %curvature
nx = (1./sqrt(rdr."2+r."2)).*(xm+rdr.*sin(nth)); ny =
(1./sqrt(rdr. 2+r."2)) .*(ym-rdr.*cos(nth));

f = inline(’sqrt((x1-x2)"2+(y1-y2)~2)’); Ns = N; for ks = 1:Ns

x = xm(ks);
y = ym(ks);
for j = 1:N
bb(j) = 0;
for i = 1:N
if i == j
A(G,1) = 1-(s(i)*k(i))/(4*pi);
if (x == xm(i))& (y == ym(i))
c =0;
m = (k(i)*s(i)-delta)/2;
bb(j) = 1/(8*pixareaxk(i) ~2)*(s(i)*k(i)*log(2/k(i)"2
Y+2x (s (1) *k(i))*Llog(s(i)*k(i)/2) - s(i)*k(i)*log(2)
-2%s (1) *k (1) +m* (Llog (2% (1-cos(c+m/sqrt (3)))/
((c+m/sqrt (3))"2))+log(2* (1-cos (c-m/sqrt (3)))/
((c-m/sqrt(3))°2)))) + bb(j);
else
%THIS INTEGRAL IS CALCULATED IN THE GLOBAL COORD
%SYSTEM WITH THE MIDPOINT RULE
bb(j) = s(i)/(4xpixarea)*0.5*log((x-xm(i)) "2+
(y=ym(i)) ~2) * (xm (i) *nx (i) +ym (i) *ny (i) ) +bb(j) ;
end;
else

%EXPRESSION USING GLOBAL COORDINATE SYSTEM AND MIDPOINT
%RULE
A(j,1) = -s(1)/(2*pi*((xm(i)-xm(j)) "2+ (ym(i)-ym(j))"2)
Yx(nx (1) * (xm (1) -xm(§) ) +ny (1) *(ym (1) -ym(3)));
if (x == xm(i))& (y == ym(i))
c=0;
m = (k(i)*s(i)-delta)/2;

bb(j) = 1/(8*pixareaxk(i) 2)*(s(i)*k(i)*log(2/k(i)"2
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end;

end;

)+2% (s (1) *k (1)) *log (s (1) *¥k(i)/2) - s(i)*k(i)*1log(2)
-2%s (1) *k (1) +m* (Log (2% (1-cos(c+m/sqrt (3)))/
((c+m/sqrt(3))"2))+log(2*(1-cos(c-m/sqrt(3)))/
((c-m/sqrt(3))°2)))) + bb(j);

else

%#THIS INTEGRAL IS CALCULATED IN THE GLOBAL COORD
%SYSTEM WITH THE MIDPOINT RULE

bb(j) = s(i)/(4xpixarea)*0.5+%log((x-xm(i)) "2
+(y-ym (1)) "2) * (xm (1) *nx (1) +ym (i) *ny (1)) +bb(j) ;

end;

end; R = A\bb’; finalR(1,ks) = R(1,1);
%finalR(:,ks) = R;

end; %ks

min = 1; max =

0; for k = 1:N

if finalR(1,k) < min

min

end;

finalR(1,k);

if finalR(1,k) > max

max
end;

end;

finalR(1,k);

Finally, we give the code for calculating [, R(zo, zo)dx using the midpoint

rule.

clear all;

%changed to use the midpoint rule

N=80; %x_0’s, the integral should be independent of this

m=5000; %integration steps in theta for finding the arclength
dth = 2%pi/N; th = 0:dth:2%pi; s = zeros(N,1); a = 2; b = 1; sum2

= 0; area =

for j = 1:N
lowerth
upperth

pi*axb;

th(j);
th(j+1);

ht = (upperth-lowerth)/m;
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sum?2 = 0;

for k = O:m
thk = lowerth + kxht;
if k ==

sum2 = ht/2*sqrt((a~6*b~2*(sin(thk)) "2+a"2x%
b 6% (cos(thk)) ~2)/((a"2*(sin(thk)) "2 +
b~ 2% (cos(thk))"2)"3)) + sum2;
elseif k == m
sum2 = ht/2*sqrt((a~6*b~2*(sin(thk)) "2+a"2x*
b 6 (cos(thk)) ~2)/((a"2*(sin(thk)) "2 +
b~2*(cos(thk))"2)"3)) + sum2;
else
sum2 = htxsqrt((a”6*b~2*(sin(thk)) ~2+a”~2*
b~6#*(cos(thk))"2)/((a"2*(sin(thk)) "2 +
b~2*(cos(thk))"2)"3)) + sum2;
end;
end;
s(j) = sum2;
end;

% s is the vector of lengths of each segment

for j = 1:N

nth(j) = (0.5%(th(j)+th(j+1))); %midpoints/singular points
end; r = (axb)./(a"2.*sin(nth)."2 + b~2.*cos(nth)."2).7(1/2); xm
=r.*cos(nth); ym = r.*sin(nth); plot(xm,ym,’*’); hold on; c =
—axb*x(a"2-b"2); d = a~2.*sin(nth).”2 + b"2.*cos(nth)."2; rdr =
cxsin(nth) .*cos(nth) .*(a~2.*sin(nth) . "2+b~2.*cos(nth) ."~2) .7 (-3/2);
rddr = c.*((cos(nth). 2-sin(nth)."2).*d.~(-3/2)-3*%(a"2-b"2).
*(sin(nth) ."2) .*(cos(nth) ."2).*d.~(-5/2));
kr = (r. 2+42%rdr. 2-r.*rddr)./((r."2+ rdr."2).~(3/2)); %curvature
nx = (1./sqrt(rdr."2+r."2)) .*(xm+rdr.*sin(nth)); ny =
(1./sqrt(rdr. 2+r.~2)) .*(ym-rdr.*cos(nth));
%this sets up the integration variables over x
n = 100; ht = (2*pi)/n; k = 1:1:n; tk = k.*ht; uppert =
(a*b)./((a"2.*(sin(tk))."2 + b~2.*(cos(tk))."2).7(1/2));
hr =(uppert); f = inline(’sqrt((x1-x2) " 2+(yl-y2)~2)’);

%we have separated everything out into integrals
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for k = 1:n
thk = tk(k);
h = hr(k); % this is the length of the interval, b-a
x = 0.5%h*cos(thk);
y = 0.5%h*sin(thk);
plot(x,y,’.r’);

hold on;
for j = 1:N
bb(j) = 0;
for i = 1:N
if 1 == j

A(i,3) = 1-(s(D)*kr(i))/(4*pi);
bb(j) = s(i)/(4*xpixarea)*log(f (x,xm(i),y,ym(i)))
*(xm (1) *nx (1) +ym (i) *ny (i) )+bb(j);

else
A(i,j) = -s(i)/(2%pi*f (xm(i) ,xm(j),ym(i),ym(j))"2)
*(nx (1) * (xm (1) -xm(§) ) +ny (1) * (ym (1) -ym(3)));
bb(j) = s(i)/(4xpi*area)*log(f(x,xm(i),y,ym(i)))
* (xm (i) *nx (1) +ym (i) *ny (1)) +bb(j);

end;

end;
end;
R(:,k) = A’\bb’;

end;

for ks = 1:N %this is the loop over the x0,y0’s
Jnumerical integration

sum3 = 0; sumt = 0; sumw = O;

for k = 1:n %(t index)

h = hr(k);

thk = tk(k);

sumt = sumt + 0.5%ht*0.5*%h"2%1og((0.5%h*cos (thk)-xm(ks)) 2
+(0.5*h*sin(thk)-ym(ks))~2);

sum2 = 0.5%h"2*R(ks,k); %r index, midpoint rule

sum3 = sum3 + ht*sum2;
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sumw = sumw + O.5%ht*h"2%(h~2/4+xm(ks) "2+ym(ks)"2);
end;
sumfinal (ks) = sum3;
sum2final (ks) = sumt;
sum3final (ks) = sumw;

end; %for ks

139



