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Chapter 0

Introduction

0.1 Overview

Here is an executive summary of the module:

This module involves the study of advanced mathematical techniques in complex analysis, theory
of differential equations, asymptotic methods, and computation. The aim of this study is twofold:
to learn some interesting and useful mathematics, but also to connect the disparate modules

you have hitherto studied so you can obtain a broad survey of Applied and Computational

Mathematics.

The following is a more detailed list of the topics to be studied in the present semester (January

2016). It differs slightly from the module descriptor.
Part |
1. Review of Complex Analysis (1 weeks).
2. Laplace's equation and the maximum principle (1 weeks).
3. Green's functions for Laplace's equation on finite domains (1 week).
4. Conformal mapping theory (1 week).
5. Laplace transforms (1 week).
6. The steepest-descent method (2 weeks).

7. Writing the solution of an ODE as a contour integral, and the evaluation of the same in

asymptotic limits where the steepest-descent method can be used (1 week).

1



2 Chapter 0. Introduction

8. The WKB approximation in the far field and near turning points, applications of WKB theory

in Quantum Mechanics and Fluid Mechanics (1 week)

Part Il

Introduction to Fortran programming and multithreading, with applications in Scientific Computing

relating to Part | (3 weeks).

0.2 Learning and Assessment

Learning

e For Part |, teaching will be by way of fairly fast-paced lectures, and there will be only two
such lectures per week during part | of the module (notice that this is different from previous

years).

e Teaching in Part Il will be by way of lab sessions, details of which and notes for which will be

provided later, after the midterm break.

e As this is an advanced undergraduate module, heavy emphasis is placed on independent
study. Only a small amount of the material in the lecture notes will be covered in class. Your
independent study will be guided by reading this material, supplementary material from the

recommended textbooks, and by a weekly problem sheet.
Assessment

e One final exam, counting for 60%.

e Weekly homework assignments in Part |, counting for 20%, the details of which are given

below.

e Computational assignments in Part Il, counting for 20%.

Concerning the homework assignments in Part |, there will be nine such assignments, given out
weekly during Part | of the module. Complete each problem sheet and submit your answers in the
following week. The corrected homeworks will be returned to you promptly. Model answers for the
assignments will also be provided promptly. You will be able to reflect on your performance as the

module progresses by comparing your work with model answers to be provided on a weekly basis.
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Lecturers
| will teach both parts of the module.

Textbooks

For Part | of this module, lecture notes that are more-or-less self-contained will be put on the web.

The lecture notes will be based in part on the following books:

e Mathematical Methods for Physicists, G. B. Arfken, H. J. Weber, and F. Harris (Wiley, Fifth
Edition).

e Advanced Mathematical Methods for Scientists and Engineers — Asymptotic Methods and
Perturbation Theory, Carl M. Bender and S. A. Orzag (Springer edition, 1999).

e Partial Differential Equations of Mathematical Physics and Integral Equations, R. B. Guenther
and J. W. Lee (Dover edition, 1996).



Chapter 1

Review of Complex Analysis

“It is too soon to say.”

Quote by Zhou Enlai, first Premier of the People's Republic of China. The quote is often, though
disputedly, thought to refer to the significance of the French Revolution of 1789, although it has
been argued that he was actually referring to the French protests of 1968. In any case, what are

the consequences of Cauchy's theorems of complex analysis? Again, it is too soon to say.

Overview

We review the basic concepts and results in the theory functions of a single complex variable. The
chapter starts with basic definitions and takes the reader up to the Residue Theorem. Homework
examples will involve evaluation of seemingly difficult integrals via the Calculus of Residues. This is
an important aspect of Complex Analysis in Applied Mathematics and Mathematical Physics, and
it is given its proper place in this module. However, a principal aim of this module is to show the
reader that the usefulness of complex-variable theory extends to an unimaginably broad vista beyond
this single application. You will begin to comprehend this fact in later chapters. Finally, there will be
a brief discussion about non-isolated singularities, leading to branch cuts and the beautiful Riemann

surfaces.
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1.1 Basic notions — Review

Our review of complex analysis starts with our recalling some familiar definitions. We let D be an

open subset of C, and we study complex-valued functions of the single complex variable z = x +iy:

f:D — C,
z = f(z). (1.1)

The complex-valued function f(z) can itself be split into its real and imaginary parts:
f(z) = u(z,y) +iv(z,y).

Examples of such functions, with D = C include the polynomials, the complex exponential e?,
and the usual trigonometric functions derived from the complex exponential. The function f(z) in
Equation (1.1) is said to be differentiable at the point z if the limit

lim f(z0+92) — f(z0)

520 0z (1.2)

exists and is independent of the particular approach to the point z;. The limit in Equation (1.2)
— if it exists — is denoted by f’(zg), and is called the derivative of the function f(z) at the point
2p. The function f(z) in Equation (1.1) is called analytic in the domain D if the derivative f'(z)

exists for all points z € D.

If the function f(z) is analytic in D, then the independence-of-approach in the definition (1.2)

implies that f(z) should satisfy the famous Cauchy—Riemann conditions:

Gu_av Gu_ ov

A partial converse exists: if u(x,y) and v(x,y) are C! functions of (z,y) € D, such that v and v
satisfy the Cauchy—Riemann functions, then the complex-valued function f(z) = u(x,y) + iv(x,y)

is analytic in D.

The Cauchy—Riemann conditions will prove to be incomparably useful in this module and in the wider
mathematical world. For now, by way of example, consider the complex-valued function f(z) = Z.

Applying the Cauchy—Riemann conditions, one obtains

ou v

oA =1

ox 7 dy

Thus, f(z) = Z is an example of a function that is everywhere continuous but nowhere (complex)

differentiable. Indeed, any complex-valued function involving Z will fail to be analytic.
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1.2 Integral theorems

Throughout this section, a closed, non-intersecting piecewise smooth path is called a contour. In
the context of closed curves, a brief discussion of the notion of simply-connectedness is warranted.
Loosely, a set is simply connected if it ‘contains no holes’. More precise is the following: a set D is

simply connected if, for any two contours Cy : [0,1] — D, Cy : [0,1] — D based at &y € D, i.e.

Ly (O) =Ty (O) = Lo,

there exists a continuous map
H :1[0,1] x [0,1] — D,

such that

H(t,0) = x¢,(t), 0<t<I,
H<t71> = wCH(t)J 0<t<l1,
H(0,s) = H(l,s) =, 0<s<0.

Such a map is called a homotopy and Cj and C] are called homotopy equivalent. One can think
of this map as a ‘continuous deformation of one loop into another’. Because a point is, trivially, a

loop, in a simply-connected set, a loop can be continuously deformed into a point.

In this context, we consider

f:D — C,
z = f(2), (1.4)

where D is open and simply-connected. This enables us to formulate the statement of Cauchy's

theorem, the cornerstone of complex analysis:

Theorem 1.1 Let f(z) be analytic on the domain D given in Equation (1.4). Then, for any contour

ji f(2)dz = 0.

C' contained entirely in D,

Next up is Cauchy's integral formula:

Theorem 1.2 Let f(z) be analytic on the domain D given in Equation (1.4), and let C' be a
contour contained entirely in D. Let I(C') denote the open region whose boundary is the contour

C'. Then, for any a € I(c),

fla) = R iC) dz.

21 Joz —a
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1.3 Power series

A power series centred at a is a function of the form
f(z)= Zan(z—a)”, (1.5)
n=0

where the a,,'s are complex numbers. A power series of the form (1.5) satisfies precisely one of the

following three possibilities:

1. It converges for all z € C;
2. It converges only for z = a (all power series converge at their centre!);

3. There is R > 0 such that the power series converges (absolutely) whenver |z — a| < R and

diverges whenever |z — a| > R.

If possibility 3 occurs, the power series converges inside the disc |z — a| < R, and R is called the
radius of convergence. The behaviour on the boundary of the disc can be ambiguous, and should
be examined on a case-by-case basis. There are several standard ways of computing the radius of

convergence, such as the following:

1. If |aps1/a,| — € as n — oo, then R = 1/¢. Note: if £ =0, then R = oc.

2. If |a,|'/™ — £ as n — oo then again, R =1/, and if { = 0, then R = cc.

By the usual criteria for term-by-term differentiation, all complex power series can be differentiated
term-by-term inside their radius of convergence. Hence, all complex power series are complex-

differentiable (analytic) inside their radius of convergence.

The converse is also true: all analytic functions can be represented by a power series, at least on

some open disc. This is the complex version of Taylor's theorem:

Theorem 1.3 Let f(z) be analytic on the open disc of centre a and radius R, denoted by D(a, R).
Then, for all z € D(a, R),

f(z) = an(z—a)",

where
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where C'(a,r) is the circle of centre a and radius r, and 0 < r < R. Recall, the complex version
of Taylor's theorem is by no means a trivial extension of its simpler real cousin. Combined with the
facts about term-by-term differentiation of complex-valued power series, it provides necessary and
sufficient conditions for a power series to converge to its generating function: it is necessary and
sufficient for the generating function to be (complex) differentiable. This contrasts greatly to the
real case, where convergence of a Taylor series to its generating function is not guaranteed even if
the generating function is differentiable. The function f(z) = e~'/*" for 2 # 0 and f(0) = 0 is the
celebrated pathological example from real analysis. No such pathology exists in the complex plane:

if a function is differentiable, it will have a power series, and conversely.

Indeed, sometimes, the term holomorphic is used to describe complex-differentiable functions, while
the term analytic is used to describe functions that admit a power-series represenation. Taylor's

theorem means that these two notions are interchangeable.

1.4 Isolated singularities

Consider the following punctured disc of centre a and radius 7, but with the centre removed:
D={ze€Cl0<|z—a| <r}. (1.6)

For definiteness, the following discussion focuses on the case with a = 0, but this is without loss
of generality. Let f(z) be a complex-valued function defined on the domain D. If f(z) is analytic
in D, but not differentiable at z = 0, then the point z = 0 is called an isolated singularity of
f. lsolated singularities are classified by their leading-order behaviour as the limit lim, o f(2) is

approached. Specifically, we write

f(z) = fi(2) + fa(2),

where | f1(2)] > | f2(2)| as z — 0. Now, the singularities are classified as follows:

1. A removable or cosmetic singularity, whereby the Taylor-series representation of f(z) exhibits

no singular behaviour, e.g. f(z) = sin(z)/z.
Equivalently, we have f(z) = fi(2)+ fa(2), with | fi(2)| > |f2(2)] as 2 — 0, and f1(z) = c2™,

where ¢ is a complex constant and n > 0 is a non-negative integer

2. A pole, whereby
f(z) = fi(2) + fa(2),
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with | f1(z)] > |fa(2)| as z — 0, and

where ¢ is a complex constant and n is a positive integer called the order of the pole. A pole

of order one is called simple.

3. An essential singularity — all other isolated singularities. More precisely, a function f(z) has

an essential singularity at z = a if its Laurent expansion there is of the form

oo

fz)= ) an(z—a)",

n=—oo

with infinitely many of the coefficients {a_1,a_s,- - -} nonzero.

For the case of simple poles, the function f(z) on the punctured disc D admits a Laurent expansion,

in the following sense:

Theorem 1.4 Let f(z) be analytic on the punctured disc D given by Equation (1.6), with disc
centre at zero. Further, let f(z) have a pole at z = 0, of order n. Then f(z) admits the following

series expansion, valid for all z € D:

f(z) = Z %

p=-n

where

LS,

P — : 1 ’
2mi Jo,)

where C(0, p) is a circle of centre zero and radius p, with 0 < p <.

The particular coefficient a_; will be very important in what follows. It is called the residue.

Denoting the location of the generic pole by z = a, we have

a_1 = Res(f,a).
Consider
=G O 4 _
f(z)_(z—a)”+ +<z_a)2+2_a+ag+a1(z a) +

The contour integral of f(z) around a contour C' enclosing the point a and contained entirely in the

domain D is taken (term-by-term integration is legitimate for convergent power series). Additionally,
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C'is given an anticlockwise sense. For p # —1, we have

Zend

]éap(z —a)Pdz = C_Lfl (z — a)P™ :

p Zstart

where we have explicitly computed the complex antiderivative and evaluated the result at the start-
and endpoints of the path C'. But C' is closed, so the start- and end-points are the same, and the

integral is zero. On the other hand, for p = —1, we have

=

By Cauchy’s integral formula, the result of this integration is the same for any closed curve C

encircling the point a, so we switch to a circular contour of radius p:

y{ a_1dz _ a_lf dz ’ (17)
c(z—a) Clap) # — @

2m 0
d .
— a_l/ (Pe )’ P a+pe‘9,
0

peif
= 2mia_;.
In summary,
aA_p a_9 a_q
dz = e U T _ ool d
jif(z)z ﬁ[<2_a)n+ +<Z_a)2+z_a+ao+a1(z a) + z,
= 27Tia,1,
hence 1
%fgf(z)dz — Res(f, a). (1.8)

Aside: In Equation (1.7) it was possible to switch between an arbitrary closed contour C' enclosing
the point a and a circular contour centred at a. This is explained in Figure 1.1. Consider in Figure 1.1
the contour consisting of the segments C, L, C, and L,. Call the region bounded by this contour
D. Denote the boundary of the region D by 0D. Hence,

OD=CUL, ULyUC.

1
j{ dz =0,
oD < — a

Thus, by Cauchy's theorem (1.1),
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Figure 1.1:

since (2 — a)~! has no singularities in the region D. Hence,

1 1 1 1
/ dz+/ dz+/ dz—l—/
cZ—a L, Z—a L, 2 — @ Fz—a

Let € be the distance separating the two parallel line segments L, and L,, and take ¢ — 0. Then,

1 1
/ dz+/ dz =0,
L, Z—a [, 2 — 0

and in the same limit, C is the closed contour of interest and C is the corresponding circle of

1 1
/ dz+/
cZ—a gz—a

But these contours have opposite senses, hence

1 1
/ dz = dz.
C, Clockwise Z—a C, Clockwise Z—a

The result (1.8) extends in a fairly straightforward manner to a function f on domain D such that

dz = 0.

interest, hence
dz = 0.

f has finitely many poles in D. The extension is the celebrated Cauchy’s residue theorem:

Theorem 1.5 Let f(z) be analytic in an open set D except at finitely many isolated singularities
21, , Zm, and let C' be an anticlockwise contour contained entirely in D and surrounding the

singularities. Then,

fgf(z)dz = QWiZRes(f, 2;).

The proof is a fairly straightforward extension of the foregoing discussion.
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Finally, the following results are useful as a shortcut for obtaining residues:

Theorem 1.6 Let f(z) have a simple pole (i.e. order 1) at a. Then,

Res(f,a) = lim [(z — a) f(2)] .

z—a

Be careful! In Dr Smith's words:

[Theorem 1.6] only works if the pole is simple!! Applying it to a pole of a different order

will lead to much upset and embarrassment.
For non-simple poles, we have the following result:

Theorem 1.7 Let f(z) have a pole of order m at a, and moreover, suppose that f(z) has the
following specific form:

9(2)
(z —a)m

f(z) = +h(z)
where g(z), h(z) are analytic in some D(a,r), and where g(a) # 0. Then,

1

Res(f, ) = oo —y9™ " (@).
Example 1: Evaluate the integral
2m
dé
I = / _ 0<e<l.
o l+4e€cost

Let 2 = pe” be a complex number. We are to work on the circle |z| = 1, hence p = 1. On this

circle
dz = ie%de,
= izd#d,
hence d
40 = &£
iz

Also, on the circle, z = €',
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We have
1}{ 1 dz
I = — - ,
1 0(071) ]_ —I— 56 (Z + —) z
B 2 7{ dz
e Jopa 2+ (2/0) +1
The denominator has roots at
1 1 1 1
2o =———=V1—-¢ 2p=——+-V1—¢€.
€ € € €

Also,
2
2y —z-=—-V1—¢€

€

The root 2z, is inside the unit circle, while the root z_ is outside. The integrand is now expressed as

1
22+ (2/e)+ 1’
1

(z—2)(z—2)

1 1 1
oz —z \z—zy z—2_)°

It suffices to consider behaviour near the z -root. From the partial-fraction decomposition, it follows

f(z) =

that f(z) has a simple pole of order 1 at z = z, and in this instance, the residue can be computed

from the formula

Res(f,zy) = lim [(z —24) f(2)],

Z—Z4

Putting it all together,

~
Il

2}{ dz
i€ Jopn) 22+ (2/e) + 1
2
- s
1€ Je(o,1)

2
= = (2miRes(f, 21),
2T

V1—¢2
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-R+2 7 Ri2m

Figure 1.2: Suggested contour for [~ (14 e*)~'dz, with 0 < a < 1.

—00

Example 2: Evaluate

[:/ ¢ dr, 0<ac<l.
oo L €%

The contour is the one shown in Figure 1.2, with R — oo The vertical line-segment contributions

vanish as R — oo. E.g.

% . 27 e—aReit
{/1+ezdz} - / T+ e for
z=—R+it,te[0,2n) 0
— 0, as R — oo.
Similarly,
|:/ 4% 4 :| '/271' eaReit &
z = i ———dt,
L4e* |, _piittep2n o 1+eftet
21 _aR it
e%te
~ i/ SRt dt, as R — oo,
0

2
= i/ eltela=DEqy, 0<a<l,
0

-0 as R — oo.
Hence, calling the closed (anticlockwise) contour in Figure 1.2, we have

az R ax R ax

(& € . e
74 dz = lim [/ dx — e2’”“/ } ,
Cl+ez R—o0 _R1+ex _]%];_'_eaj

= 27Tiz (enclosed residues) ,

where in the second integral here we have used the fact that e**2™ = %,
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15

Consider therefore

e
Z) =
£ = 1o
The singularities are simple poles located at
e = —1,

hence

z =1im + 2mip, p € Z.

However, conveniently the contour C' encloses only a single simple pole corresponding to p = 0 (this

is of course more than convenience; the contour has been chosen with perfect hindsight!). But

1 +ez —— _i_eZ*iﬂ'eiﬂ"
- 1— eZ—iﬂ',
. . 2
Z — 17 Z — 17
1 ( 1 ) 1

1+e? z—1m 1+Z;!iﬂ+(z*;!“)2_|_...
: 1 . 1
hm P = = hm i (z—im)2 ’
z—ir \ 1 + e z—im 1_'_%4_7_’_

= —1.

Hence,
Res(f,ir) = —e™.
Putting the results together, we have

—2miel™ = {/ e dx} (1 — e%ia) )
oo L €%

-~

=1

or
—2mi =1 (1—¢e*m).

Algebraic manipulations give the final answer:
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Figure 1.3: Plot of cos(6/2) (continuous blue line) and sin(f/2) (dotted red line) showing the jump
discontinuity / cusp at 0 = 2.

1.5 Branch cuts — non-isolated singularities

Consider the classic example
f(z) =22 (1.9)

We restrict first of all to the unit circle |z| = 1 and we plot f(z) on this restricted set. Thus, it
suffices to plot €%/2 = cos(A/2) + isin(f/2). This is done in Figure 1.3. Consider for example
the real part. Starting at § = 0, we have Re(f) = cos(0/2) = cos(0) = 1. Moving around the
circle through 6 = 27, we have Re(f) = cos(27/2) = cos(m) = —1. This manifests itself as a
jump discontinuity in Figure 1.3, in the interval 217 — €, 27 + ¢|. Because 27 is identified with 0
on the Argand diagram, the real part of function f(z) therefore jumps as the positive real axis is
crossed. Consider also the imaginary part. Continuing along the same lines as before, one can see
that Im(f) = sin(0/2) is continuous across the interval [2m — €, 27 + €], but that there is a cusp
at # = 27. Thus, Im(f) is not differentiable there. Again, because 27 is identified with 0 on the
Argand diagram, the function imaginary part of f(z) is not differentiable as the positive real axis
is crossed. Thus, the to make f(z) analytic, we must exclude the positive real axis. The point
x = 0,y = 0 must also be excluded (why?). This line x > 0 is referred to as a branch cut; the
square-root function is single-valued and analytic on the open set comprising C, minus the branch
cut. Of course, there is something arbitrary about taking f(z) = |z|'/2¢'%/? as we have done. One

1/2

can equally take f(z) = |z|'/2¢1/2+17 but this leads again to a branch cut along the positive real

axis. Something a bit weirder happens if we do the following. We can ‘patch together’ a square-root
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05t ]

Figure 1.4: Plot of the phases of the square-root function in Equation (1.10). Real part: blue
continuous line; Imaginary part: red dotted line. The branch cut is shifted to the negative real line
<0, ie 0=nm.

function form the positive- and negative-branch constructions just defined. Thus, let us take!

i) |2|1/2ei0/2, 0<60<m, 0 = Arg(2) (1.10)
z) = ‘ : = Arg(z2). :
—|2|1/21/2 T <6 <2m,

This is still a legitimate square-root function, because [f(z)]2 = 2. However, by inspecting the
phases in Equation (1.10), we see that the jump / cusp has been shifted to # = 7. Also, now the
real part has the cusp and the imaginary part the jump. Thus, the branch cut for f(2) is located
along the half-line x < 0. The location of the branch cut is therefore rather arbitrary. However,
while the location of the branch point is arbitrary, its necessity is ineluctable. The function f(z)
is shown plotted in a part of the full complex plane in Figure 1.5 using Matlab. Note that Matlab

selects the branch cut to be the negative half-line by default.

Finally, although | said that the presence of the branch cut was unavoidable, this is not quite true.
It is unavoidable if one wants to obtain a single-valued square-root function. However, if one is
willing to sacrifice single-valuedness, one can glue together the two independent branches of the

square-root function into a multi-valued function. A plot of this multi-valued function is then a

In Equation (1.10), | have used Arg(z) to denote the principal value of the argument of the complex number z,
such that Arg(z) is uniquely determined. | have located the branch cut of Arg(z) along the positive real axis. | know
it is conventional to locate the branch cut along the negative real axis, but the location is somewhat arbitrary and
can be shifted as a matter of convenience. There is one convention | do stick with however: | use function names
starting with a capital letter to denote principal values, and function names starting with a lower-case letter to denote
multivalued functions. E.g. Arg(z) versus arg(z), and Log(z) versus log(z). This convention is widespread | believe
but not universal. Cover your eyes and ears for this final bit: some writers swap around the capital and lowercase
letters and adopt the opposite convention for principal values versus multiple values.
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1.5 1.5 1.5
1 1
0.5 1 0.5
= 0 0
-0.5 0.5
-1
—1.3?'2 0

1/2

Figure 1.5: Real and imaginary parts of the square-root function f(z) = (z +iy)'/* with branch cut

selected accrding to Matlab’s convention.

Riemann surface that intersects itself along an infinitely long line segment. The Riemann surface
of the square-root function is shown in Figure 1.6. The line of intersection where the curve crosses
itself corresponds precisely to the branch cut. By taking apart the self-intersecting surface, one can
reassemble the two branches of the square-root function, which are now single-valued functions,
albeit with a branch cut. The taken-apart surfaces are called the Riemann sheets of the self-

intersecting surface.

Of course, another example of a multivalued function is the inverse of the exponential function e?.
You will have already encountered this in MATH 30040. Recall, one attempts to define the function

f(2) =log z to be the inverse of the exponential function:

w = logz,
= log(re'),
= logr + loge®,
= logr +1i6,
= log|z| + i6.

However, because the complex-valued exponential is not one-to-one, we have e* = e**27P with

p € Z. Thus, we could equally well take

w = logz,
— log(rei9+27rip)’

= log|z| + i0 + 2xip, p € Z.

Thus, it appears as though the log(z) is a multi-valued function. One possibility is to define a
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Figure 1.6: (Image courtesy of Wikipedia, page visited 15/01/2014). Riemann surface for the
function f(z) = z'/2. The two horizontal axes represent the real and imaginary parts of z, while
the vertical axis represents the real part of z'/2.

logarithm function restricted to 0 < 6 < 27. This is called the principal value of the logarithm

function, denoted with a capital ‘L’ as follows:
Log(z) :=log |z| 4+ iArg(z), 0 < Arg(z) < 2.

The argument function (and therefore the function Log(z)) therefore has a jump discontuity across
the line segment = > 0. Also, Log(z) is not defined for z = 0. Thus, on the domain D = C—{z >

0}, the principal value of the logarithm is an analytic function; one can show easily that

1
%Log(z) =~ z € D; (1.11)

the segment {z > 0} is therefore the branch cut chosen to make the inverse-exponential single-

valued and analytic.

As in the example of the square-root function, the branch cut can be moved around the complex
plane at will. Also, one can get rid of the branch cut altogether, but only by paying the price
of making the inverse-exponential multivalued, with countably infinitely many branches. These
can be glued together to form the Riemann surface. However, unlike in the square-root case, the
different sheets in the surface are non-intersecting. In particular, given w = v+ iv = log 2, we have
u+ iv = logr +1i(0 + 2pr), and it is possible to glue together the copies §(z,y) + 2pm such that

each copy connects to its neighbours in a continuous fashion, much as a the ramp in a multistorey
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carpark winds its way upwards. | have generated a part of the Riemann surface for Im[log(z)] using
Matlab. The results are shown in Figure 1.7 and the code is given at the end of this chapter for

reference.

arg(x+iy)

Figure 1.7: (a) Imaginary part of the principal value of the complex logarithm, in other words,
Arg(z), with branch cut along the negative real axis; (b) the same as (a), but superimposed with
multiple copies of the argument function, separated by +27, in other words, a portion of the Riemann
surface of the complex-valued logarithm function (imaginary part).

The theory of Riemann surface has some pretty amazing applications in Applied Mathematics,
especially in the theory of complex dispersion relations for problems in linear stability. This is very
clearly well beyond the scope of the present module. However, the theory of branch cuts etc. can
help us finally to evaluate a further class of tricky definite integrals, an example of which is the

following.

Example 3: Show that

with —1 < a < 0.

We consider

/ : dz,
CZ+1

with the contour C' to be determined. Plotting the function g(#) = €!%, with —1 < a < 1, we see
that g(0) has a single jump discontinuity between § = 0 and 6 = 27 (Figure 1.8). Thus, the contour
C should avoid the segment x > 0 of the complex plane. This is the branch cut. Additionally, the
function f(z) = 2%/(z+1) has a simple pole at z = —1. We therefore choose C' to be that contour
shown in Figure 1.9, such that C' encloses no singularities. The result of the integration is not zero,
however, because of the phase difference in f(z) across both sides of the branch cut. We obtain

several contributions to the integration:
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—sin(ad)

r
v, o X: 6.283
., L Y: -0.73¢

Figure 1.8: Plot of cos(f) and sin(af), with a = .6324.

1. The segment C: We have

Il = (/ z dZ) ?
z+1 z=z+ie,z€[e,00)

= / —(J;—.HE) dx,
e rHie+1

Consider 2% = |z +i€|* in the integrand. As € — 0, the argument of the complex = + ie tends

to zero, hence z* — x% as ¢ — 0. Thus,

Il—>/ v dz, e — 0.
g T+1

2. The segment C';: Consider next the contribution

I; = / —dz ’
z+1 r=x—ie,z€[e,00)

o) _i\a
_ / (.27‘16) d.
e T—l1le+1

As before, we examine z% = |x —ie|® in the integrand. As ¢ — 0, the argument of the complex
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v

Figure 1.9: Suggested contour for fooo 2%(1 + x)~'dz, with —1 < a < 0.

number z — ie tends to 27, hence z* — x%>™ as ¢ — 0. Thus,

. 0 gl
I; — e2m“/ dzx, e — 0.
o *+1

3. The circlular segment Cg: We have

where 6 ranges from 6 = 7/4 and proceeds anticlockwise to § = 7w /4. Clearly, Iy — 0 as

e — 0.

4. The line segments C5 and C5: The integrand is continuous across the axis x < 0. Thus, the

contributions from the integrals along the line segments C3 and C’5 are self-cancelling.

5. The circular segments C5 and Cg: Consider, for example,

0=01 ,.a,ifa

rve L

I, = / 5 ire'? do,
0=0o re? + 1

where 6y — 0 through positive values, and 6; — 7 through values strictly less than 7. We
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have
Tr .
I, — ir“/ e 40, r — 00, 0y — 0, 0, — .
0

Since a < 0, we have I, — 0 as 7 — oo, and similarly for I;.

6. The circular region Cy:

0=0>
I, = ( / f(z) dz) ,
0=00 z=—1+rel?

where r > 0 is a fixed radius g = 7w+ 6, 0, =71 — 9, 0 > 0, with 6 — 0, and the integral is

taken in a clockwise sense. Taking 6 — 0, we obtain

2
I, =— ( f(2) dz>
0 z=—14reif

Since the integrand has a simple pole at z = —1, this becomes

Iy = —< ﬂf<z>d2) )
0 z=—1+rei?
= = —2ni[Res(f,—-1)],

= —2mie™.
Finally now, because the total contour C' = (' + - - - 4+ Cy encloses no singularities,
0= % f()dz= [ f(z)dz+---4+ [ f(2)d=z.
C C1 Cs
Putting the results together, we have

0= —2mie™ + [ — *™ey,

W:_I(l)
21

Rearrangement gives

and the result follows.

1.6 Systematic approach to contour integration

Our presentation of contour integration has been a little unfortunate. We have looked at three
disparate examples, made an inspired guess for the appropriate contour, and the result followed.

This looks a little haphazard. Help is at hand. There is a way to ‘classify’ definite integrals that can
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be evaluated using contour integration. Each class comes with its own techniques. So, to tackle a
particular integral, one identifies the class to which the integral belongs, one looks up the tips and
tricks for that class in a textbook, and one proceeds from there. For instance, Arfken and Weber

classify definite integrals amenable to contour integration into the following categories:

1. Definite integrals of the form
2m

f(sinf,cos ) do.
0

See [Arfken and Weber], page 451. Also, see example 1 in the present chapter.

/ Z (o) da.

See [Arfken and Weber], page 452. Also, see Dr Smith's MATH 30040 notes.

2. Definite integrals of the form

3. Definite integrals of the form
/ f(z)el™ dz, a € R.

See [Arfken and Weber], page 453.

4. Singularities on the contour of integration, e.g. [, (sinz/x)dz. See [Arfken and Weber],
page 455.

5. Integrands whose complexification involves branch cuts.

These are the trickiest of them all. Each instance will have its own peculiarities, so that
proficiency in this kind of calculation is more of an art than a science. We have already seen
an example (example 2 in the present chapter). For more examples, with tips and tricks for
the selection of the branch cuts and the contour, see the examples in Section 7.2 of [Arfken
and Weber].

1.7 Matlab code to generate Figure 1.7

% Create an unambiguous distinction between x- and y-directions

% by making x- and y-arrays have different sizes.

x=-2:.01:2;
y=-1.5:.01:1.5;
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for i=1:length(x)

for j=1:length(y)
u_vec(i,j)=sqrt(x(i)"2+y(j)"2);
v_vecl(i,j)=angle(x(i)+sqrt(-1)*y(j));
% don’t plot the jump discontinuity!
if( (y(§)==0)& (x(i)<0))

v_vecl (i, j)=Nal;

end

end

end

mesh(x,y,v_vecl’)
x1im(’x’)

xlabel(’x’)
ylabel(’y’)

zlabel (’arg(x+iy)?)
v_vec2=v_vecl+2xpi;
v_vec3=v_vecl+2*2xpi;
hold on
mesh(x,y,v_vec2’)

mesh(x,y,v_vec3’)



Chapter 2

Maximum Principle for Laplace’s Equation

Overview

Throughout this Chapter, we study the following PDE with Dirichlet boundary conditions:
Viu=0 xe€D, u=f(x), x€cdD, (2.1)

where D C R" is a bounded, simply connected domain with the smooth boundary 9D, and f(x)
is a smooth function. The aim of this Chapter is to describe a priori the properties of the solutions
of Equation (2.1), that is, we assume that a smooth solution to Equation (2.1) exists, and deduce
the solution propterties in the absence of knowledge of the solution’s existence. Throughout this

Chapter and elsewhere, functions that satisfy Laplace’s equation are called harmonic.

Finally, the properties of harmonic functions a priori is not so silly, as such a priori knowledge can
then be turned around to find really existing solutions of the Laplace equation in many situations.

We will construct such solutions in the coming chapters.

2.1 The maximum principle

We have the following definitions:

Definition 2.1 Let D be an open, bounded, and simply connected subset of R", and let U(x) be
harmonic on D. Let xq € D. Then, there exists a real number r > 0 such that the open ball of

radius r and centred at x is entirely contained in D. We have some notation:

e B(xy,r) denotes the open ball of radius r and centred at x is entirely contained in D. The
volume of the ball B is denoted by | B)|.

26
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o S(xg,r) is the boundary sphere of B(xq,r). The area of the boundary sphere is denoted by
5]

e The symbol dS2, denotes the differential element of solid angle in R™, and the following
identity holds:
d"z = r"tdr dQ,, r= |z, (2.2)

e Integrate both sides of Equation (2.2) to obtain |B
R:

, the volume of the ball in R™, of radius

R
|B| :/ r"_ldr/ dQ,,
0 n

where the subscript in fﬂn denotes integration over all solid angles. Thus,
1 n
|B] = —R"|<2,],
n
where || = [, dQ, is the area of the unit sphere in R™,

Example: In R?, we have df2,,_» = dip, where ¢ is the polar angle in the usual polar coordinates.
Thus, [Qo] = [7"dyp = 2. Also, |B,—s| = (1/2)R*(27) = nR?.

In R3, we have d€),—3 = sinfdf dy, where again, (0, ) denote the usual polar coordinates: ¢
is the polar angle, and ¢ is the azimuthal angle. Thus, |Qs] = [ sin6df fo% dp = 4. Also,
|Bu—s| = (1/3)R3(47) = (4/3)7R3.

Next, we define boundary-averages and area-averages of U(x) as follows:

e Boundary average:
1 N
avs(wovr)U = m /Q U(wo + T"I“) dQn

where 7 is the unit radial vector expressed as a function of the pertinent angular variables in
R"™.

e Volume average:

We have the following theorem:

Theorem 2.1 (Mean-value theorem, harmonic functions) Let D be an open, bounded, and
simply-connected subset of R™, and let U(x) be harmonic on D. Specifically, let U € C*(D) N
C%(D). Let ¢y € D. Then, for a ball B(xo,r) contained entirely in D,

U(xo) = avs(zr)U = avp(zynU.
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Proof: We start with the boundary average. We call

1
2] Ja,

P(r, @) 1= aVs(gynU = U(xo + rr) dQ2,.

We note that ¢(0,x) = U(x). If we could show that d¢/0r = 0, then we would be done, since
we would then have that

P(r, @) = ¢(0,x0) = U(xo).

We compute:

0
8_(f = Q [ (xo + rr)} dQ,,
1
= o] [# - VU] i A,
1 .
= 7dQ,), T =X+ 1T,

= e W 1 / (VU)-dS,  dS=r""1dQ,r,

1
— |Q|—1/ VU d"z, Gauss's theorem
n|T"T B

|
e

Hence, the first part is shown.

For the second part, we also do a direct calculation:

i), g, e ), Ve
— [ U(x)d"r = — " dr U(xg + r7) d€,,
5] /" 5] Jy o, T

N
= ||B|| ; r 1d7“ [avs(ww)U},

= ﬁU(azo)/ L dr,
rm 0

Putting it all together, we have the following mean-value theorem for harmonic functions:

U(ZBO) = U(CL‘O) = aVS(mOJ) = aVB(mOJ,).
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The maximum principle also follows from this result:

Theorem 2.2 (Maximum principle, harmonic functions) Let D be an open, bounded, and
simply-connected subset of R™ and let U(x) be harmonic on D, with U € C*(D) N C°(D). Then

max U(x) = max U(x).

Proof: Let U(x) attain its maximum over D at xy. If £y € 9D, the theorem is proved. Thus,
consider the case where o € D, with M = U(x,). Then, by the topology of the set D, and by

the Mean-Value Theorem, we can write

U(xg) = !

= — U(x)d"z,
’B| B(zo,r)

where r > 0 is a positive number. Hence,

maXB($077")U(m) = avgB(wO,r)U(m)a (23)

and this result extends to the closed ball B(x,r) because of the mean value theorem (boundary
averages). Thus, the maximum of the function is actually the mean value of the function on
B(x,7), and hence

Ux)=M, x¢c B(zo,r). (2.4)

We now extend this result to cover the entire domain D. Thus, choose a point &, € 0B(xo, ),
with U(x1) = M. Choose a ball B(x1,r’) contained entirely in D and conclude that

U(x) = M, x € B(xy,1").
By covering the set D with a collection of overlapping balls in this manner, it follows that
Ulx) =M, xeD. (2.5)

By continuity (for U € C°(D)), we have U(z) = M on D. Thus, in this second case, the maximum
is attained everywhere, in particular, it is attained on the boundary. Therefore, in both cases, we

have
o € 8D,

and the result is proved.

Note that this result only holds for D a connected set.
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2.2 Maximum principle — heuristics in two dimensions

In the two-dimensional case, there is a heuristic way to understand the maximum principle. We
assume that U(x) is harmonic on D, an open, bounded, and connected subset of R?. We consider

a stationary point &y € D where
Ux(wo) = Uy(wo) = 0.

We make an expansion of U(x) in the neighbourhood of this point

A = U(xy+96) — U(zy),
= 0,Us(20) + 6,U, (0) + 50:Usa(0) 4+ 56.Uyy(x0) + 6:6,Usy(20) + H.O.T.,
= %5§Um(wo) 1(52Uyy(a:0) + 0,0y Usy(2) + H.O.T.,

502U (20) + 50, U,y (0) + 020, Usy (0).

Q

Thus, A is a quadratic form. We assume that x, is a non-degenerate point:

Um(wo) 7é 0>
and we complete the square as follows:
2U4y ()
2A = Um(mo) |:62 U ( ) :| + Uyy(m0)5§,
_ Usy(@0) [Usy(®0)]* | 2
a Ugm(mO) <5J»‘+ U:c:c(wO)(Sy) - Uyy(mO) U:r:ac(mO) 53/’

This tidies up as follows:

A= %Sigl’l (sz(wO))

|Upee (o) (&6 +
We call
D(U(20)) = Usa(@0)Uyy(20) — [Usy(20)]?

the discriminant; the quadratic form simplifies to

A = Lsign (Uyy(w0)) ny(:ﬁo)%) + blU) 52

Use(T0) |Usz(0)| ¥

Usalo)] (@ ;

The quadratic form A is sign-definite if D > 0. Then, the critical point x( is a definite maximum

or minimum. On the other hand, if D < 0, the critical point is a saddle point. The condition for a
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non-degenerate critical point to be a saddle is thus
Uz (@0)Uyy(20) — [ny(mo)]Q <0.

However, for a harmonic function, U,, = —U,,, hence, for a non-degenrate critical point of a

harmonic function,
D(U) = _[Um]2 - [ny]2 <0,

(the inequality is strict because U,,(x) # 0). Thus, all non-degenerate critical points are saddle

points, hence no maxima or minima exist.

Of course, the very last conclusion here is slightly dodgy, as the critical points could be degenerate;

for that reason, such a heuristic argument does not suffice to prove the maximum principle.

2.3 Uniqueness of solutions for Laplace’s equation

Theorem 2.3 Consider Equation (2.1). If this equation has a smooth solution u(x) € C*(D) N

C%(D), then u(x) is the unique smooth solution.

Proof: Suppose that Equation (2.1) has two smooth solutions. Call them wu; and us. Form the
difference

d(x) == ug — uy.

By the linearity of Equation (2.1), we have
V=0, x€D, =0, x€dD.

By the maximum principle,

maxp0 = maxyppd = 0.

Hence, the maximum value of d(x) is zero. But the arguments in the maximum principle can also
be recycled to show that the minimum of a harmonic function, taken over the closure of the relevant

domain, is attained on the boundary, such that
minyd = mingpd = 0.

Hence,
0 = minyd < §(x) < maxpd = 0,

hence 6(x) is zero everywhere in D, and thus u; = us.



32 Chapter 2. Maximum Principle for Laplace’s Equation

2.4 Laplace’s equation in two dimensions — connections to

complex analysis

Let z = = + iy be a complex number, let D C C be an open set, and let

F:D — C
z = F(z) =u(z,y) +iv(z,y) (2.6)

be an analytic function on D (hence u(z,y) and v(z,y) are C* in (x,y)). We have the following

remarkable fact:

Theorem 2.4 Let the function F(z) in Equation (2.6) be analytic. Then the corresponding u and

v real-valued functions satisfy Laplace’s equation for all points in D:
Viu =0, Vi =0, x = (z,y) € D.

where now D is viewed as an open domain in R?.

The proof of this statement is by direct computation. Because F' is analytic, the corresponding u

and v real-valued functions are C* in D and satisfy the Cauchy—Riemann conditions:

ou Ov ou ov

dx — dy  dy  dx
The proof now proceeds by direct computation:

P, o
ox?  Oy?

The converse is also true, but only for D simply connected:

Theorem 2.5 Let u(x,y) : D — R, be harmonic, with and let D be an open, bounded, simply-

connected set in R?, with smooth boundary. Furthermore, let
u € C*D)nCYD).

Then there exists a function v(x,y) : D — R also harmonic, such that f(z) = u(x,y) +iv(x,y) is

analytic in D; the function v is called the harmonic conjugate to u.
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Note that it is necessary for the function to be in the class C''(D to continue certain integrals up
to the boundary of the domain.

Proof: Define a vector field w(x,y) in R? as follows:

—Uu
w = Y )
Ug

where u(z,y) is harmonic in D. Compute

r vy =z
Vxw=| 0, 9, 9,|= 2 Uge+uy) =0,
—Uy Uy O

since u is harmonic in D. By Stokes's theorem applied to the simply-connected domain D, there
exists a potential function v such that

Specifically,

where a € D is arbitrary, and where the points @ and @ are joined by a smooth curve; by path-
independence, the function v(x) is independent of the details of this curve and depends only on

the endpoints. Also, t is the unit tangent vector along the curve, and n is the unit normal vector.
Hence

v e C*(D)nCYD).

By construction, Vo = (v, v,)T = (—uy, u,)", and

u,v € C*(D) N CYD).
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Thus, u and v are C! functions that satisfy the Cauchy—Riemann conditions. Hence,
f=u+iv

is analytic in D.

Thus, in a loose sense, and only for simpy-connected domains in R?, a function is harmonic if and
only if it is analytic. This result is of immense importance to fluid mechanics. There is only sufficient

time to describe sketchily this importance, which we do in Section 2.5.

Example: Denote the unit disc of radius 1 centred at the origin by Dy. The boundary of Dy is the

unit circle. Consider the following Dirichlet problem:

Ve = 0, (x,y) € Dy,
® = sinep, (x,y) € 0Dy.

Solve for u(x,y).

Consider the function f(z) = z. This is an analytic function. Thus, u = x and v = y are both

harmonic functions. Rewrite f(z) in polar coordinates as
f(2) =u+iv=rcosf + irsine.
We have v = rsin ¢, with v harmonic in Dy and v = sin ¢ on dDg. Thus,
d=v=rsinp=y

is the required solution.

Example: Let u(z,y) = log(z? + y?)'/2. Write down the domain D on which u(z,y) is defined.
Show that u(x,y) is harmonic D and find its harmonic conjugate. Comment on the smoothness

properties of the harmonic conjugate.

Solution: Write u(z,y) = logr in polar coordinates. Clearly, u(x,y) is well defined for r # 0.

Hence, the domain D is the punctured complex plane with the origin removed. On D,

Vi = 12( alogr),

ror TE
= 0.

Hence, u(z,y) is harmonic on D. We identify

f(2) = Logz = log r +i Arg(2),
~ =

=Uu =
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where we have taken the principal branch of the complex multivaued log function. Hence, the

harmonic conjugate to u = logr is v = Arg(x + iy). Again writing (z,y) = rel?, we have
v = atan2(y, x) = @, 0<yp<2m

which is a smooth function of (, except across the nonnegative real axis, where there is a jump
discontinuity in v (‘international date line’). Thus, the harmonic conjugate of u(zx,y) is defined on
the set

C—{x > 0}.

2.5 Applications of the theory in two dimensions

Connection to fluid flow in two dimensions

Let u(x,y) be the velocity field describing the flow of a fluid in a container D € R?. Further, let
D be bounded, open, simply-connected, with a smooth boundary 0D. Suppose that the flow is
incompressible:

V.-u=0.
Suppose further that the flow is irrotational:

Vxu=0.

Then, given the topology of the domain D and the irrotational condition, we can write u as the

gradient of a potential function:
u= Vo, ¢ € C*(D)NCHD).
The incompressibility condition is now rewritten as follows:
Vi =0, xeD.

The pertinent boundary condition is a Neumann no-outflow condition w,, = 0 on 9D, or d¢/dn =0

on 9D, where 9/0n denotes the derivative in a direction normal to the boundary 0D.

Given the harmonic velocity potential ¢, we obtain the harmonic conjugate ¢ and write down the

complex potential

X(2) = o(z,y) +iv(z, y).
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Using the Cauchy—Riemann conditions, we have

u = 20_0v
ox Oy’

y = 90 _ K
Ay ox’

Summarizing, 5 5
Y
dy ox

Thus, we identify 1) with the streamfunction of the flow. We have the following definitions:

Definition 2.2 The curves
1 = Const.

are called the streamlines of the flow; the curves
¢ = Const.

are called the equipotential curves. Using results from the worked examples in Section 2.6 below,
it can be shown that the equipotential curves are are orthogonal to the streamlines, in the sense
that

Vo -V =0.

Hence,
u -V =0,

and the normal V1) to the streamline is orthogonal to w. Hence, the tangent to the streamline must

align with u; from these arguments the following further definition follows:

Definition 2.3 Tangent vectors to the streamlines are everywhere aligned with the flow.

In summary, all incompressible irrotational flows (on a pertinent domain) can be reduced to the
simpler problem of obtaining a harmonic function. Moreover, the same problem can be reduced
further to the problem of computing the real part of a certain analytic function. This will be discussed
in more detail in the following chapters, especially Chapter 4, where the theory of conformal mapping

is introduced.

Jensen’s theorem in Complex Analysis

Theorem 2.6 Let f(z) : C — C be non-constant and analytic in the entire complex plane. Then

|f(2)|? has no maxima and, moreover, its minima extend down to zero.
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This is a mean-value theorem in disguise. We start with the statement about maxima. Assume
for contradiction that |f(z)|> possesses a maximum, attained at z;. By analyticity, we make a

Taylor-series expansion of f(z) in the neighbourhood of z:

F(z) = an(z = 20)",

with f(z9) = ag. We compute the mean value of F' along a circle of radius r centred at z:
1 2m

avg|f|* = o /. £ (20 + re)[2d,

1 2w )
T Jo m,n

_ * n+m
= E a, anr O
m,n

Continue thus:
[ee)
avelf2 = S a2,
n=0
o0
_ |a0|2+Z|an|2r2n,
n=1
(@)
= [f(20)P+ ) |an|*r™"
n=1

Hence,

avg|f|* > max]|f|*,

which is impossible for a non-constant function f(z). Thus, |f(z)| admits no maxima on C.

We now examine the statement about minima. Suppose that |f(z)| admits a minimum at zy, and

moreover, that

0 < |f(z0)l* <If(2)I%

for all z in a small open neighbourhood D of zy. Thus, f(z) has no zeros in D, and 1/f(2) is
analytic there. Hence, by the first part of the theorem, 1/|f(z)| has no maxima in D. However,
by assumption, 1/|f(z)| has a maximum at zy. This is a contradiction, hence minima of |f(z)| are

exactly zero,

’f(20)| = 0.
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2.6 Worked examples

1. Prove the following ‘minimum principle’ for harmonic functions:

Let D be an open, bounded, and simply connected subset of R™ and let u(x)

be harmonic on D. Then

min u(x) = min u(x).

D oD
Hint: Take v = —u and apply the maximum principle to v.
We have
Umin S u(w) S Umax, S bu
hence
—Umin Z —U(CB) Z —Umax,
and
—u(x) < —Unpin,
or

max(—u) = —min(u). (2.7)

Now, if u(x) is harmonic, so is —u, hence
max [—u(x)] = max [—u(x)]. (2.8)
By Equation (2.7), this is the same as

—min [u(x)] = — min [u(x)]

D oD ’

or

min [u(x)] = min [u(x)].

D oD
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2. Consider the following Dirichlet problem:

Vie = 0, x €D,
® = Const., x € 0D,

where D is an open, bounded, and simply connected subset of R” Show that ® = Const.

everywhere in D.

Hint: Use the maximum /minimum principles.

Let ® = M on 9D. By the maximum / minimum principles, we have
M = mingp® = miny® < ¢(x) < maxpy® = maxypd = M,

for all z € D. Hence,

M<®x)<M, =zeD,

hence ®(x) = M.

3. Consider the following Dirichlet problem:

Ve = 0, (x,y) € Dy,
d = cos? o, (z,y) € Dy,

where Dy is the open unit disc centred at the origin, and ¢ is the angle going around the

unit circle. Solve for u(z,y).

On the boundary, we have

® =cos®p =1 (cos2p+1).

By inspiration, consider the auxiliary compled-valued function
F(z)=1(r*"+1)=1(*+1).
The function F(z) is analytic (everywhere). On the unit disc, we have

F(z) = 5 (cos2¢ + 1) + 1isin 2¢.
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Thus, ® = Re(F) is the required function; specifically,

@z%(asz—y2+1).

4. Let f(x) = u(z,y) +iv(z,y) be analytic. Show that the contours
u = Const., v = Const.

are orthogonal, except at critical points f'(z) = 0.

Away from a critical point f'(z) = 0, consider the curves
u(z,y) = Const., v(x,y) = Const.

Assume moreover, that the point (z,y) is a point of intersection of the two curves. At (z,v),
the vectors Vu and Vv are normal to the two respective curves. Thus, we have the following

respective unit normal vectors:

— (g, uy)

- ety 2.9
n /—U%—’—Ug (2.92)
R CILNE (2.9b)

Tt .

Thus,

Ny Ny X Ugly + Uyly,
= ug(—uy) + uy(us),

= 0,

where we have used the Cauchy—Riemann conditions for u(x,y) and v(x,y). Hence, the

curves are orthogonal at their points of intersection.

On the other hand, at points of intersection that are also critical points, by Equation (2.9),
such points do not have well-defined unit normal vectors, and in fact correspond to the two

curves meeting in a cusp.
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5. Show that the following functions are harmonic and find their conjugates, valid on D = R:

u(r,y) =22(1 —y), u(z,y) = e **sin 2y.

For the first example, we have u(z,y) = 2o —2xy. We shall construct the harmonic conjugate

first of all by inspection. Consider 22, where z = x + iy. We have

22 = 2% —y® + 2y,
iz = i(a? —9y?) — 2y,
Re (iz2) = —2xy.

Hence, take
f(z) =2z +1i2?%,

with Re[f(2)] = 2z — 2xy, and i[f(2)] = 2y + (2? — y?). Hence, v(z,y) = 2y + (z* — y?) is

the harmonic conjugate.

Alternatively, we may take

v(x) = / Vu-ndl, x = (x,y),

where the path of integration is any curve starting at a (arbitrary) and ending up at «, and
where n is normal to the same curve. Also, the points a, x, and the entirety of the curve
must be contained in the set D. Finally, the normal vector needs to be chosen carefully to get
the sign of v right. First, the tangent vector t should point from a to @, with ¢ = (tz, ty).
Then, the chosen normal vector should be (¢,, —t,), in keeping with the construction in the
notes of the harmonic conjugate. In the present situation, the choices are obvious, we take

a = 0, and the curve to be a straight line from the origin to the (fixed) location x:
x(t) = xt = (z,y)t,

with unit tangent vector ¢ = & /|| = (z,y)/|(x,y) and unit normal vector

~ ya_x)
A= U @) = VE T

x|
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also, d¢ = |x|dt, and t € [0, 1], which takes us from the origin to the point . Thus,

) = [ [V )]
= /01 (2(1 = yt), —2xt) - (y, —x)dt,

1
= / (2y — 2¢%t + 22°1) dt,
0

= 2y + ('12 - y2)7

which agrees with the previously-obtained answer. Note finally that had | taken a # 0, |
would have obtained v(x) = 2y + (22 — y?) + C, where C' is a constant. This is legitimate:

the harmonic conjugate is not quite unique but rather is unique up to a constant.

For the second problem, we again construct the harmonic conjugate by eye. We start with

f(2) = ie™%. Consider then the following string of equalities:

fe) = e,

_ ie—?xe—Zly’

—2x (

= e cos 2y — isin2y),

= e [sin2y +icos2y].
Hence, Re[f(2)] = e **sin 2y, and Im[f(z)] = e % cos 2y, and
v(z,y) = e **cos 2y

is the required harmonic conjugate.

6. Using complex variables or some other method, prove Liouville's theorem for harmonic

functions:

Let u be harmonic in the entire two-dimensional plane. Assume that u is

bounded, |u| < M, for all (z,y) € R% Then u is constant.

Let v denote the harmonic conjugate of u. This certainly exists, because the complex plane

is simply connected. Also, u + iv is analytic in the entire complex plane. Consider

f(Z) — equiv.
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Thus,

[f(2)] = e < e

Therefore, f(z) is bounded and analytic in the entire complex plane and by Lioville's theorem,
f(2) = Const.. Thus,

et = Const.,

and it follows that u and v are both constant.
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Laplace’s Equation — Green’s function

Again, we focus on the following problem:

Vu =0, xeD,
u= f(x), x € 0D, (3.1)

where D is a bounded open simply-connected set in R™. The aim of this Chapter is to describe rigor-
ously the Green's function technique for the Laplace problem, whereby the solution to Equation (3.1)

can be written as a convolution,

u(x) = fly)n(y) - V,G(x,y)dS,, (3.2)

oD

where the properties of the Green’s function G(x,y) are discussed in this section.

3.1 Brief review — Green’s function for D = R”

Neglecting boundary conditions, we know the Green's function Gy(x,y) for D = R": for n = 2 we
have

1
Go(z,y) = glog lz — 1y,

while for n = 3 we have
1

Go(x,y) = Tinm—y|

In this chapter, this basic knowledge will be used to construct the Green's function for bounded

domains.

44
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3.2 Green’s function for bounded domains — basic idea

For definiteness, in this chapter we work in two dimensions. Let D be a finite domain in R?, with

smooth boundary 0D. We are interested in solving

ViG(zy) = dx—y), =D,
G(z;y) = 0, x € dD.

e Now the function Go(z — y) will satisfy the first of these criteria.

e To construct a GG that satisfies both criteria, simply add a smooth function to Gy:
G(w;y) = Go(x — y) + h(z;y).
e There are some conditions on h:

Vih(xz;y) = 0, =xeD,
Go(x —y) + h(z;y) = 0, x € 0D. (3.3)

e The boundary term in Equation (3.3) is a smooth function. Existence theory (a version
of which we shall tackle later, at least in two dimensions) therefore guarantees that the
corrector function h(x;y) exists. Indeed, having constructed a Green's function on the full
space, solving for the Green's function in the bounded domain 2 is (at least superficially)

straightforward - just add a function that satisfies V2h = 0, together with some BCs.

In the next section, we prove a vital property of the Green’s function for the Laplace operator,
namely the symmetry property G(x,y) = G(y,x). This then enables us to check that the proposed

convolution (3.2) actually works for all bounded domains (or at least, for the usual ‘sensible’ ones).

3.3 Symmetry of the Green’s function

We prove the following result:

Theorem 3.1 Let G(x,y) be the Green’s function for the Poisson problem on a bounded open,

simply connected domain D with smooth boundary 0D. Then

G(z,y) = G(y, x).
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The proof comes in a series of seemingly irrelevant steps, that gradually converge to a relevant final

result. First, we define the following functions:
v(z) =G(z,x), w(z) =G(z,y).
We aim to show that v(y) = w(x). Consider
G(z,x) = Go(z —x) + h(z; x),
where

Vh(z;z) = 0, zeD,

z

Go(z—x)+h(z;x) = 0, z €0D.
For z € 0D then,
v(z) =G(z,x2) = Go(z —x) + h(z;x) = 0.

Thus,
v(z) =0, z € 0D.

Similarly,
w(z) =0, z € dD.

Now consider the following string of relations, for z € D:

Vv = V2G(z,z),
= ViGo(z —x) + Vih(z;x),
= V2Gy(z —x),
= i(z —=x).

Hence, VEU = 0 unless z = x. Indeed, far from z = x, v(z) will be a smooth function. Similarly,

V2w = 0 unless z = y, and far from z = y, the function w(z) will also be smooth.

Consider therefore the following set:

V.= {z €R%z € D —[B(z,¢) UB(y, o)}
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On this set, the functions v(z) and w(z) are smooth, so Green's theorem applies:

/ [vViw — wvgv] d*z = 0,
Ve
ow ov
= /ave {Uanz — wanz] ds,.
ow ov
/ave {Uanz — wanz] ds, = 0.

fom Lo U L)
OV oD OB(x,€) OB(y,€)

and v = 0 and w = 0 on 0D. Hence,

aw (% aw av
/8B (z.€) [8nz on. w} a5+ /dB (y.€) [anz on., w} 45 =9,

ow v ow v
/8B (x,€) |:an2 87’&2 :| dS N /63 (y,¢) |:anz anz w:| dSZ

Multiply both sides by (—1) to obtain the following identity:

ov ow ow ov
ds, = ds..
/83 (.0 {8@ on., U} 5 /83 (. [0nz on, w} 5

We show that LHS = w(x) and that RHS = v(y). Start with the LHS. Consider first the term

/ 0w 4s..
OB(x,€) on.,

The function w(z) is smooth near z = x (recall, V2w = §(z —y), so w(z) will only be problematic

Thus,

But

or

near z = y). Thus, in the ball B(x,¢), we have

ow

<
o C(x,€), Vz € B(zx,¢),

where C' is some positive upper bound. Thus,

/ Ow vdS, / vdS,
OB (x,€) anz OB(x,€)

Now, v = (27) !log |z — @| + h(z;x), where h(z; x) is a smooth function. Thus, as |z — x| — 0,

< Cl(z,e)

we have

1
~ — 1 —x||.
|v] o |log [z — x|
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But |z — x| = € for z € 0B(x, €), hence
1
|v| ~ —|loge], z € 0B(x,¢).
2m

Also for z € 0B(z,¢), dS, = edf, hence

/ Ow vdS,
0B(x,¢€) anz

< C(z,e)

Y

/ vdS,
OB(x,¢)
1
/ (— log e) edd
OB(m,e) \ 2T

= C(x,€)eloge,

~ Cl(x,e)

Y

hence 5
/ wvdSZ — 0, as € — 0.
OB(z,€) on,
Thus, in the limit as € — 0, we are left with
LHS = ? as..
OB(z,¢) on,

But
v(z) = Go(z —x) + h(z; ),

and w(z) is smooth near z = x. Also, h(z,x) is smooth everywhere for z € D. Thus,

h
/ 0 wdS, =0 as ¢ — 0.
OB(x,¢) on,

Thus, we are left with
0Gy(z — x)

LHS =
OB(x,¢€) anz

w(z)dS.,.

We proceed by direct computation:

LHS = / mw(z)dgz’
OB(xc) on,

1 /271’ ( a )
N —logp w(z) pdf ’
27 [ 0 dp p=|z—=| |z—@|=c
2
_ (% /0 w(z)d6’> ,
|z—x|=¢

— w(x), as € — 0.

Similarly, we obtain
RHS = v(y) as € — 0,
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hence w(x) = v(y), and the result is shown.

3.4 Checking that the convolution works

We solve the following problem:

Viu(z) = 0, x €D,
u(x) = f(x), x € 0D, (3.4)

on the domain D. We know that the answer should involve a Green's function, obtained in the

following manner:

1. Construct the fundamental solution G(x, y) on the whole space (e.g. by Fourier transforms);
2. Add a regular solution that solves V2h(x,y) = 0 to soak up the boundary conditions.

3. Call the answer G(x;y). Then,

ViG(x;y) = d(x—y), weD,
G(xz;y) = 0, x €0D.

To solve Equation (3.4) , we propose the following convolution solution:

u(z) = . fy)n(y) - V,G(z;y) dS,,

n(y) is the outward-pointing normal on the boundary 0D, and dS, is an element of area. Let's

check this ansatz. We work with & € D first:

Viu(z) = V; an(y)ﬁ(y)-VyG(w;y)dSy,

= | Ty v, [ViG@y)] ds,

= fy)n(y) V,é(x —y)dsS,.

We assume @ € D, hence, if y € 0D it is impossible for x — y = 0, since a boundary point and an

interior point cannot coincide. Thus, é(x — y) = 0 in the second integral, and

Viu(z) = 0.
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We now work on the boundary condition, taking & € 9D. On the boundary,

u(x € D)= [ fly)n(y)  V,G(z;y)dS,.

oD

But we have,

fy)nly) - V,G(x;y)dS, = fy)n(y) V,G(x;y)dS, — G(z;y)n(y) -V, f(y)dS

oD aD Jop

~
=0, x€0D

_ / a(y) - [f()V,Gla;y) — Gla; y)V, f(y)] dS
_ /v Y)V,G(zy) — Gz 9)V, f(y)] &

(by Gauss's theorem)

= | Hw)ViGy) - Glaiy) Ve ()] &,
D
x € 0D; G(x,y) vanishes on the boundary

_ /D [Fy)V2G (i y) — 0 x V2f(y)] d%y,
- | 1) (ViG] @

- /f(y) [ViG(y; )] &y, (by symmetry)

=/f Y.

Hence,

u(x € 9D) = f(=),

and the convolution is valid.
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3.5 Worked Examples

The aim of this exercise is to compute the so-called Poisson kernel for the Poisson problem on the

unit disc. Specifically, we seem to solve the following problem:

Vu =0, xeD,
u= f(x), x € 0D, (3.5)

where D is the unit disc in R? centred at the origin. The proposed approach is a brute-force type

effort.

1. Solve Equation (3.5) by completing the following sequence of steps.

(a) Solve V2u = 0 on the unit disc by sepration of variables, in polar coordinates, without
regard for the boundary conditions.
Hint: For the ODE r2R” + rR' — n?R = 0, attempt a trial solution R = r®, where

« is to be determined.

Answer clue:

o0
u(r,0) = Z cprmlein?

n=—oo

where the ¢, € C are arbitrary constants.

Solution: Write V2u = 0 as
1
Upp + —Up + _2u09 = 07
r r
and take u = R(r)©(0) to obtain

1 1
R'+-R )6+ =RO"=0.
r r2

Rearrange:

7"2 1 @N
—(R'+-R')+—==0.
R ( + r ) + ©

Obtain © = ™, with n € Z. Back-substitution:

r’R"+rR —n’R = 0.
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Attempt a solution R = r®. Obtain
ala—1)+a—-n?=0,
hence
a = +n.

Choose @ = |n| to obtain a bounded solution at » = 0. Hence, the general solution is

(e 9]

u(r,0) = Z cprmle?

n=—oo

where the ¢, € C are arbitrary constants.

(b) Write down formulae for the ¢,’s in terms of the boundary function f. Deduce that

1 00 ) 21 ]
_ In| .10 —ing
u(r, 0) py E r™e /0 flp)e ™dep.

We have -
f(«9) _ Z Cneiné’
since r = 1 at the boundary. But this is a Fourier series, hence
1 2 )
Cpn = — e "0 £(h).
2 Jo

Hence,

1 ) ‘ o .
— In| .10 —ingp
u(r, 0) py E ri™e /0 flp)e™™dep.

n=—0oo
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(c) By reversing the order of the summation in Part (2), as well as other operations,

show that
( 9)——1 /%f() Lo d (3.6)
= o 0 4 1 —2rcos(f — ) +r? 7 '

Take A =6 — ¢. We have

e8] 0 o0
E ,r,|n\elAn _ E /‘ r|n|elAn + 2 74|n|elAn . 1,
n=0

n=—oo n=—oo
S 9
_ Zrne—iAn + ZrneiAn —1,
n=0 n=0
1 1

= . — —1 <1
1—reia * 1—red 7 r==o

B 1 —red" 41— peibn .
N 1—2rcosA—+r2
_ 2 — 2rcos A 3
1 —2rcos A +r? ’
2 —2rcosA — 1+ 2rcos A — r?
1—2rcosA + r?
1 —r?
1 —2rcos A +r?’
1 —r?

1—2rcos(d —¢)+1r?

)

Thus,

o0

1

2w
ur6) = 5o >0 el [ plpje g,
0

n=—oo

1 2 o0 )
_ Il gi(9—0)n
= 5 |t 3 e
2m

n=—oo

1 1—r?
o2 Jo f<(’0)<1—2rcos(9—go)+r2>dgp'
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(d) Identify

Js T 2182 — 2srcos(f — @) + 12

0G(r,0;s,0) 1 s2 — 12

Write & = r(cos 6, sinf) and y = s(cos ¢, sin ). Show that

0G(z,y) _ 1 |yP — |=f?
ds 21 | —y|?

Hence, conclude that

where D is the unit disc.

2

For the first part, we have |z|> = r? and |y|? = s*. Also,

z—y|* = |z° -2z -y+ |y,

= r?—2rscosa + s°,

where « is the angle between @ and y. But from a sketch of  and y or from experience,

cos v = cos(f — ), hence

|z — y|* = r* — 2rscos(f — p) + s°.

Hence,
OG(r,0; s, ) 1 s —r? 1 y|* — ||

Js T oms?—2srcos(@— ) +12 21 | —y?

For the second part, consider

) = [ 10 (g ) 4o
I

On the unit circle s = 1, and let n be the outward-pointing unit normal to the unit

circle. We have

V,®(s,p)-dl = V,0(s,p) - ndy,

0P
B (E) s=1 dgp
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Hence,
uxz)= [ fy)V,G(z,y)-de,

oD

where = (rcosf,rsinf), y = (scosy, ssing), and where s =1 on 9D.

The convolution result in Parts (4)—(5) is particular case of the general solution already derived for
the Green's function of the Laplace problem. The kernel in Part (4) is called the Poisson kernel.

Recall, in general, to solve the problem
Viu =0, reD, u(x) = f(x), x € 0D,
for a bounded, open, simply-connected domain D € R", one solves the auxiliary problem

ViG(m,y) = 5($ - y)v T c Da
G(z,y) = 0, x € dD.

Then, the solution to the full Poisson problem is available by convolution as follows:

wz) = [ fly)n(y) - V,G(z,y)dS,, (3.8)

oD

where d.S, is an element of surface area on the surface J€). We have already sketched this more
general result in the previous sections of the present Chapter; the particular result of these exercises
has been to compute a definite form for Green's function (or equivalently, the Poisson kernel) for

the case when the domain D is the unit disc in R2.
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Quantitative example

2. Solve Equation (3.5) with the following quantitative boundary data:

1, fO0<p<m,
u(r =1,¢) = h(p) =
0, otherwise.

Using the Poisson kernel results in a horrible integral that is difficult to evaluate. Thus, you

might prefer to obtain an equivalent answer by going through the following sequence of steps:

(a) As in Question 1, use Fourier series to show that

oo
u(r’ (p) P Z Cﬂr'”leln@p,

with
1 s

= — e dep.
2 Jo ¢ 7

Cn

Hence, deduce that ¢y = 1/2 and that

L n=41,43 ..

itn?

Cp =
0, n==42+4,---.
We have
1 27 )
- —inggq
Cn o fp)e™ " dy,
_ 1 " —ing
A

For n = 0 this is 1/2. Otherwise, we have

1 .
= — (e
¢ 2mnl (e )
If n is odd, then e™™ = —1. If n is even, then e7 "™ = 1. Thus,
ﬁ, n odd,
Cp =
0, n even,

and the result is shown.
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(b) Hence, show that

1 [ 1 ol
ulryp) =5+ — 1> (re')™" —cc|,  r<l.
T = 2p+1
Hence, show that
1 .
u(r,p) =1+ . [tanh ™" (re'?) — cc] .

Note that g(z) = tanh™'(z) has branch cuts emanating from z = +1, but |z| = r <

1, so the proposed solution is given on an open set on which g(z) is well defined.

From the series solution, we have

U(T, 90) - %+chr|n|eintp’
n#0
-+ Y L inlgine
-2 imn ’
n#0
n odd
. 1 .
_ 1 - n . ing - = n| Jing
? m n—lz5 ne i i7T n:—lz—?)m nr ‘ ’
1 1 . 1 1 .
- 14 = ip\2p+1 _ — —ip\2p+1
2+m§2p+1(re ) iﬁpZQp—i—l(r )
1 | 1 .
_ 1 il ip\2p+1
2+i7r ;2p+1(re ) ce

The series should now be obvious. Recall from Leaving Cert.,

1
— 2 = T+a®+at+- -, 7% < 1,
1
tanh 'z = C’+x+%x3+%x5,

and the constant is obviously zero because tanh ™' (0) = 0. Hence,

[e.9]

1
tanh ™'z = ¥ ———a"! 2< 1.
anh™" x Z CTn 7T x
p=0
Putting it all together,
1 .
u(r,p) =+ + — (tanh ™' (re*) — cc), r<l1.

17T
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(c) Use trigonometric identities (e.g. Abramowitz and Stegun, Chapter 4) and rewrite

the solution as

1 2
u(r,p) =1+ + — {tan_1 (1 _yﬂ) + k:?T] ; (3.9)

where y = rsin ¢ and where k is arbitrary and will be fixed in what follows.

We have (cf. Abramowitz and Stegun, 4.6.28),

Zlit Z9

tanh ™' (z;) & tanh™'(2;) = tanh ™' (2) (T
2179

>+]€7Ti, kelZ.

Again using notation from Section 4.6 of Abramowitz and Stegun, we have hence

. 2
tanh '(re'?) —cc = tanh™' (1 Y 2) + ki, Yy = 1 Cos p,
2iy
:= Arctanh(Z), Z =—,
1—1r2
= —iArctan(iZ),
2y
= +iArct
+1 Arctan (1 —T2) ,

: 2y
= i [arctan (1 — 7“2) + k‘ﬂ':| ,

w(ryp) =14 {tan_l ( 2 ) +lm] .

T 1 — 72

and finally,

(d) Use the following formula for A real:

—im—tan~! (1/A), A <O,
im+tan~! (1/4),  A>0,

tan ' A =

Use this formula and various values of k in the upper and lower half planes y > 0

and y < 0 respectively to deduce the following functional form for the solution:

1—Ltan™! (%), y >0,
, y =0,
—Ztan™! <1§;’2) ., y<0.

u(r,¢) =

[

Plot the solution.
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For y < 0, we have

1 L1 10
u(r,p) = 5+ |—5— ;tan 5 + ki,

For y > 0, we have

1 1,1 —1 1—r
u(r,p) = 5+ |3+ tan + ks,
2y
2

1—r
= —%tan_1< % )+(1+k2)~

The solution should be continuous across y = 0. Also, given (y =0 = ¢ =0, 7) and

starting with

1
u(r,p=0,m) =3+ = [tanh ™" (£r) — cc] =0

the solution should be equal to 1/2 at y = 0. With these observations, we take y — 0

through negative values, we get

1—r?
u(r,p) = kl—{%ylirg_tan< % )],
- k1+%a

hence k1 = 0. Also, take y — 0 through positive values:

u(r,p) = (14ky) — {% lim tan<1_rz)} ’

y—0+ 2y
= 1 + k2 - %7

hence k; = 0. Put it all together:

ulr ) = 4 4, y=0.

The full two-dimensional solution is plotted in Figure 3.1. The solution is plotted at fixed

x = 1/2 as a function of y in Figure 3.2. The Matlab codes are also provided.
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Figure 3.1: Solution of Laplace problem with piecewise boundary conditions.

=0.5 0 0.5

Figure 3.2: Slice of solution of Laplace problem with piecewise boundary conditions through =z = 1/2.
The corresponding y-range is y € (—/3/2,/3/2).
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Matlab functions

function [x,y,mysln]=my_laplace(dx)

x=-1:dx:1;
y=-1.1:dx:1.1;

mysln=zeros(length(x),length(y));

for i=1:length(x)
for j=1:length(y)

x_val=x(i);

y_val=y(j);
r_val=x_val*x_val+y_val*y_val;

%******************************************************************

if (r_val<l)

if (y_val>0)
argtan=(1-r_val)/(2xy_val);
mysln(i,j)=1-(1/pi)*atan(argtan);
elseif (y_val<0)
argtan=(1-r_val)/(2*y_val);
mysln(i, j)=-(1/pi)*atan(argtan);
else
mysln(i, j)=1/2;

end
end

%******************************************************************

end

end
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Plot commands

[x,y,M]=my_laplace(.001);

[7,hhh]=contourf (x,y,M’)

set (hhh, ’edgecolor’, ’none’)

axis equal

colorbar

colormap hot

yup=sqrt (1-x.72);

hold on
plot(x,yup,x,-yup,’color’,’red’,’linewidth’,3)
xlim([-1 1])

ylim([-1 11)

set(gca,’fontsize’,18, ’fontname’,’times new roman’)
xlabel(’x’)

ylabel(’y’)

Poisson kernel — further properties

For completeness, we describe further important properties of the Poisson kernel

1—r?
P(r,0) = 0< 1. 3.10
(r,9) 1 —2rcosf +r?’ ST (3.10)

Theorem 3.2 For P(r,0) as given in Equation (3.10), we have

i0
P(r,H)zRe(l—i_Te )

1 — rel?

The proof is a straightforward computation.

Also:

Theorem 3.3 For P(r,0) as given in Equation (3.10), we have

2m
/ P(r,0)do =1, 0<r<l.
0

L[ (1+re?
I - - 5 de-
27 Jo (1 — re19>

We compute
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Let z = re'?. On the circle C(r,0) of radius r and centre zero, we have
dz = ire?df = izd#,

hence

and

I 1 1+2Y) dz
2w Joem \1—2) 2

-2

has simple poles at z = 0 and z = 1. However, the circle C'(0,7) does not enclose the pole located

The function

at z = 1. Thus, the only pole to consider is at z = 0. Near z = 0, f(z) has the Laurent expansion

1/1+z2 1 > | _
f(z) = > (1 — z) = ;(1 —l—z);z =2 + Taylor series,
hence Res(f,0) = 1, hence by Cauchy's theorem,

I=1,

and the result is shown.

Crucially, we have the following ‘Green’s function type result’ for the Poisson kernel:
Theorem 3.4 Let

V2U - 07 (I,y)EDo,
u = h(z,y),  (x,y) €Dy

have the candidate Poisson-kernel solution

u(r, ) = — /0 " ho) Lo a0 (3.11)

" on 1—2rcos(@ —p)+r2
Also, let h(yp) be continuous. Then, by direct computation,
lim u(r, ) = h(e).

Proof: If the denominator in the expression (3.11) is nonzero, then the limit would be vanishing.

Thus, the integral in Equation (3.11) has nonzero contributions only for certain ranges of the angle
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0. In detail, the integral has nonzero contributions only in the neighbourhood of that 6-value such
that
1—2cos(0 —p)+1=0 = 0=¢p.

Thus,
1 2 1— 2 1 e 1—r
—lim [ h(o = = 30 iy “
27rrlg% 0 ( >1—27"COS(9—90>+7’2 QWTE p—e ( )1_2TCOS(9_@)+T2 |
1 e 1—r
— _h(p)lim : do,
o r=1 J, o 1 —=2rcos(f — ) + 12
1 2 1— 2
= —h(p)lim : de,
o r—1 Jo 1 —2rcos(6 — ) +1r?
1 .
= 5 hy)lim (27),

= h().
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Conformal Mapping

Overview

You may already be familiar with the ‘morphisms’ for particular mathematical objects. Morphisms
are invertible maps between mathematical structures, such that the structure is preserved under the
mapping. In linear algebra, (invertible) linear transformations are the relevant morphisms, in group
theory, group homomorphisms; in topology, homeomorphpisms, in differential geometry, diffeomor-
phisms and so on. In complex analysis, the relevant morphisms are called conformal maps. These
are invertible, differentiable maps that connect one complex domain to another. These maps will
enable us to solve Laplace's equation in arbitrary domains, by conformally mapping the problem to

the open unit disc, where the solution is known, via Poisson’s kernel.

4.1 Analytic maps

Let

g:D — D, (4.1)
z = g(z):=( (4.2)

be an analytic function on the open domain D € C. We specify further that g(z) should be invertible
with an analytic inverse defined on the (open) set D’. (Note: D’ is necessarily open — why?). In
other words, we specify that g~!({) exists and is analytic on D’. This requirement means that D

cannot contain any critical points of g(z):

Theorem 4.1 Let g(z) be given as in Equation (4.2). Then the domain D contains no critical

points: ¢'(z) # 0, for all z € D.

65
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Proof:

We have
97 (9(2)) = 2.

Differentiate both sides and use the Chain Rule:
d dg
1=|—g! .
{ acl (C)] 7

Hence,

ac?

(4.3)

as in ordinary real-variable calculus. By assumption, (d/d()g~*(¢) exists everywhere in D’, hence

the R.H.S. of Equation (4.3) exists, hence ¢'(z) # 0.

Definition 4.1 We call a map between domains D and D' of the type (4.2) an analytic map.

Examples
1. Consider the following translation:

(=z+pB=(x+a)+i(y+0),

(4.4)

where § = a + ib is a constant complex number. The effect of this map is to translate the
entire complex plane by the distance and by the direction specficied by the vector (a,b)T.
Also, the map (4.4) maps the disc |z + 8] < 1 of radius 1 and centre —( to the unit disc
ICl < 1.

. The scaling
(=pz=plr+iy), peR’

maps the disc |z] < 1/p to the unit disc |(| < 1.

. The rotation

(=e¥z,  peR,

maps the unit disc to the unit disc, and rotates an arbitrary point z by an angle ¢ about the

origin.

4. The affine transformation

(=az+p, a#0 (4.5)
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is an invertible map analytic on the entire complex plane, with inverse

s=a (-4,

also analytic on the entire complex plane. Note also that the affine transformation is a
composition:

e First, a rotation, through an angle arg(«).

e Next, a scaling, by an amount p = |«|.

e Finally, a translation, through 3.

The affine transformation (4.5) maps the disc |az + 5| < 1 centred at —f/a and of radius
1/|c| to the unit disc || < 1.

5. Consider the following map:

Or, writing ( =& +1in and z = x + iy,

o Y

€:x2+y2’ n:_$2+y2‘

If we take D to be the punctured complex plane (with the origin removed), then g(z) =1/z

is analytic on D. Also, the inverse exists, with

z =

1
c
Hence, g(z) = 1/z maps the punctured complex plane to itself. Also,

dg 1
E:—Q#O, ZGD,

hence the map is analytic on D.

Consider also the set E = {|z| > p}. Then the image of this set under the map g(z) is the

set
9(E) = {cl ¢l < p}-

Thus, in particular, g(z) maps the exterior of the unit disc to the punctured unit disc and as

such, g(z) can be thought of as in ‘inversion’ of the complex plane.

6. Consider the complex exponential:
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This function satisfies the condition ¢'(z) # 0 everywhere on the complex plane, and moreover,
g(z) is itself analytic on the entire complex plane. However, the exponential function is not
one-to-one, since

e TN — o n € Z.

Thus, the condition ¢'(z) # 0 is necessary but not sufficient for a generic map ¢g(z) to be

invertible.

However, if we restrict the domain D to be the horizontal open strip
D={z=z+iyeC|l—0<z<00,0<y<2r},

then g(z) is one-to-one on this (open) domain, hence g(z) is an analytic map on D. Note the

strict inequalities here: these are needed to make D into an open domain.

We compute the image of D under g(z). We write ( = £ +1in and z = = + iy. We have
& =e"cosy, n = e"siny, 0<y<2m.

Letting x run over the entire real line and y run between the closed interval [0, 27|, all points
in R? are traced out. However, we are not allowed to do this, as y = 0, 27 is excluded. Thus,
the line £ > 0 is excluded from D’. Also, the point (£,7) = (0,0) is excluded, since this

corresponds to x = —oo in D. Thus, D’ is the set
D'=C-{{>0}.

Thus, D’ contains a branch cut — precisely the same branch cut that was required to make

the complex-valued logarithm into a single-valued function. This is not a coincidence (why?).

Consider now instead the following strip:
D={z=z+iyeCl—o0<z<00,0<y<al,

where 0 < a < 2m. As before, under the exponential map, points in D are given the following
(-coordinates:

& =e"cosy, n = e"siny, 0<y<a,

where —o0o < z < co. Thus, D’ is a wedge ('pizza slice’). Using polar coordinates (p, 6), the

wedge D’ extends from the origin out to p = oo, and extending also from 8 =0 to # = a.
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4.2 Conformal maps

Definition 4.2 Let g(z) : D — D’ be an analytic map. Then ¢(z) is called conformal if it

preserves angles.

Now, we need to clarify what we mean by ‘preserving angles’. For, it is not necessary that ¢g(z) be a
linear function. Thus, vectors in R? will not necessarily be mapped to vectors under g(z). However,
the angle between curves is a well-defined quantity both before and after the transformation g(z).
We therefore develop the notion of curves in C and formulate the notion of the angle between two

curves, at a point of intersection.

As in real space, a curve v in C is a one-parameter smooth map:

v:1I — C,
t o= z=19(t),

where [ is a closed interval, v(t) is a differentiable function of the single real variable ¢, and where
F(t) # 0, for all t € I. As usual, we write the parametrized curve as y(t) = z,(t) = z(t). We
identify z(t) with the relevant coordinate pair (z(t), y(t)): this is a point on the curve. Similarly, ()
is identified with the pair (Z(t),y(t)); this is a tangent vector to the curve at the point (z(t), y(t)).

The unit tangent vector is

(@(t).9t) _ (@(t),5(t)
V() +y(t)? 2]

Thus, the curve is degenerate at a point if |Z2| = 0 there, since then a unit tangent vector cannot

>

be ascribed to the curve at the same point (e.g. cusps).

Suppose that two curves, written here as z;(t) and z(t) intersect at a point ¢o:
21(to) = 22(to) == 20.
The angle between the z-axis and the tangent vector of the z;-curve at t; is
0y = arg(z1(to));

similarly,
Oy = arg(2s(to))-

The angle between the two curves at their point of intersection is thus

0 =0y — 0 = arg(2a(to)) — arg(21(to))-
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Next, consider the effect of an analytic map { = g(z) on the curves z; and z,. The curve z; will
be mapped two a new curve (;(t) = g(z1(t)); similarly, we shall obtain a second mapped curve

(2 = g(22(t)). We compute the velocity vectors of the new curves using the chain rule:

Gt) =gz,  i=12 g(=() #0. (4.6)

Interestingly,
Gl=1gGal,  i=12

Thus, the speed of the mapped curve is proportional to the speed of the original curve, and the
proportionality factor is totally independent of the details of the particular curve and depends
only on location in space. In other words, all curves passing through a particular point z are sped up

or slowed down by the same factor, |¢'(z)|. Similarly, for from Equation (4.6) applied to arguments,

arg(C(1) = arg(g/(2)) + arg(4 (1), i=1,2.

Thus, the tangent vectors for all curves passing through a particular point 2z get rotated by the same
amount, arg(¢'(z)), independent of the details of the curves themselves! Calling v; = arg((;(to)),

we have

Wy — b1 = arg(Ga(to)) — arg(Gi(to))
= [arg(g'(20)) + arg(£(t))] — [arg(g'(20)) + arg(£1(1))] = arg(£2(to)) — arg(21(to)) = 0,

which is the same as the angle between the two original curves. Thus, we have shown the following

result:

Theorem 4.2 [f ( = g(z) is an analytic map, then it is a conformal map.

The converse is also true: all angle-preserving planar transformations can be associated with an

analytic map. This is given below in the worked examples.

Finally, conformal mapping is extremely useful, because of the celebrated Riemann mapping the-

orem, which we merely state here:

Theorem 4.3 (Riemann) Let D C C be a simply-connected open subset of C, with D # C.

Then, there exists an analytic map that maps D to the open unit disc.

This is an extremely powerful theorem that states that any open simply-connected subset of the
complex plane (but not the complex plane itself) can be mapped conformally to the open unit disc.
The proof of the theorem is an existence-type proof, and gives no hint of how to construct the

conformal map. Also, the analytic map is not unique. For example, suppose | have a conformal map
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g between the domain D and the open disc Dj. | could choose first to map D to itself conformally,
and then to map D conformally to an intermediate domain D’, followed by a further conformal map
to Dy. Just for good measure, | could then conformally map Dy to itself by a further conformal
map. The composition of these maps would be another conformal map from D to D,, different
from ¢. Indeed, there is an infinite variety of such combinations. Thus, conformal maps from a
domain D to the unit disc are far from unique. Also, in practice, finding the conformal map is very

difficult. But at least we know it is possible.

4.3 Application to Harmonic Functions and Laplace’s Equa-

tion

We have shown already that conformal mapping preserves both the analytical and the geometrical
structures in the complex plane. We now show that conformal mapping also preserves harmonicity.
Thus, given an analytic map and a harmonic function on a certain domain, then the mapped function
on the mapped domain is also harmonic. This is a very useful result (which we prove below), because
instead of solving the Laplace problem in a complicated domain, we can choose instead to map the

problem conformally to a relatively simple domain, where the solution is known.

We start with the following theorem:

Theorem 4.4 Let ( =& +in and let U(&,n) be a harmonic function of (,n, and let the following
analytic map be given:

¢=g(2), z=1x+1y.

Then the composition
u(z,y) = U(&(z, ), n(z,y))

is a harmonic function of x and y.

The proof is a straightforward application of the chain rule:

ou_ouoc ouay  ou_ovoe ouon
ox 0 0x  On oz’ oy 00y  Onoy

Also,

Pu _ & (65)2 a?U(an)QHWU@%ﬁ_U@_%@_U@
or? €2 ono¢ dx dx ~ OE dx2  On Ox?’
Pu_ P (Y O (0)' 00 a0 00y
oy? &2 onoE oy dy — 0& 0y?  On Oy*
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Now, ¢ = £ + in = g(z) is an analytic function, hence

S R )

oxr Oy Oy  Ox

Thus, the expressions for u,, and wu,, are re-arranged as follows:

@ 82_(] % 2_|_82_U @ 2+282U@%+8_Ua_2§+8_(]@

ox? 0&2 \ Ox on? \ Oz onoé Ox 0x ~ O& dx%2  On Ox?’

02 0% [(9EN?  O2U [on\> 02U ono¢ OU % oU 92
u ( 5) N (_77) 5 no¢ UL  oUOm

oy 92 \ay) o \oy) Tomocdrdr 9 Ay I oy

Add them up in an obvious way now:

o\ [oeN?| 86U
(a—) *(a@)]*a—m

0*u N Pu  0°U
ox2  Oy?  0€2

on\> on\?
(3) (%)
ou (9% 9% ou (9*n 0%*n
w5 (o ae) o (0 )

oxr?  0y?

9z | dy?

The terms along the bottom line here vanish: ( = £ + in = g(z) is an analytic function, hence

&(x,y) and n(z,y) are harmonic. Also, by Cauchy-Riemann,

() () -G () -

where the last result follows because the complex derivative is indendent of approach. Similarly,
ox oy)

Viu = |¢'(2)|*V2U.

2 2

dg

ox

dg

dz

Y

dg2

dz

Y

hence

Thus, if U is harmonic in the (£,n) variables, then w is harmonic in the (z,y) variables. Conformal

mapping preserves harmonicity.

The way forward for solving Laplace's problem is now clear. Suppose we are to solve the following

difficult Dirichlet problem:

’u  J%u

@Jra_fyzz()’ <xay)€D7 u:h(x,y), (:L‘,:I/)G@D,

where D # C is an open simply connected (but not necessarily bounded) domain. We endeavour to
construct a conformal mapping (which must exist, by the Riemann Mapping Theorem), ¢ = g(z),

such that g(D) = Dy, where Dy is the open unit disc. Under the conformal map, we have
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U(&,n) = u(@(&n),y(&n)) and

0?U  0*U
2

852 + W =0, (f,’f]) € Dy, (473)

with the following boundary data on the unit circle:

U=h(z(&n),y&n)) = H(n), (&,m) € OD. (4.7b)

Equation (4.7) is relatively easy to solve — we have already done so, using the Poisson kernel. Thus,

the strategy is clear:

1. Start with Laplace's equation on a ‘difficult” simply-connected domain D # C.

2. Find a conformal mapping to map D to the unit disc Dy (difficult, but it must exist).
3. Solve Laplace’s equation on the unit disc using the Poisson kernel.

4. Invert the transformation to find the solution valid on the original domain D.

We consider two examples of this procedure in the remainder of this section.

Example 1 Consider the following Dirchlet problem on the positive half-plane:
V2u =0, x>0, u(x =0,y) = h(y).

In the worked examples below, it is shown in detail that the map ¢ = g(z), with

z—1
z+1

9(z) =
takes the positive half-plane in zy-space into the open unit disc in &7 space. Thus, we let

U(&m) = u(z(&m),y(&:m)),

with
VU =0, (§,m) € Dy.

Polar coordinates in (£,7) are appropriate for the boundary of Dy: we let { = \/Wcosgo and
n = +/&+ n?siny. Thus, on the boundary,

U=H(p), (&n)€0Dy,  0<p<2m

It is instructive to connect H(y) to the original boundary condition involving the function h(y).
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From the worked examples in Section 4.5 below, we have

2+ -1 2y

Carrre T

r+1)2+y?

However, the inverse of this relation is more useful here. We have

_z—1 S 14+¢ (1490 -0  1+¢-¢—[P
S P e e T L PR

With ( = £ +in, this becomes

1—& —n?42in

z=r 41y = 4.8
TR e (+8)
Hence,
2n
Y= e
(€—=1)2+n
Now, on the boundary 0D, we have
B 2sin g _2-281ng0/2cos<p/2_QSingo/Qcosgp/Q_QSingp/QCOSgO/Q_COt /9
(cosp —1)2+sing?  2(1 —cosg) B l—cosp  2sin’¢/2 o

Hence, the boundary data on 0D, are

H{(p) = h(cotp/2),
and the simple problem to solve is now the following:

VU =0, (&n) €Dy, U=h(cotp/2),  (&§n) = (cosyp,sinyp) € dDy.

Let us be specific and take the following example of a particular boundary function, with

L, y>0,
h(y) =
0, y<0.

In the transformed coordinates,

1, O0<p<m,
H(p) = (4.9)
0, m™<p<2m.

We shudder at applying Poisson's kernel directly to Equation (4.9); instead, we use the results from
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the worked examples in Chapter 3

1 2n
_ 1 —1
U(f,n)—i—k;[tan (1_62_n2>+kw}
where (£,1) = p(cos g, sinp), and k is our old friend the arbitrary integer. Using Equation (4.8),
this simpifies to

u(w,y) = &+ = [san (y/) + k],

and the explicit dependence on the variable integer k is removed by rewriting this as
1 1 :
’U(l’, y) =3 + ;Arg(x + 13/), (410)

with branch cut placed on the negative real axis (i.e. conveniently located outside of the domain of

the PDE); Equation (4.10) is the solution to V2u = 0 on the half plane z > 0 and —co < y < 0.

4.4 Mapping to the annulus

The Riemann Mapping Theorem does not apply to non-simply-connected domains: it is impossible
to map a non-simply-connected domain to the unit disc in a smooth way. In this section we consider

conformal maps from non-simply-connected domains to a two-parameter annulus
Arp={r <[¢| <R}, (4.11)

assumed to be centred at the origin. The case r = ( corresponds to a punctured disc, while setting
R = oo gives the exterior of a disc of radius r. It can be shown that any other domain with a single
hole can be conformally mapped to an annulus. The annular radii r, R are not uniquely specified:
in particular, the linear map & = oz maps the annulus (4.11) to a rescaled annulus A, ,r, with
p = ||, where the inner and outer radii have both been scaled by a factor p = |a|. Note, however,
the ratio /R of the inner to outer radii is still uncahged. Indeed, this is uniquely specified, and
annuli with different ratios cannot be mapped to each other by a conformal map. Here, if r =0 or
r = oo (but not both), then /R = 0 by convention. The punctured plane, with r =0 and R = oo

is a separate case.

In the following example a conformal mapping is constructed that takes us from an annulus where
the two bounding circles are non-concentric, to a concentric annulus of the form (4.11). Thus, we
start with the domain

D—{|z| <land |z —¢| >c}

with ¢ real and ¢ < 1/2 such that the inner, offset circle |z — ¢| < ¢ stays firmly inside the outer
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circle of radius 1, centred at the origin. Note that the centre of the inner circle lies at z = ¢,y = 0,
with one extremity of the circle coinciding with the origin. Looking again at the worked examples

in Section 4.5 below, we see that the linear fractional mapping

C(=9(2), glz)==—— o] <1,

maps the unit disc to itself, yet shifts the origin by an amount «. This map therefore seems like a
good candidate to take the off-centre annulus into a concentric one. In particular, we would like the

extremities of the mapped inner circle to lie at £ along the z-axis. In other words,
z=(0,0) =, z=(2¢,0) = —r.

Thus,

and

—r = g¢g(2¢),
2c — «

2car — 1°

One eliminates 7 to find

_2c—a
 2e—1’

or
1+ V1 —4¢?

2c

Now, the linear fractional map maps the unit disc to itself (see Section 4.5 below, Question 3),

o =

hence the extremities of the outer circle at x = +1 are preserved. Thus, the mapped inner circle,
now centred at the origin, must be of radius r < 1. Since 0 < ¢ < 1/2 is positive, the positive sign

is therefore inadmissible here, hence

and

z2—1++vV1—4c?
(1—+1—4c?)z—2c

Note, the radius of the mapped inner circle is r = a # ¢, so that the size of the inner circle is not

C=g(2), g(2)=

preserved under the mapping. Note, however, that the outermost circle, being the boundary of the
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unit disc, is preserved.

Finally, for the following example, we note that taking ¢ = 2/5 gives the conformal map

2z — 1

9(z) = ——-

We now use this theory to solve the following PDE:
V2 = 0, (x’y) €D,
where D is the open annular domain enclosed within the following circles:

. 21 2
G+ |2—%=%

Cout : 2] =1,
and where the following boundary conditions are imposed:

onCiy, : u=yb,

on Cowe : u=a.

We conformally map the domain D to the annulus D’ where the bounding circles are concentric,
with

Cow + ICl=m,
Couw = IKI=1;

with
1—+v1—4c
r=-—- CcC =
2c ’

For the concentric annulus, the only radially-symmetric solution of Laplace’s equation is

— r=1

(S]]

U(¢,n) = Alog|¢|+ B, ¢l = V& + 72,
= 1Alog(¢*+7°) + B,

where A and B are complex constants. The boundary conditions are

onC}, : U=,
on C’

out
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Hence,

a
U,n) = 2log 2 log(&* +n?) +b.

Using the results from the worked examples below in Section 4.5, with a = r = 1/2, this becomes

b— 2z — 1)% + 4y?
u(z,y) | g(( r—1) y)—l—b.

:210g2 ¢ (x —2)2 442

4.5 Worked examples

1. Recall the following problem from the previous work on Laplace’s equation:

Consider the following Dirichlet problem:

Ve = 0, (x,y) € D,
® = Const., (x,y) € 0D,

where D C R” is open, bounded, simply connected. Show that & = Const.

everywhere in D.

Specialize to dimension n = 2 and extend to all simply-connected domains D # C. Use
the Riemann Mapping Theorem and the Poisson kernel to construct an equivalent proof

of this statement in this particular special case.

By the Riemann mapping theorem there exists an analytic map ¢ = g(z), such that g(D) =
Dy, the open unit disc. Take ( = & +in, and let

U(&,n) = 2(x(&m),y(&mn))

Thus, U is harmonic on the open unit disc. Take ® = h(x,y) on 0D, with h = Cont..

U(€,n) = h(x(&n),y(&n)) = Const.,  (&mn) € IDy.

Take U(&,n) = C on 9D,. By the Poisson kernel,

27 7,2_1
U = C dp =C <1 0 << 2m.
(r:¢) /0 {1”2 —2rcos(f —p) +1 7 ’ Tea =y sAn
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Hence,
U(én?n) = C: (5777) S DO-

But
O(z(&,n),y(&m) =U(n) =C,

hence ®(z,y) = C on D also, and the result is shown.

2. Consider the following map:

z—1
¢=9(2). 9=
(a) Let z =z +iy and { = £ + in. Show that
= 22 4+y? -1 B 2y
R A R Ve

(b) Obtain the domain D and the image g(D) that make g(z) into an analytic map.

(c) Show that the map g(z) maps the positive half-plane {Re(z) > 0} into the unit disc

<< 1.
(a) We have
) z—1
S = z+1
(z=1)(z+1)

z+1D(Ez+1)
z2P—1+2z—-2Z
22+142+7’
2] — 14 2ilm(2)
|z]24+ 1+ 2Re(z2)’
22+ y? — 1+ 2yi
22+ y?+ 1422’
2?2 +y? — 1+ 2yi

(z+1)% + ¢
Equate real and imaginary parts:
¢ = 2 4+y? -1 B 2y
IR e s o)
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(b) The point z = —1 must be excluded from the domain. Also,

, (D)= (2—-1)
g(z) = S
2

(z+ 1)

which is never zero. Thus, D = C — {1}. By straightforward computation, the inverse
is

1+¢

=T c

hence ( # 1. Thus, the domain D is mapped to itself, and

z

g(z): D — D, D=C-{1}
is an analytic map.
(c) Take |(] < 1. Thus, |z — 1| < |z + 1|, hence
(=1 +y" < (@+1)’+y"

hence 2% — 22 +1 < 22 4+ 2x + 1, hence —4x < 0, hence = > 0, with y arbitrary. Thus,
|| < 1 is mapped to the right half-plane under the map ¢~!(¢) and by invertibility, the
right-half-plane is mapped to the unit disc.

3. Consider

Q:g(z), g(Z):—__la |a|<17

where « is a complex constant.

(a) Show that g(z) is an analytic map on an appropriate domain.
(b) Show also that g(z) maps the unit disc |z| < 1 to itself.

(c) Show that the origin z = 0 is moved to the point ( = «. Explain why this does not
contradict (b).

(d) For the particular case where « is real, let ( = £ +1in, z = x + iy, and n = g(z).
Hence, show that
(2= 2)" +v°

Hint: An explicit computation of £ and 7 is not necessary.

E 4= (l$—1)2+Ly2.
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Note that z = 1/@ is a singularity. Hence,

is the relevant domain. Also,

(@z—1)— (z—a)a

g (Z) (az _ 1)2 ’
jof* — 1
(az — 1)’

and this is nonzero because |a| < 1. Finally, the inverse map is obtained by straightforward

algebraic computations:

(—a
z ==
al —1’
hence,
g:D— D,

with ¢'(2) and (d/d¢)g=*(¢) nowhere zero on D is an analytic map.
For the second part, let z = rel® and let o = rpe¥°. We compute

rel? — rqel¥o

¢ = rroe~ivoelr — 1’
— ivo relﬂ"e.*“"'— o (4.12)
rroe el — 1
(4.13)
Hence,
INum.|> = 7%+ 1§ — 2rrgcos(¢ — @),
Den.|> = 7§ +1—2rrycos(y — ¢o).
Thus,

Num.  [Den.? = %412 — 22 1,

= —(1-r)(1-7% <0,
where the strict inequality follows because 0 < r < 1 and 0 < rg < 1. Thus,

|INum.| < |Den.|,
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hence

<1,

and the unit disc in z-space is mapped to the unit disc in (-space. Finally, under the conformal

map,

gO = 9(0)7
-

-1’
= Q.

The origin is mapped to the point o under the conformal map. This does not contradict the

fact that the unit disc is mapped to itself: a further point
Z1 =«

is mapped to the origin in (-space: the conformal map ‘twists’ the unit disc such that the
origin is shifted by an amount «, but a further point z; is also shifted and takes its place at

the origin in the mapped space. Check:

= — <1
g(zl) |Oé‘2 — 17 |a| )
= 0.
For the last part, we have
¢ (z—a)(az—1)
- (@ —1)(az—-1)’
(z—a)(az—1)

(az —1)(az — 1)’

alz|]? =z —a*z +a

2P +1—-a(z+72)’

a@®+y*) — (z+iy) — Pz —iy) +a
a?(z?2 +y?) + 1 — 2ax '

Hence,

al@@+yY) + 1 —z(l+o?)
&= a?(x2+y?)+1—-2ar
y(1—a?)

a?(x?2 +y?) +1—2ax
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For the final part, instead of evaulating £2 + 1? by direct computation, we start instead from

Equation (4.13), such that we obtain the followiong expressions:

r? +o? — 2ap7
r2a24+1—-2zx’

(2 +y?) + a* — 20z

a?(z? +y?) + 1 — 2ax’
(v — ) +y°

(ax —1)% + a2y?’

(2e— 1)+
(r=3) +v?

«

&+ =

4. Show that every planar conformal map comes from a complex analytic function with
nonvanishing derivative. You may use any method you like. However, the following
method is suggested:

(a) Prove the following lemma:

Let 7' : R® — R" be a linear angle-preserving map. Then 7' is a scalar

multiple of an orthogonal matrix.
Hints:

e Choose an orthonormal basis e;. Compute the image of the basis under the
linear transformation, f; = Te;. Argue that the f;'s are an orthogonal basis for

R™ (but not necessarily orthonromal).

e Let D =T7T, and construct the matrix D;; = (e;, De;). Show that
Di; = || £ill36:5 no sum over 1.

e Define § = angle(ey, e; + e), with k& % 1. Show that

1
cosf = o

e Using the angle-preserving nature of the map 7', show that

_ 1 f1113 _
IFlTAR R Y2

hence deduce that || fi|l2 = || fxll2, for all K = 1,--- ,n, and finally, deduce that

D = ), for some scalar lambda.

e Conclude that T is a scalar multiple of an orthogonal matrix. Rule out improper
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rotations, such that 7" is a scalar multiple of a rotation matrix.

(b) Using the lemma from part (a), start with two curves (t) and y(¢) in R?, and let

g(x) be an angle-preserving map, such that

x(t) = g(x(t)) = (9:(2(1), (1)), 2 (= (1), ¥ (1)) ,

and similarly for y(t). We proceed as follows, where all calculations are performed

at a point of intersection of the two curves:

e Show that
e e o
al — T4 — x Yy
dtw(t) = Jz, J = e Oe |
ox oy
e Compute
~ Ja, Jy
cosf = M
T2l Jyll2

Deduce, using the angle-preserving property of the map g, that J takes the
cos® —sind
J=A ' ,
sin® cos®

e Hence, show that the components of the map g satisfy the Cauchy—Riemann

following form:

where ) is a scalar.

conditions, and conclude the proof.

For part (a), choose an orthnormal basis e;, ane let f; = T'e; Consider

fi- £; = fillll f;llangle(fi, £5),
= [Ifillllf;llangle(e;, €;),

= [fillllf;lle: - e,
= [ Fillll £1l6i;,
= |Ifill*6;,

Hence, the f;'s are an orthogonal basis for R™.
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Next, consider

Dij = (&) (Dej),
= e;fFTTTej,
= (Te:))"(Tey),
= fi- fi
= [I£ill?5;;.

Consider
0 = angle(ey, e; + ey), k # 1.
We have
61'(61+6k) = 61'€1+€1'6k,
— 1,
= |leill2ller + ex|l2 cos b,
= \/e% + 2e; - e; + €3 cos b,
= V2cosb,
hence

cosf) = —

7

However, using the angle-preserving map, we also have

0 = angle(f1, f1 + fx)

Also,
fi-(fi+f2) = fL=1A5
= || fullllfr + fall2 cos [angle(fi1, fi + fr)],
= | full2llf1 + frll2 cos,
= fillay/ 57 + 261 fo+ FR coso,
= |[fill2n/ I £1113 + [ fxl[5 cos 0,
hence

1 £1113 _ 1

T AIRE T I fR V2




86

Chapter 4. Conformal Mapping

Tidy up this last result now to obtain

FAE _ 1
IAB+ 1B V2

Square both sides:

FA
LA+ fell3 2
Hence,
105 = SIANE + 31 Fel3,
hence
£l = A5 k=20
Hence, each f;-vector has the same length —say || fi||]2 = A, for all k =1,---  n, hence
But D = T7T, hence
TTT = ),

hence T is a constant times an orthogonal matrix. In order to rule out the possibility that
vectors are ‘flipped’ (i.e. 8 — 6 = —6, but with cos® = cosf), we rule out improper
rotations, such that 7" must be a constant times a special orthogonal matrix, i.e. a constant

times a rotation matrix. This concludes the proof.

For Part (b), take  and  to be column vectors, and start with

(st
) =g(=()) ( g2 (t).y(0) ) /

hence

o) — (i)
dt 2 ga((t), y(t))
891 391

892x + 692

991 091
— ox dy
dg2  Og2
ox dy

= Jx,
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9 Ogq1

J=| o o s 1T
99 Om | di \
ox oy

where

Thus, consider the point of intersection of two curves x(t) and y(t), such that

x(to) = y(to).

In the mapped space, we have

The unit tangent vectors of the mapped curves at the point of intersection are

dz .
~ = Jx
ty =4 = " t = to,
1<) (||
and g
ay Ja
t=—d— 2y,
1<) 1yl

hence the angle 0 between the tangent vectors in the mapped space is
cosf = t -ty

Note that we must take Ja& and Jy # 0. In addition, to construct tangent vectors to the original
curves x(t) and y(t), we must have & and y # 0 at the point of intersection. Thus, it is required
that the kernel of .J should be trivial, in other words J should be an invertible map, hence

09, 09> _ 991992 , (4.14)

But by the inverse function theorem, the condition for the vector-valued function to be invertible is
the non-vanishing of the determinant of the Jacobian. Since invertibility is assumed, condition (4.14)

is guaranteed.
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In any case, by the angle-preserving property, we have, at t = ¢,

<J$7 Jy> . 5
T -0 1T — tl . t27
[J|[2][ Jyl|2
= cosb,
= cos#b,
- tl : t27
(@)
|2 ]|2]| 7]l
Thus, for the general point of intersection,
(Jz, Jy) (x,9)

1Tl gl (|2l

From Part (a) it follows that J is a constant times a rotation matrix:

cos® —sind
J — )\ )
sin® cos®

hence
% = Acos®,
% = —)Asin®,
dy
% = Asin®,
% = AcosO.
dy

Matching up the terms, we have

991 _ 992 91 _ Og»
ox Oy’ oy ox

Hence, (g1(z,v), g2(z,y)) satisfies the Cauchy-Riemann conditions. Also, (g1(z,v), g2(z,y)) is

assumed to be smooth, hence all partial derivatives exist are continuous. Thus, the complex-valued

map

F(2) = gi(z,y) +ig2(x, y), z=x+1y

is a holomorphic function. This completes the proof.
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As an aside, apply the Cauchy—Riemann conditions to Equation (4.14). Thus,
Jga ? 092 ?
-2 22 40
(393) i ( o) 7"
g ? g1 ?
A 2L £o.
( Oz ) "oy 7

In other words, the condition for the angle-preserving map to be invertible boils down to

and

IVagi|* + |Vga|* # 0.



Chapter 5
Laplace Transforms

We define the Laplace transform and specify the class of functions for which it exists. We demon-
strate how Laplace transforms can be inverted. The procedure for computing Laplace-transform and
inverse-Laplace-transform pairs is very similar to the analogous procedure in Fourier Analysis. Ex-
amples of these calculations are provided. The associated homework assignment show the range of
applications in which Laplace transforms can be used to reduce seemingly difficult calculus problems

into simple algebraic ones.

Overview

5.1 The Definition

In this Chapter, let

F:[0,00) — C,
t — F(t) (5.1)

be a complex-valued function of a real variable.

Definition 5.1 Let The function F(t) is at most exponentially diverging if there exist real
numbers (Ao, M > 0) such that

le™ ' F(t)] < M, ast — oo;

we call \y the divergence parameter.

90
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Definition 5.2 Let F'(t) be at most exponentially diverging, with divergence parameter )\y. Laplace-

transform of F'(t) is defined as follows:

F\=L(F):= /OO e ME(t)dt, Re(X) > Xo.

Theorem 5.1 The Laplace transform is linear, in the sense that
L(aF(t) + BG(1)) = aL(F) + BL(G),

where « and 3 are complex constants and the functions F' and G are functions of type (5.1) whose

Laplace transforms exist.

5.2 Simple examples

1. We compute the Laplace Transform of F(t) = ek, with k > 0 real.

We have

ﬁ)\ = /OO e(k_)‘)tdt,
0

1
— 1 (k=ML _
= [k s D] 5-2)

Obviously, we need Re(\) > k for this integral to exist, hence

F)\ = m, Re()\) > k.

The transform has a simple pole at A = k, which is connected to the failure of the integral (5.2)
to exist for Re(\) sufficiently small. See Figure 5.1 for a sketch of the A\-domain where £(e*)

is well-defined.

2. Consider F(t) = sinhkt, with & > 0 real. We compute the Laplce transform of F(t) as

follows:

£<ekt) _ /OO e(k—)\)t’
0
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)\.r< W | 2 }\r>k

[
g .
(“h. does vt exvt

->

» @xvhs

Figure 5.1: Domain of existence of the complex Laplace transform of e**.

Also,
L(efkt) — /Oo e(flff)\)tdt7
0
= R > -k
Ak
By linearity,
E(Smhkw:%()\ik‘_)\—ll—k)’ Re(\) > k,

where the first inequality trumps the second one. Finally,

L(sinh kt) = ﬁ Re(\) > k.

3. Let F'(t) = sinkt, with & > 0 real. We compute

E(eikt) _ /OO e(ik:—)\)tdt7
0

_ L k=ML
Jm Lk —5 |
1
= — R :
TS e(\) >0

Similarly,

—ikt 1

L(e™) = Re(A) > 0.

A+ik’
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By linearity,
L(sinkt) = %()\ 1. - 1. ), Re(\) > 0,
—ik A +ik
- f_ S Re()>0.
Note that

lim Fy = 1/k.
A—0
Thus, we can assign a value to [ sin(kt) dt as
/ sin(kt)dt := —, kE#0
0 k

in the sense of a limiting process determined by Laplace transforms.

4. Let F(t) =t", where n =0,1,--- is an integer. We have

e o
F, = /‘e”%%m
0

1 oo
= / e 't"dt, Re(A) > 0,
0

>\n+1

n!
)\n+1 :

5. Let F(t) = d(t — to), with £y > 0. We have
a2\ :/ eMo(t — to)dt = eMo.
0

We take ty | 0 and define
L(6(t)) =1.

5.3 Inverting Laplace transforms

Let

F:[0,00) — C,
t — F(t)
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be a complex-valued function of a real variable, and moreover, let F'(t) be at worst exponentially

diverging, with exponential parameter \y. We re-write F'(t) as
F(t) = e"G(t),

where lim;_,, G(t) = 0. Such a G-function exists; we take

G(t) = F(t)e~Gotelt

Y

for € arbitrary and positive (hence, v = Ag + €). We have

G = [F(t)e ",
< MetoteAot—et as t — oo,
< Me™,
— 0, as t — oo.

Also, define G(t) = 0 for ¢ < 0. It follows that G is L? square integrable. Subject to the usual
further conditions on G (i.e. piecewise differentiable for ¢t € R), G can be written in Fourier

transform notation:

G(t) = / W g,

oo 2T

* dw iwt OO —iws
= /_mge [/_mdse G(s)]

Multiply across by et

eyt o] . [ roo .
'G(t) = o dw e** / ds e_IwSG(S)} :
™ o0 L/ —OQ
et oo Y .
F(t) = — dw e’ / ds e_“"sF(s)e_”S] :
2r J_ L Jo
e'yt o] ) r roo
= — dw e / ds eAsF(s)] :
2r J_ L Jo
7,
Let A = v +iw, hence w = (A —7)/i.
et [ : ~
Fit) = — (dw em)w:g F.
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Effecting the change of variables, this is

1 o0

F(t) — > (dwe(’7+iw)t)w:g ﬁ,\,
1 y-+ico N
= — dAeME).
2 ) ieo

The contour

B={zeClz=~v+1y,y € R}

is called the Bromwich contour. It is sketched in Figure 5.2.

A

(oo —nE i /\- b
L CEM Pebdt well-
PC’SS"OM cl{ue.’g._--‘g, " bebhaed. - -
{\F\ lr\ns SE-’\ﬁL"\tq Rey heve F} s vie cl'rlﬁbl-&"n‘i"’-'? <
v ? \
4 '
e

Figure 5.2: Definition sketch — the Bromwich contour

Suppose now that
lim [MFy\ =0, >0

A—00

and consider the contour C + B in Figure 5.3. For now, we consider the case where the singularities
of e’\t}?A are poles; branch-cut singularities are considered on a case-by-case basis in the examples to
follow. Also, we use the notation C to denote the limiting contour associated with a semi-circle of
radius R centred at (y,0), with R — oo. In this limit, the semi-circle encloses all of the singularities
(poles) of F\. Also, Je eMEyd) = 0. Hence,

— e’\tF,\ = E enclosed residues,

- i /d)\+/d>\ ME,
27T1 C B
1 ~

- <0+/d/\) M.
27'['1 B

F(t) = Zenclosed residues, (5.3)

Hence,

where ‘residues’ refers to the residues of e F) in the half-plane to the left of the line Re(\) = 7.
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Figure 5.3: Integration along the Bromwich contour using the Residue Theorem

5.4 Examples of Laplace-Transform inversion

1. Let f(\) = k/(\* — k?), with k& > 0 real. If f(\) is a Laplace transform, compute the

generating function of the transform.

We compute
1 ket

PO =55 [ 55

where B is the Bromwich contours: it is a straight line parallel to the imaginary axis to the

right of the singularities of the integrand

ke)‘t
Sy (5.4)

Since the singularites of Equation (5.4) are A = £k, the Bromwich contour is

B={z€Clz=(k+¢€)+iy, y € R, e > 0}.
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Using the residue theorem, we have

ke)\t ke)\t
F(t) = Res (m, k) + ReS (m, —k')

) k,e)\t ) k,e)\t
= Jim {“ — k) m} + Jim, {“ ) m}
= % (ekt — e’kt) = sinh(kt),

in agreement with Example 2 in Section 5.1.

2. Let f(\) = A™'/2 be the Laplace transform of a function. Find the generating function.

The function f(\) has a branch cut along the curve
{z =z + Oiy|z < 0}.

Consider the closed contour C shown in Figure 5.4. Since C encloses no singularities, we have

4 N
|
;i.-’ | \;.1_‘ .
/
Cireular part }\_

|:._..-._....-.-.._ S _ff ............... b S— | .,
Sl el et el ol oG . o ) 1 rd
i ~ G A

“

'“ER}__

Small linear part

Figure 5.4: Integration along the Bromwich contour for a function with branch cut along the negative
real axis

eAt

Moreover, the contour C can be regarded as being made up of many parts:
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The Bromwich contour;

A small semi-circle of radius € centred at zero.

The lines surrounding the branch cut.

Semi-circular parts (centred at zero) of radius R, with R — 0.

Small linear parts with z = x £ iR, and x € [0, 2¢| (say).

We consider these parts separately now, starting with the semi-circle of radius €. This evaluates

/2 get cos O+iet sin 6
/ (cidg) S

/2 €1/20i0/2

to

which vanishes as €/2 as ¢ — 0. Also, the semi-circular parts of radius R contain contributions

eRt cos 0+iRt sin 6

such as

The limits of integration are unspecified; however, they are in the second and third quadrants
where cosf < 0. Thus, these contributions vanish as

R1/2e—Ra7 a € R+,

as R — 0 (we take ¢ > 0). The linear parts vanish similarly. It follows then that

1 e/\t 1 e)\t
Ft) = — | —d\= —— dX d\ | —= )
(*) 27i /B AL/2 27i (\/Ll + /L2 ) AL/27 (5.5)

where Ly and Ly are the contributions from the linear contours surrounding the branch cut.

Consider the integral along L;. We have

A= |Aletm,
- (_x)e—i_iﬂ»
/\1/2 — (_x)l/Qeiw/Q _ i(—$)1/2

We also have A = x on L;, and we use whichever form is convenient in the following string

e)\t 0 ea:t
IR

1 ooefyt
= 1)

of relations:
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Let X = (ty)"/? to get

e)‘t 2 o 2
S = 2 e Xax
/L1 N2 it1/2/0 ¢ ;
2 1
~ 2 (s77).
i (2 m/
1
= 7/t
v/

We make similar arguments for the second linear contour, Ly. We have

A= [Ae™,
= (_x>e_i7r’

A2 (_:v)l/Qefiﬂ/Q.

We also have A = = on L,. Hence,

e)\t —oo et
/LQ ER / oy et
1 ooe—yt
-5,

:%¢Ha

Starting with Equation (5.6), we assemble the results as follows:
1 et 1 (/2 1
F(t)=—— dA AN ) —=—— | ~ | =—.
=25 ( /L * /L ) N2 T T on (i m/ ) i

5.5 Laplace transforms — further properties

Throughout this section, let (F'(t), F\,\) be a valid Laplace-transform pair:

~ o0 1 ~
F\ = / Fte Mdt,  F(t) = — / Fye,
0 B

 2mi
where B is the Bromwich contour.
Theorem 5.2 (Substitution) Leta € C, and let f(\) := F) denote the Laplace transform of the

function F'. Then

FA—a) =L (e"F(1)).
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Proof: By direct calculation we have

fA—a) = Fi,
= / e~ A=t P()dt,
= /0 Ooe—M [e™F(t)] dt,
= L(e"F(t)).

Theorem 5.3 (Translation) Let a be a real positive number and let f(\) := F\. Then

e P F(N) z/ e ME(t —b)H(t — b)dt,
0
where H (-) is the unit step function,

1, >0,

0, x<0.

Proof: We have

e PFN) = /00 e e MP(t) dt,
0

= / e~ CHOAR (1) dt.
0

Let 7 = b+, with i, = b and 7, = co. Hence,

By = [ e E(r - bydr
N = [ e EE -y

However, consider

F(r—b), 7>b
F(r—bH(T—-10b) =
0, T < b.

Hence,

b 00
e P f(\) =0x / e MF(T —b)dr +1 x / e MF(T —b)dr
0 b

_ / T e E(r — B H(r — b dr.

Theorem 5.4 (Differentiation in real space) F'(t) be a C' function of t, with F' and its deriva-
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tive at worst exponentially diverging. Then (cm) ,, exists and

—

(%)A _ /0 T ME()dE— F(0).

Proof: By assumption, dF'/dt is at worst exponentially diverging, and its Laplace transform exists,

at least for appropriate A-values. Also by definition,

dF >
— = / e_’\td—th,
N 0 dt
> [d
= / [% (eAtF)Jr)\eMF} dt,
0

= lim e *F(L) — F(0) + / N e ME(t)dt.

L—oo 0

For Re(\) sufficiently large and positive, the limiting boundary term vanishes, and

@\_f)A _ /0 T ME()dL — F(0),

as required.

Theorem 5.5 (Differentiation in transform space) F(t) be piecewise differentiable with respect

tot. Then f(\) := ﬁ,\ is differentiable with respect to A and, moreover,

f'N) = L(=tF(t)).

Proof: For suitable A, the integral

fN) = /OOO e ME(t)dt

is well-defined and is uniformly convergent and may be differentiated under the integral sign with
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respect to \. We compute:

Foy = g e

_ /0 h L{%\e)‘t} F(t)d,

= /Ooe”[—tF(t)]dt,
= L(—tF(t)).

Definition 5.3 (Convolution) Let F(t) and G(t) be at-worst exponentially diverging. The con-

volution of F' and G is defined as

(FxG)(t) = /o Fi(t — 7)Fy(7)dr.

Theorem 5.6 (by Faltung) Let F(t) and G(t) be at-worst exponentially diverging, with Laplace

transforms @ and G A respectively. Then
PGy = L[(F*G)()]
Proof: By direct computation, we have
F\G) = /OO e ME(t) dt /00 e G (s)ds.
0 0

We first of all re-write the integral as follows:

L L
F\G\ = lim eAtF(t)dt/ e G(s)ds.
0

L—oo 0

The trick is to re-write this further as

F\G) = ngrolo OLe_)‘tF(t) dt /OL te_’\SG(s) ds.
In fact, we have changed the region of integration from an L x L square to a triangle with vertices
at (0,0), (0, L), and (L,0). However, leaving out half the domain of integration does not matter, as
the omitted region is ‘filled in" as . — oo (e.g. Figure 5.5). Now, we proceed by direct calculation.
We want only one free variable in the exponential argument. We do not modify the variable s;
instead we define

t+s=7 —= t=s—71
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P
1:""/‘
e
</
/f/@ Tzl
Ay
A0 o

oe

Figure 5.5: Sketch for the change-of-variables in the Convolution Theorem

Again referring to Figure 5.5, we have

e Line Segment 1 (s = 0) is mapped to s = 0;

e Line Segment 2 (s = L —t) implies that 7 = ¢+ (L —t) = L (constant); hence line-segment

2 is mapped to a vertical line segment passing through 7 = L.

e The condition on Line Segment 3 (¢ = 0) implies s = 7, hence line segment 3 is mapped to

the straight line of slope 45° passing through the origin.

Also, consider the transformation, expressed correctly here as

T = t+s,
s = s,
with inverse
t = 7-—4,
s = s.
We have
a o
_ or 0s’ /
dtds = be or drds'.
or Os
———
=J
1 -1
J = =1,
0 1
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hence
dtds = drds’.

Putting it all together, we have

L L—t
ARG, = lim (YMF@ﬁh/1 MG (s) ds,
0

L—oo 0

L Lt
= lim dt/ dse ™MF(t)e ™ G(s),
0 0

L—oo

L T
= lim dT/ ds F(1 — 5)e M9G (s)e ™,
0 0

L—o0
L T
= lim dr e’\T/ ds F(T — s)G(s),
0

L—oo 0

::témdfe*TLATdsF@*—sXKSﬂ,

= /oo dr e ™ (F % G)(7),

0

= L[(F*G)(7)].

Example

Compute the inverse transform of

1— —aX
f)=—2 4eR*
A
We break it up into two parts. Consider
1 eAt
I = — | —dA\.
Y om s A

The Bromwich contour is a straight line parallel to the imaginary axis passing through z = 0 + ie,

with € | 0. The integrand has a single simple pole at A = 0, with
oy
Res | —,0) = 1.
(5

11:1, t> 0.

Hence,

On the other hand, if ¢ < 0, to get a convergent integral we would have to close the contour by
forming a semi-circle on the right of the Bromwich line. However, such a contour encloses no

singularities, hence
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We do the second integral by considering

1 e(t—a))\
I, =— dA.
YTomify A
The integrand is
e)\r(t—a)e)\i(t—a)
A

The Bromiwch contour is the same as before. For the B-contour given there are two possibilities:

1. t—a > 0 - chose A\, < 0 — close the contour on the left. Thus, a contribution to the integral

is picked up from the pole at A = 0.

2. t—a < 0 —chose A\, > 0 — close the contour on the right. Thus, there are no pole-contributions

to the integral and the integral vanishes.

In other words,
1, ift>a,

0, ift<l.

Finally, the answer is
F(t)=H(t)— H(t — a).

However, from a sketch, this can be seen to be a top-hat function:
0, ift<O0,

F(t)y=41, if0<t<a,

0, ift>a.

There is another way of getting at the second integral /5. From the translation theorem, we have

o= [ e Mo - a,

0
Taking ¢(t) = H(t), with ¢y = 1/), we have

—aA

= /Oooe’\tH(t)H(t—a)dt,

= / e MH(t — a)dt.
0

Hence, the Laplace transform of H(t — a) is e=**/\, hence

1 —a\
. (e—) M\ = H(t — a),
5 LA

21
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as computed already, using a direct approach.

5.6 Worked example

Let f(\) = A~Y/? be the Laplace transform of a function, where p € {2,3,---} is an integer.

Find the generating function.

The function f(\) has a branch cut along the curve
{z =z + Oiy|z < 0}.
Consider the closed contour C shown previously in Figure 5.4. Since C encloses no singularities, we

eAt

Moreover, the contour C can be regarded as being made up of many parts:

have

The Bromwich contour:;

A small semi-circle of radius € centred at zero.

The lines surrounding the branch cut.

Semi-circular parts (centred at zero) of radius R, with R — oc.

Small linear parts with z = x £ iR, and x € [0, 2¢] (say).

We consider these parts separately now, starting with the semi-circle of radius €. This evaluates to

/2 eet cos O-+iet sin 6
/ (eidf) ——

/2 61/17619/1’

which vanishes as ¢!=(1/P) = ¢(=1)/P 35 ¢ — (. Also, the semi-circular parts of radius R contain

eRt cos 0+iRt sin 6

contributions such as

The limits of integration are unspecified; however, they are in the second and third quadrants where

cosf < 0. Thus, these contributions vanish as

RP~D/pg—He aeRT,
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as R — 0 (we take t > 0). The linear parts vanish similarly. It follows then that

1 e/\t
F = — = .
(1) / >\1/p —5 (/L1 dA + /L2 d)\) N2 (5.6)

where L, and L, are the contributions from the linear contours surrounding the branch cut.

Consider the integral along L;. We have

A= At
= (_x)eHﬂv

A — (_x)l/peirr/p'

We also have A = x on L, and we use whichever form is convenient in the following string of

e)\t 0 ext
—dX\ = — d
/L1 )\l/p /—oo (_ )l/penr/p o

) oo —yt
_ e—lﬂ'/p € dy
o y'/r

relations:

Let y = 22, with dy = 2zdz. Then,

ooe—yt oo —z
—dy = 2/
/0 Yy 0
00
— 2/ —z2t 1— 2/pdz
0

= zQ"e’Z tde, n=1-1
0 2o

C(n+ %)
tn+(1/2) 7
= I'(1- 1),5—(1—(1/1)))7
ti/p

= T(1-H—.

Whew!

Next, consider the integral along Ly. We have

A= [Ale™,
= (_"E)e_m?

AP — (_w)l/pefiw/p_
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We also have A = 2 on Ly. Hence,

e)\t —00 et
—=d\ = ——d
ULAW | o

o0 7yt
- _ iw/p/ ¢4
= (§] Y.
0 yl/p

Putting it all together and using Equation (5.6), we get

1 eM
1 t/p

- = (e—iw/p . ei7r/p) T <1 . 1) v

i p) ¢

r (1 — %) tl/p

- —— sin(ﬂ/p)T.

But

Hence,

Take x = 1/p to obtain

F(t) = 1(1-1) —Sin(:/p)¥,
. 1 ti/p
= M(1-3) v @y
o
Mjp) ¢

Check against standard formula:

o _ T+

NA/m+L
U
(14 (1/n)) A(1/m)+1
Take (1/n) +1=1/p, hence 1/n = (1/p) — 1, hence
LT e R
01/ N7

and our result is confirmed.



Chapter 6

The steepest-descent method

Overview

The solution to many problems in Applied Mathematics and Mathematical Physics can be written as
an integral involving a parameter. Typically, these integrals are difficult if not impossible to evaluate.
However, generic techniques exist to evaluate these integrals in the limit of large parameter values.
The first such technique is called Laplace's method, and the same method, applied to complex
parameters, is called the saddle-point or steepest-descent method. Both techniques are discussed
here, with the complex case following naturally from the simpler real case.

6.1 Laplace’s asymptotic method for integrals

The idea of this method is to find asymptotic expressions for integrals such as
b
I(\) :/ F(t)e™Wdt,  as A — 0. (6.1)

Here, X\ is a real parameter, and the function ¢ attains a strict minimum at c¢ in the interior of

[a, b], such that

e F'(t) is continuous, with F'(t) # 0.

We rewrite Equation (6.1) as
b
1) = et / F(t)e o090y (6.2)

109
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The main idea of Laplace’s method is to observe that as A — oo, the dominant contribution to the
integral (6.2) comes from a small neighbourhood of the minimum at = = ¢. Looked at in another

way, the argument of the exponential

—Ag(t) — g(c)]

is negative or zero. At large )\, and for ¢t # ¢, the phase is very negative and e is small and

does not contribute. Thus,

cte
I(A\) ~ e‘Ag(C)/ F(t)e No®=9(lq¢ as A — o0,

Cc—€

where € is a small positve number. We compute the integral as follows:

cte
I(\) ~ e / F(t)e MW=9C)qr  as A — oo,

—€

cte
o Ma(0) / F(t)e=20/29" @02y

—€

ct+e
~ e MO R () / o M1/2g" (Ot gy

—€

The integrand is now a pure Gaussian integral, whose width is proportional to A='/2. Thus, the
Gaussian integrand is approximately zero outside of the small region [c — €,¢ + €], and we can

therefore extend the limits of integration, incurring only vanishing errors in the process:

I(\) ~ e_kg(C)F(c)/ e MI/2)g"(€)(t=0)* gy as A — oo,

2m
— MO
) ©) Mg (c)
Thus,
I(\ —Ag(c) 2m
(A) ~e F(c) Ve as A — oo, (6.3)

and the leading-order behaviour of Equation (6.1) is captured.

Modification — minimum attained at boundary

Suppose that g(t) attains its minimum at ¢t = a (i.e. @ = ¢). We rewrite Equation (6.1) as

b
I(\) = o=@ / F(t)es0-s@lqy (6.4)
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Again by the argument where the ‘phase’ is minimized, the integral is approximated by
a+te
I(A) ~ o=@ / F(t)e= o094y
Proceeding as before, we have
a+te
1) ~ 9 F(q) / N1/ (@ =02 gy

_ oM@ p(g) / "M/ @ g
0

~ M@ P(q) /Oo e M2 @ a5 A — o0,
0

2m
—Xg(a
= %e g( )F(a) (0
hence
]()\) ~ e_)\g(a)F(a) #”(a) as \ — oo,

Example: Evaulate

1 .

t :

]()\):/ %e—/\coshtdt’
-1

ast — o0.

We identify g(t) = cosht. This has a global minimum at ¢ = ¢ = 0, contained entirely in the
domain of integration. Also, F'(t) := sin(¢)/t is continuous, provided we take F'(0) = 1, consistent
with L'Hopital's Rule. Finally, ¢”(t) = cosh(t), hence ¢”(0) = 1. We read off the answer directly
from the formula (6.3):

I(\) ~ e Tﬂ as A — oc.
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6.2 Stirling’s Approximation

We show that

n! ~ V2rnt1/2en as n — 0o.

We start with the integral definition of the factorial function:

0
n! = / t"etdt
0
00
— / enlogte—tdt
0
0
—_ / enlogtftdt
0

_ /OO en(logt—t/n)dt7
0

= n/ gllog(nz)=2) 4, z=t/n,
0
nenlogn/ en(logz—z)dz’
0

oo
_ nnJrl/ en(longz)dz'
0

We now consider the asymptotic integral

We identify F(z) = 1 and g(z) = z—log z. The g-function has a minimum at z = 1, with g(1) = 1

and ¢”(1) = 1. This is clearly a minimum, as g(z) — oo as z — 0 and as z — oo. Thus, Laplace's

2
l'(n)we’"\/—7T as n — 00.
n

nl ~ V2rn"t1/2en as n — oo.

method applies, and

Putting it all together,

6.3 Higher-order approximations

In order for Laplace's method to work, we required that F'(c) # 0 at the location of the (strict)

minimum ¢ = c¢. However, this condition can be lifted quite readily, provided F'(c) is differentiable.
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As before, we start with Equation (6.1) and re-write it as

b
I(\) = e M@ / F(t)e MsO=9(@lqs (6.5)

The dominant contribution to the integral comes from a small neighbourhood of the strict minimum

t = ¢ (with ¢’(¢) = 0 and ¢”(c) > 0). Thus, the equation is re-written further as
cte
I(\) ~ e‘Ag(C)/ F(t)e M0=9C@qr  as A — oo.
We exapnd F'(t) and g(t) in Taylor series centred at t = ¢:

cte
I(\) ~ e_kg(c)/ F(t)e No®=90q¢ as A — o0,

—€

cte
~ e MO / [F(c) + F'(c)(t — ¢) + 2 F"(c)(t — ¢)?] e M1/D" (O gt

—€

—Ag" (c)(t—c)?

As before, the Gaussian factor e has width proportional to A\='/2, and hence contributions

to the integral from regions outside of [c — €, ¢ + €] are vanishingly small. Thus,

I(\) ~ e () / [F'(c)(t —¢) + 3 F"(c)(t — ¢)?] e M/ qt a5 X — 0.

o0

Change variables: 7 =1t — c:
I\ ~ e_’\g(c)/ [F'(c)T + $F"(¢)7°] e O 4 as A — oo,

_ e—)\g(c)F/(c) /oo re A(1/2)g dT+ 1e—Ag(c)F1/( )/OO 7_26—)\(1/2) "(e)r QdT,

oo —00

_ ; —Ag(c )F”( )/oo T2e—>\(1/2)g”(c)72 dT,

—0o0

= PR [ e tas,

But consider

o0

J(v):/_ e ds = \/7/7.

oo

Hence,
o

——_1\/_ —3/2 = / s%e 1% ds.

o0

o
1 _ 2
5\/%_/ e
—0o0

Set v =1 to obtain
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hence
I(\) ~ Iy/me MO E" () [\ () /2] 2.

I(\) ~ F"(c)e ), /% as \ — oo.

6.4 The method of steepest descents

Tidying up, this is

In this section, we are interested in integrals of the form
) = / F(2)eE) dz, (6.62)
C

where f(z) and g(z) are non-constant and analytic for all z € C, and where C' is some contour in

the complex plane. Call

F:CxR — C,
(z,\) —  f(2)eM&) (6.6b)

Because F'(z,-) is analytic, it admits no poles or branch cuts. Hence, Equation (6.6a) admits no
contributions from the Residue Theorem, or from other applications of Cauchy's Integral Theorem.
Moreover, |F(z)| has no maxima in the complex plane, and therefore the contributions to the

integral (6.6a) come neither from singularities nor maxima. Indeed, we have the following result:

Theorem 6.1 (Jensen) Let ¢(z) : C — C be non-constant and analytic in the entire complex

plane. Then |¢(2)|? has no maxima and, moreover, its minima extend down to zero.

We now consider the integral in Equation (6.6a). It turns out that the next feature to provide a
dominant contribution to the integral (6.6a) is the saddle point. We first of all demonstrate this
result for the test case g(z) = a + (1/2)bz?, with f(0) # 0, and then proceed to the general case
where ¢g(z) admits a saddle point at zg, ¢'(z0) = 0.

Test case

We start with
g(z) =a+$b2%,  f(0)#0,

where F(2,)\) = f(2)e*). We assume that the contour C' is open with endpoints at a and f3

(the endpoints can be located at infinity). It is a straightforward consequence of Cauchy's integral
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/C(...)dz—//(...)dz

where the contour C” is a deformation of the contour C' that leaves the endpoints unchanged. The

theorem that

switch to the new contour is legitimate provided that we do not traverse any singularities of the
integrand in doing the deformation. Because F'(z, ) is assumed to be analytic, this deformation is

always legitimate in the framework in which we work.

We note that g(z) has a regular saddle point at z = zy := 0: ¢'(20) = 0, with ¢"(z) # 0. We

simply choose the contour C” such that

e (' passes through zo;

e The curve (' is defined such that
gi(z) = Const. = g;(z9),

as C’ passes through z; (curve of constant phase).

But

a(z) = a + % [br (:172 — y2) — Qbixy} ,
gi(z) = a+ % [bi (x2 — y2) + 2brxy} ,

and zo = (2o, y0) = 0, hence g;(z9) = a;, which defines at least a portion of the curve C’ as
b; (x2 — y2) + 2b,xy = 0.

Hence,
xb, £ |z||b]
Yy=—747"

bi
All possibilities for the precise definition of the curve are enumerated by the following two cases:
(TS (jp] — b)

Al (6.7)
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For, consider

2

= )| o =] = 02 B = b= ) = 5 1+ 0 (4 8

i

b, x?
= -2 ()= (P 1)

by
= y2—2<b—i>xy—x2

= [b (2 —y )+2bra:y] ,

Upon setting the left-hand side to zero, the original definition of the curve is recovered. Furthermore,
the two lines in Equation (6.7) are orthogonal. For, consider y; = x(|b| + b,)/b; and y2 = —x(|b] —
by)/bi, with slopes my = (|b] + b;)/bi and my = —(|b| — b,)/b; respectively. Then

—(|0] +b;)(]b] — be
R
(b~ 12)

P

1

= -1

We shall show that these lines correspond to the so-called lines of steepest descent and ascent (in

no particular order) in what follows.

It now remains to choose the appropriate case from Equation (6.7). We have

g(2) = a+ 3§ [b(a® —y?) — 2by]

by
= a;+ 3 |: r b_l) Ty — 25@?/] )
N R
= Ty bl
( ) (16] + by)
= ar
—([b] = b:)

We have

b2 + b2 (6] + b,), case 1
gr,:fcx(zO) =2 ( b2 ) :
—(|b] = b,), case 2

i
and we choose case 1, such that

b2 + b?
Graa(20) = =2 (b—Q) (6] + by), (6.8)

which forces g//(zp) < 0, thereby making x = 0 into a maximum. In more detail then, the contour
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C" is chosen such that

e (' passes through z;
e The curve (' is defined such that
gi(z) = Const. = g;(z),

as (' passes through 2, (curve of constant phase), and g,(z) appears to attain a maximum

along C".

We note that superficially g.(z) attains a maximum along C’. However, i in the full complex-analytic
landscape, this point is a saddle point. The (case 1) path dy/dz = (|b| 4+ b,)/b; is called the curve
of steepest descent: among all possible curves through z,the decrease in ¢,(z) m away from z,

is the most rapid along the curve of steepst descent.

We now conclude the derivation: C’ has been chosen to make the integral
f(2)eM#dz
C/

‘look like" the integral in Laplace's method. Thus, we now perform straightforward calculations in
the spirit of Section 6.1: we set g;(z) = constant and pick up a contribution to the integral only in

the neighbourhood of the C’'-maximum, at zy = 0:
zo+mne
f(z)e’\g(z)dz = 9® / f(z)e)‘gr(z)dz.
c’ Z0—me€
where 7 is a constant phase determined from Equation (6.8). We compute:

] zo+mne
f(2)eMERdz ~ f(zo)elgi(zm/ M9 dz,
c’ z

0—"e

where € is a positive constant. We now change over to the real x-variable, thereby enabling us to

invoke the arguments in Laplace’s method. We have

dz
dz = —d
z T X,

dy
= (1+i-2)d
(+ldx) x,
b| + b,
o
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Hence,
) zo+ne
/ f(z)e’\g(Z)AdZ ~ f(ZO)elgi(ZO)A/ eAgr(Z)dZ7
/ zp—me
xo+0
= f(z)e (0 (1 +i Sl ) / i (@) g
bi z0—0
where 2y = 0, and where ¢ is a second positive constant. We also have — by construction, ¢, ...(zo) <
0. Hence,
xo+9
f(z)e)\g(z))\dz ~ 1gl (z0)A ( |b| ‘I’ b, > / 0 eAgr(x)d:L
c 20—
xo+9
— eigi(z0)X ( |b| + b > / ’ e)\[gr($0)+gr,z(xO)(x_x0)+(1/2)gr,za:(x_xO)Q]dx7
xro—9
zo+0
— 1gl (z0)A ( |b| + b > egr(:ro))\/ 0 e/\gryzz(xfcpo)Q/de’
zro—9
zo+9
= flz)esCo (1 #il b+ br) [ e
i )

The calculation continues as follows:

)
[ F@e Oz~ e (”i—w: b)/ @ Mol gy,
-5

i

Ag(z0) bl + b +8lgr.ax (z0)[V/2A2/V/2
T R
A Grza(20)/2 —8lgr,ma(20)[/2A1/2/V2

b
Ag(z0) 0o
f(z0)e (1 N i]b\ + br> / e_szds,

i

Al Gr,22(0)1/2 bi o0
27 Mo(20) || + by
= _ 1+ i— . 6.9
|gr7xx(0>’)\f(zo>e + 1 bi ( )

There remains one further calculation:

1 b| + b, 1 b+ b\ |
|gr,mx(0)| bi |gr,aca:(0)| bi

where my = dy, /dx = (|b| +b,)/b; = tan 6 and 6 is the angle of the line of steepest descent relative
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to the z-axis. Thus,

1 bl + b, 1 b+ b \1Y%
T (1+i—’ '; ) — : 7 {2|b\ (' '; )} el
T, Tx i b 1
g (252 (b + 1)

1 ei0:

1 i0
e .
|b’ V |922(ZO)|

Thus, Equation (6.9) becomes

2T

f(z M), :/ flz M dy ~ f(z A GO
/c =) A1) (=) Algz2(20)|

This concludes the derivation.

General case

In the general case, where g(z) is some generic analytic function with a saddle point at z, the
results of the test case carry through directly. We expand ¢(z) in the neighbourhood of the saddle
point, writing

9(2) = g(z0) + %gzz('zO) (2 — Zo)2 +0 ((Z - 20)3) )

where g.(z9) = 0. The results of the previous section carry over directly, and the formula

Ag(z) ~ Ag(z0) ,i0 2m
/Cf(z)e dz ~ f(z0)e e H—Mgzz(l'o)!' (6.10)

is preserved. The curve of steepest descent is still the path Im(g(z)) = Im(g(20)), which in the
neighbourhood of the saddle point, still resembles the line dy/dx = tan 6, where tan 6 = (|b|+b,)/b;,

and where b = g,,(zo) as before.
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6, t

=l

6.5 Worked examples

1. Consider the Fresnel integral
F(z)=C(z)+iS(z) = / ¢ dt.
0

Compute the asymptotic (x — 00) leading-order behaviour in two different ways: first by

/ ot dt
0

using Cauchy’s integral theorem and a contour like that in Figure 6.5. In the second way,

! $g2
/ elxt dt
0

direct evaluation of

consider the integral

and apply the saddle-point method.

For the first method, we consider the contour C, taken in the anticlockwise sense. This

. . 42
contour encloses no singularities of e*", hence

/ o’ dt = 0.
c

Consider the segment of C consisting of t = %5, with s € [R, 0] (direction implied). We

have

it? i(cos 269 +isin 200 ) s>

. . . 2
olt” — e( 1(:05290e sin 20s )

= e

Choose 20y = /2, hence 0y = /4, hence ei® — =% Thus,

R ) /4 ) 0 ) _
0= / e dt +/ e |z:ReieRid9 +/ e % dse'®, (6.11)
0 0 R
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Consider
/4 ) /4 ) o
/ el? ‘Z:Rew RdO = / elR (cos 20+isin 20) Rde,
0 0

w/4 o 5
— / elR 008296—R Sm29Rd0.
0

Since 0 < sin20 < 1 on 0 < 6 < /4, we have e Fsin2p s on 0 < O < 7/4. Thus,
Equation (6.11) becomes

R 0
0 —/ e’ dt + eigo/ e ¥ ds, as R — oo.
0 R

Hence,

o oo
/ elt dt = 17'('/4 —s
0 0

L
S

Thus, C(x), S(z) — y/7/8 as x — 0.

2

For the second approach, consider I = fol ¢t along with the transformation zt2 = z

hence
1/2

1 T ) F 1/2
Y O
0

172 SVEI

v 1
I:/ elrt dt:/ IOLN TS
0 0

with g(t) = it?>. This function has a saddle point at ¢ = 0. We choose a path ¢ = as with s

hence /2] = F(x!/?).

real such that

hence

iP=-1 = a’=1 = a=¢

I = a/e_”st.

Care is needed now with the limits because the contour actually starts from the saddle point:

/4

Thus,

taking the limits on the integral to be =00 would mean that the integrand would sample parts
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of the complex plane beyond those implied by the original integration path. Hence,

[o¢]
: _ 2
I ~ 61”/4/ e " ds, as r — 00,
0

_ %eifr/llm’

So we are left with
I ~ e”ﬂﬁi

2z
But I = F(\/z)/+/x, hence

ei“/‘lg%r\dﬁ’(ﬁ)/\/} as ¥ — 00,

hence
F(Jz) ~ 1 AT asx — 00,

and finally,
F(x) ~ te™*/r  asz — oo,

in agreement with the first solution.

2. Recall the factorial integral,

gl = |i/ es(logzz)dz‘| 83+17
0

valid for s real. Show that for s complex, a saddle-point-type method can be used to
evaluate
sl ~V2mse™*s% with Re(s) — oc.

Consider

J(s) :/ e*1082=2)q 5.
0

Let g(2) = log z — z. There is a saddle point at ¢’(z) = 0, hence (1/z) —1 =0, hence z = 1.
Now, let z =1+ w. We have

gw) = log(1+w)— (14 w),
= w—1iw—(141)+0(w?),

= —1- %wz + O(w?).
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Hence,

The contour looks like the one in Figure 6.1.

Figure 6.1:

Deflect the contour: choose a path w = at in the neighbourhood of w = 0 such that
sw? = sa’t? = |s||a)’t?.

But

SOé2t2 — |S| ’a|2€i@+219t27
where ¢ = arg(s) and 6 = arg(«), hence
0=—p/2.

Thus,
J(s) ~ es/e|5|a|2t2/2adt,

where the limits of integration are now filled in by selecting the steepest-descent contour, and
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by letting |s| — oo:

J(s) ~ e°° / e sl 204t |s| — oo,

e«
— 0o
B e o |27
laf \ [s]’
e—seie
= V2T

5]

e—se—igo/Q

= ——V2m,

Putting it all together,

_Sﬁ> '

sl = J(s)s*t! ~ (e el as |s| — oo,

with Re(s) > 0
sl ~V2mse™*s®, as |s| = oo,

again, with Re(s) > 0.
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3. This question is similar in spirit to Question 3, except that a new special function is

considered:
1
Ai(z) = — / /3=ty
c

27

where C' is the contour shown in Figure 6.2. Evaluate Ai(x) as z — 0.

Figure 6.2: Contour for the Airy integral Ai(x)

We write
1

Ai(z) = — [ e/Ddt

i) =55 ) ¢t
with g(t) = (t3/3) —xt. We seek a saddle point ¢'(t) = 0, hence t>—2 = 0, hence t = +2'/2,
Since x is real and positive, the t-location of the saddle point lies along the real axis. Also,
in view of the contour C, the positive sign is to be taken. So take t = z!/? at the pertinent

saddle point.

The integral will have a contribution only in the neighbourhood of the saddle point tq = x/2.
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So let t =ty + w, with |w| < 1. We have

glw) = %(to +w)? — z(ty +w),
= 1th + tjw + tow® + O(w®) — aty — zw,
= 1232 4 qw + 261/20% — 2% — 2w,

= —%x‘m + 2w,

Hence,
Ai(x) ~ L /e<2/3)x3/26x1/2w2dw,

271

as x — oo, where the limits can be left unspecified for now. Tidying up, we have

Aix) ~ o/ / ™" du.

2mi
We choose the path of steepest descent: let w = ot, with w? = o?t> = —t% and t a real
parameter. Thus, o®> = —1, hence o = =+i. In order for th el ine z = at to deflect smoothly

into the curve C, choose o« = +i, with ¢ going from negative to positive values. Thus,

1 o0
Ai(z) ~ 2—me—<2/3>x3/21 / o~ qy,

where now the limits have been filled in by taking the steepest-descent contour along with

T — OQ.

The remain function evaluation is easy: we obtain

O
. e T

87(2/3)933/2

2/mal/

hence

Ai(x) ~ as T — 00.



Chapter 7

The solution of an ODE as a contour

integral

Overview

Complex analysis has provided us with methods to solve Ordinary Differential Equations (ODEs)
using Laplace Transforms. In this chapter we will extend the concept of transform through a more

general use of contour integration.

7.1 Contour integrals depending on a parameter

We have seen the benefits of transforms through the Laplace transform

A= P = /OO e F(1) dt

0

with inversion formula

f(t) = 2% / AME(N) dA

where 7y is a contour in the complex plane as described in Chapter 5 and, for a slightly different

class of functions, the Fourier transform

r 1 > —iwt
for=—= [ e raar

127
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with inversion formula
£ = = [ efw)d
=—— [e w) dw.
V2 Jy

In both cases the structure of the term e*, with = = X for Laplace and z = —iw for Fourier, turns
derivatives with respect to ¢ into algebraic multiplication by z inside the integral. In this Chapter, we
will extend this idea by considering seeking solutions of ordinary differential equations by introducing

the ansatz
ft) = /etp(z)q(z) dz (7.1)

and making suitable choices for the functions p(z) and ¢(z) and contour 7. [Note that a change of
variable Z = p(z) so dz = p/(z)dz can make this look like a Laplace transform but such a change

of variable may not be possible or natural.]

Let us consider the general second order linear differential equation

LIf(1)] = a2(t)f"(t) + ar(t)f'(t) + ao(t) f(t) = 0

then with our ansatz (7.1)

LIf(t)] = /etp(z) [a2(t)p(2)” + ar(t)p(2) + ao(t)] a(2) dz. (7.2)

~

Our challenge is that we want the integrand in Equation (7.2) to be such that the integral vanishes

by, for example,

1. being a total derivative integrated around a closed contour,

2. being a total derivative integrated along an infinite contour chosen so that the integrated

function vanishes at the limits,

3. being a complex analytic function integrated around a contour containing no poles,

while the integrand in Equation (7.1) does not behave in this way and so does not give a trivial

solution.



7.2. Constant Coefficient Equation 129

7.2 Constant Coefficient Equation

Start with the simplest example
LIfFWB)] = f"(t) = (a+B)f(t) +aBf(t) =0

Taking the simple choice p(z) = z we have

and

LIf)] = /etz (2% = (a+ B)z + af] q(z) dz = /etz(z —a)(z — PB)q(z) dz.

v v

The obvious choices for the second integrand to be analytic while the first is not is

1 1

0= )= —

if a#p

and

1 1

q(z) = = q@(2) = e if a=4.

The corresponding integrand for E[f(t)] is analytic everywhere and so vanishes if we take v to be
any closed contour. On the other hand if the contour encloses o in an anti-clockwise direction we
find

etz etz
fi(t) = / dz = 27iRes = 2mi e
gl

z— z=a g —
and likewise for 3, while in the case of repeated roots (o = ) we have

- - L+ t(z—a)+. ..
f2(t):/(e—dZZQWiReSe—ZQﬂ.iRese ( +t(Z a)+ )
¥

= 2mi te™.
z—a)? z=a (z — )2 Z=a (z — )?

7.3 Laplace’s Linear Equation

As our next example consider the second order version of Laplace’s linear equation

LIf(t)] = (ast + ba) f"(t) + (art + b1) f'(t) + (aot + bo) f(t) = 0.
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Again taking the choice p(z) = z we have

LIf)] = /etz [(a22® + a1z + ag) t + (bo2” 4+ b1z + by) ] q(2) dz.

Y

d
Suppose the integrand is a total derivative i [e"r(2)] = e [r(2)t 4+ 1'(2)], say, then
z

7 (2) = (bpz® + b1z +bo)q(z)  7(2) = (a22® + a1z + ag)q(2).

Hence

T/(Z) B b22’2 + blz + b()

r(z)  apz? +arz+ag

Assuming as2* + a1z +ag = as(z — a)(z — B) has distinct roots we can split this in partial fractions

as

and conclude

Inr(z) =koz + kiIn(z —a) +In(z — 8) + ¢
— 1(2) = Ae"% (2 — )M (2 — )P
Correspondingly,
oz) = 2z — ) (2 - Y
5]

and
f(t) _ /e(t+ko)z(z . a/)kl_l(z . B)kZ_l dz
y

where we have dropped the irrelevant multiplicative constant.

7.3.1 Choice of contour

In general, k1 and ks will not be integers and correspondingly we will need to work in the plane with
cuts from « and 3 which we take to extend to infinity in a direction for which (¢ 4 ko)z is negative.
Then we may take the contour to come in from infinity along one side of the cut and return out

along the other side as illustrated. We have one such for each root and corresponding generate two
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independent solution (or more generally n for the obvious extension to an n''-order equation).
Example
LIf&)] =tf"(t)+2af'(t)—tft)=0  (a>0).
We have
ay? taz+ag=22—1=(z+1)(z—1) byz? + bz + by = 2az
SO
r'(z) 2az __a ,_a
r(z)  (z+1)(z—1) z+1 z-1
meaning
Inr(z) =aln(z+1)+aln(z — 1) = r(z) = (z+ 1)z — 1)
and then
T(Z) a—1 a—1
12 = o = DT E-D
Hence our solution will be
ft) = /etz(z + 1) Nz —1)"tdz (7.3)

~

if we can find suitable contours so that r(z) vanishes at the endpoints.

Since @ > 0 an obvious choice is the section of the real axis from —1 to 1, that is our first solution

is

fi(t) = /etz(l +2) N1 —2)* T dz

A second choice is shown in Figure 7.1. We first of all let = — —z in Equation (7.3) (and neglect

the resulting overall minus sign) to obtain

fo(t) = / e P(z+ 1) z—1)""dz

On 73, the small semicircular arc gives 0 contribution in the limit ¢ — 0 (as a > 0), on the upper
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=)
A

Figure 7.1: The contour defining f5(t).

section we have z = 1 + sel, where s goes from 0 to oo and on the lower section z = 1 + se*™

where s goes from oo to 0. For Ret > 0 the ends at infinity tend to zero and so our solution is

fg(t 2ﬂ1a/e1+s 2+Sa1a1d8
0

1
Note that if we let f(t) =t “*2g(t), then

(1) =173 (tg/(t) — (a — L)g(t)).
() = 1772 (£24"(t) — (20— Dig'(£) + (a® — L)g(t))

so our equation is equivalent to

L)+t () + (2 = (a—3)?) ft) = 0.

This is a variation of Bessel's equation

Lp[ft)] =f"(t) +tf(t) + (£ = v*)f(t) =0,

(just let t — it).

7.4 Bessel's Equation

An alternative representation of the Bessel function can be given by writing

f(t) — /P(e)e—itsine de

Y
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then

Lp[f(t)] = / (—t*sin® 0 — it sin @ + (> — v%)) P(0)e 5% 40

Y

= / (152 cos? 0 — itsinf — 1/2) P(Q)e—itsma dé.
.
We now look for a function Q(6) such that

_ [Q(@)efitsine} _ (Q/(Q) it COSQQ(G)) o itsing

= (t2 cos®f — itsinfh — V2) P(Q)e—itsme'

We can check that
Q(0) = (it cos O + iv) ? with P(f) = ",
giving
ft) = / s
g

—itsin @

provided we can choose the contour so that Q(f)e vanishes at the end-points.

Taking Ret > 0 this vanishes along Re§ = n7 and

00 n odd
Imf —

—00 TN even

A natural choice is then to take n = 0, so starting at —ico and ending with n = —1 or n = 1 that

is at —m 4 ioo or m 4 ioco as shown in Figure 7.4.

The corresponding complex solutions ngl)(t) and Hﬁz)(t) are called the Hankel functions and rep-

resent the combinations .J,(t) £1Y, () . Integral representation of this make the use of the method

of steepest descent very natural for determining the asymptotic behaviour of the solutions.

Note that these forms are ideally suited to the use of the method of steepest descent to determine

their asymptotic behaviour.
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Figure 7.2: The choice of contours for the Hankel functions. The contour v is used to define
Hyl)(t) while the contour 7 is used to define HS” (t).

7.5 Airy Functions

Airy's equation is given by

Lalf ()] = £/(0) — t(t) = 0.

This is a degenerate case of Laplace’s linear equation with

SO

and clearly

Lalf()] = [_]

= Inr(z) = —12°

Y

To have a solution we are then left with the requirement of finding a non-trivial choice of contour

1
such that e* 37

3 . . . . . .
vanishes at the end-points. As the function is entire the only way we can achieve
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Y3

Y2

Figure 7.3: The choice of contours for the Airy function.

this is for the contour to end at infinity. For large |z| the cubic term in the exponential dominates
and has modulus exp(—3|z|® cos 30) where @ is the argument of z. This will then vanish as |z| — oo
if and only if cos 30 > 0 corresponding to # € (27, 37), 6 € (—3m, ), 6 € (37, 27) as shown in

the figure.

If we go in and out of the same sector we can distort the path to 0 and get the trivial solution but
we cannot do that if we leave from a different sector as shown. Thus we have 3 natural contours
Y1, Y2 and 73, and clearly 7, 4+ 72 + 73 can be shrunk to zero so only two are independent. By

convention, two combinations are generally taken and called Airy functions:

1 1
Ai(t) = —/ 3% dz. (7.4)
7

Comi

and

1 1
Bi(t) ! / e 3% 4z — L 3% dz.
72

21 21 s

27

Since we can rotate the contours into one another by a =

rotation we may show that

Bi(t) = e /O Ai(te 2m/%) + & OA (1e*/%)

These forms are ideally suited to the use of the method of steepest descent to determine their
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021

-04}

Figure 7.4: The Airy function Ai(t) showing exponential decay as ¢ — oo but oscillatory behaviour
for t < 0.

asymptotic behaviour although in this case we must first do a change of variable z = t'/2% so

t1/2 _o1_
Ait) = o— / =5 gz,
Y1

27

so ensure that the saddle point does not move with ¢. Assuming the saddle point at Z = —1 gives

the dominant contribution as ¢t — oo we now show that

1
Ai(t) ~ ==t V4757 ast - o0,

2y

For large negative t we first rewrite our solution with z = (—t)/2Z as

1/2
Ai(t):(_t)/ / o~ (0243 g5
Y1

2m

In this case the saddle points are at F¢ giving contributions

1
2i/1

which together give the asymptotic expansion

(_t>—1/4e:ti(§(—t)3/2+7r/4)7

Ai(t) ~ %(—t)l/‘* sin (2(—)*2+ 1) ast— —cc.

It can be noted that the definition (7.4) differs superficially from the one previously given in the
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worked examples in Chapter 6. However, these two definitions are the same, as Ai(t) is a real-valued

function for t real, and the integral in Equation (7.4) is therefore invariant under the transformation

z = —w*, which transforms Equation (7.4) into
Ai(t) = 1 / e(1/3)w—wt gy (7.5)
2mi J

where ] denotes the contour 7, under a reflection through the y axis, and where Equation (7.5)
agrees exactly with the definition of Ai(t) given earlier in Chapter 6. Filling in the details of the

outlined calculations is left as an exercise for the reader.
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7.6 Worked examples

1. Find all solutions of Legendre's equation
(1—)y" =2ty +n(n+1)y =0 (n € N)

in the form

Show that one particular solution is

12—
t) = dz.
y1(t) ont1lri L (z — t)nt z

where v is any simple closed contour enclosing z = t. This is known as Schlafli’s integral
form of P,(t).

Show that a second linearly independent solution can be given by

w(O) =0t = g [ G ods (e R0 [-11),

-1

Use integration by parts to show that

Inserting the trial form into the differential equation we find
Loyl = /(z — ) afa £ 1)(1 - 22) + (2 — £)22(1 + )
gl
+(z=t)*(n+2+a)(n — 1 — )] P(z)d=. (7.6)

We want this to be a total derivative with respect to z but the only way we can get the

combination (z — t)*! is for this to be of the form

L= 0°Q)] = (17 [0Q() + Q)= — )],
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Comparing we see we have no (z — t)? term and therefore we must choose o = —n — 2 or

a =n — 1 and correspondingly the integrand in Equation (7.8) becomes

(n+1)(z=t)* "o (z* = 1) + 2(n + 1)2(z — t)] a.=-n—2
(—n)(z = t)** " o (22 = 1) — 2n2(z — t)] ar=n—1

From this we can read off Q'(2)/Q(z) with (a + 1)(1 — 2?)P(2) = Q(z) and immediately

integrate to get of two solutions

Y—

y_(t) = / %dz with Liely-] = [(z = )" 2(2* = 1)" /(n +1)]

(Z B t)n . n—1/_2 —-n
y+(t) = /7+ mdz with Lielys] = [(z = )" (2" = 1)7"/(-=n)]
where we most choose the contours either to be closed or to vanish at the limits and ensure
that we get a non-trivial solution. Note that since we have specified that n € N we do
not have to cut the plane for either solution. (We can also consider Legendre's equation for

non-integer n and this is the only difference in that case.)

To be specific,

e for y_(t) we choose any closed contour enclosing the pole at z = ¢. As we have (z—t)""!

in the denominator the corresponding residue is

which gives Rodriques’s formula for the Legendre polynomials - note the result is clearly

a polynomial of degree n in ¢:

1 d”

1 4 B
—onpl die

Palt) = g (2 = 1) (2 — 1)

z=t

e we can take contours encircling the poles at z = 41 but these clearly give polynomial
solutions and we already have found those an alternative is to start at z = ¢ and heading

to 0o, these clearly are singular as t — +1 and are the irregular Legendre function @, ().

We may also clearly get a solution using the first class of integral and taking a contour running
from z = —1 to z = +1. In addition, this clearly becomes logarithmically divergent as ¢t — £1

and so is independent of our polynomial solution. The given y,(t) precisely falls in this class.
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Now Rodriques's formula

1

1

1 [ Pu(2) 1 1

il dz = —1)*d

2/ t—z 2”+1n!/t—zdz”(z )" dz
“1 1

1

1 1At ! 1 At
e - 1 n - - 1 " d
2n+lip) L — zdznt (2 ) } . / (t—z)2dznt (2 ) dz

-1

and the boundary term clearly vanishes at both limits as (22 — 1)" = (2 — 1)"(z + 1)™

Continuing we may integrate by parts n times in total to give

2. Consider Laguerre's equation
ty" + (1 —t)y' +ny=0 (n € N).

Seeking solutions in the form

where 7 is any contour such that [¢*z7"(z — 1)"*1], =0

Inserting the trial form into the differential equation we find

Lialy] = / [t2* + (1 — t)z 4+ n] P(z)d=. (7.7)

Y

We want this to be a total derivative with respect to z and to get the combination e** the

simplest form would be

& [Q0)] = Q) + ).
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Comparing we see we would need
Q(z) =2(z —1)P(z),  Q'(2)=(2+n)P(z)

which implies

Q'()/0(2) = 2(2;_"1) _ :fi ~% = mQE =@+ -1)-nh>

giving
Q(z) = z7"(z — )", and Pz)=zn—-1(z-1)".

So we have a solution provided we choose our contour such that

[etZQ[;:ﬂ7 = [e”27"(z = 1)"']_=0.

Y

3. Find the solutions of Hermite's equation
y" — 2ty +2ny =0 (n € N).

in the form y(t) = [ ¢"*P(z) dz.

The function H,(t) is the solution of Hermite's equation defined by
n! e2tz722
Hy(t) = — | ——d
(®) 27rz'/7 ot 7

where «y is any simple closed contour enclosing the origin. Use the definition to show that

1
a —u"H,(t) = g2tu—u’ ueC
ol
n=0
(b) H,(t) = (—1)"et2%e_t2 Rodriques’ definition.

Inserting the trial form y(t) = f7 e*P(z) dz (with change of variable/apologies) into the

differential equation we find
Luely] = / [42° — 4tz + 2n] €2 P(z)dx. (7.8)
Y

We want this to be a total derivative with respect to z and to get the combination e?* the
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simplest form would be

© Q)] = [Q'(2) +21Q(:)].

Comparing we see we would need

Q(z) = —2zP(2), Q'(2) = (42° 4+ 2n)P(2)

which implies

Q'(2)/Q(2) = — = -2 — g =  QG)=-22—nlnz
giving . ]
Qz) = ezn : and P(z) = —%.

The Hermite function, which is clearly a polynomial, is clearly just this solution taking the

contour to encircle the pole at the origin with some appropriate normalization.

(a) Given an u € C choose v to be the circle |z| = |u| + 1 say so u lies inside the contour
and |u/z| < 1 then

e 2tz 22

1
;E“ nl = omi Z / zntl
_ L thz—z io: <E>n "

2mi
T, oz f\z

1 eZtZ—ZQ

= — dz

27 N 2=

— e2tzu—u

2

where we may interchange the sum and integration as we have absolute convergence
within the limit of convergence and the last line is simply an application of Cauchy's

residue theorem with the one simple pole at z = u which lies inside the contour.
(b) Because the pole is of order n + 1 the residue of the integrand is given by

Lan

e =e
n!dzn 0 n!dzn 0 n!dt" 0 nldtr

2t2—22 eftQAdL (t—z)? fthd_n (t—z)? e 1 d” o

Inserting the normalizations we arrive at Rodriques’ formula for Hermite polynomials.



Chapter 8

The WKB (Green-Liouville) approximation

Overview

The WKB approximation is a kind of singular perturbation theory for finding approximate solutions
to linear partial differential equations with spatially varying coefficients. In this section we introduce
the basic idea behind the method and apply it to solving eigenvalue problems and finding Greens's

functions in ordinary differential equations where a certain parameter is very large.

8.1 Solution in amplitude-phase form

Consider differential equations of one of the form:

d2
d—ti’ +Nq(t)y =0

where ¢(t) is some given function and A = 1/¢ is a large constant.
Example: The time independent Schrodinger equation is

Ey(z) = _ﬁ_2d?_¢ +V(z)p(x) = _h_2d2_¢ + QR—TZ(E — V(x))(z) =0,

2m da? 2m da?

where if quantum effects are considered to be small ‘A < 1" the the corresponding A > 1.

If ¢(t) = k (constant) then solution is y(t) = Ae*VF: this suggests in the general case looking for

a solution in amplitude-phase form
y(t) = A(t)e™®.

143
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Taking this form we find

(1) = (M A + A)e
/(1) = (M)A + A) + NG A+ A) + A"

SO

0= (y/l + )\qu)/ei)\d) — _)\2(¢/)2 +l)\(¢/,A + 2¢/Al) + A" + )\QQA

We may ask that the ‘real’ and ‘imaginary’ parts separately vanish so
0= M)A+ A"+ \gA
and
0=v"A+2¢'A".

(We use inverted commas here as, in fact, this expansion is equally useful when ¢(t) is imaginary.)

1/}// A/
0=+ = 5 =-27 = hlf=-2h4
SO 1
A= e

Then ‘real’ part becomes

0=(¥)—q—A?A"/A

=) —q-A" (—lw—m +4

)

To lowest order as A — oo we neglect the third term to give ¢’ = %, /¢:

AW = v =% [ Val)ds

Mol

and so

y(t) = ‘q(tlw exp (ii)\ /t \/@ds) .
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8.2 Comparison with Exact Solutions

So the idea is simple - but how good are the results?

There are many examples from quantum mechanics available (with the WKB nomenclature dating
from then) but we want to emphasize the general usefulness of the method (which was actually
discovered by Green and Liouville long before the advent of quantum mechanics) and so give different

examples here based around the equation

d?y
E —+ )\2€2ty = O (81)

Initial and Boundary Value Problems

Since ¢(t) = e* our two solutions are
yWKB<t) =~ eft/2 exp (:l:l/\et) s
so we can write our general (leading order) WKB solution in real form as
ywks(t) =~ Ae 2 cos ()\et) + Be Y?sin ()\et) .
In this case, we can show that the exact solution is

ywie(t) = CJy (Ae') + DY, (Ae) .

the Bessel functions of order 0 (BesselJ[0,t] and BesselY[0,t] in Mathematica) so we can

compare solutions. For definiteness let us compare the solutions satisfying

1. initial conditions y(0) = 0 and ¢/(1) =1

2. boundary conditions y(0) =1 and y(1) =0

Green functions

Given that we have two independent approximate solution we can also use them to construct a

Green function by the method of variation of parameters, for example, if we consider the boundary
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02t

o1

-01f

-02F

(@) (b)

Figure 8.1: The comparison between the WKB solutions (blue) and exact solutions (red) for A = 3;
the plot in (a) is for the given initial value problem the plot in (b) is for the boundary value
problem. Although the solution was only derived under the assumption for A > 1 if we take \ to
be significantly larger that this the lines overlap at this resolution!

L L L L n
0.2 04 0.6 0.8 .0

-0.05-

-0.10+

-0.151

-0.20+

-0.25+

-0.30+

Figure 8.2: The comparison between the WKB Green function (blue) and Green function (red) for
1
s=g5and A =1

value problem y(0) = 0 and y(1) = 0 we have independent approximate homogeneous solutions

uwks(t) = e /?sin [)\(et — 1)] ,

qwks(t) = e "2 sin [)\(et - e)} ,

with Wronskian W [uwks, gwks] = Asin [A(e — 1)] so the WKB Green function is given by

o= (s+1)/2 sin [A(e®* — 1)]cos [A(e' —e)], s<t,
Gwke(s,t) = ~—
(>0 Asin[A(e = 1)] | i [A(e! = D)]cos [A(e* —¢)], s>t

Comparison with the exact Green function (in terms of Bessel functions) is shown in Fig. 8.2 (again

even for A = 1 the agreement is remarkable).
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Eigenvalue Problems

It is clear from our plot (and the positive nature of the potential) that our solutions oscillate so
we can look for approximate eigenvalues of a Sturm-Liouville problem, for example, values of \? for
which we have non-trivial solutions of satisfying y(0) = 0 and y(1) = 0. In the previous subsection,
we constructed the solutions uwkg(t) and qwks(t) that satisfy the boundary condition at ¢ = 0
and t = 1, respectively. We have an eigenvalue when these two solutions are the same and that is

determined by vanishing of the Wronskian

W luwks, gwks] = Awks sin [Awks(e — 1)],

(in which case the Green function does not exist and we have either no solution or infinitely many

solutions differing by a multiple of the eigenfunction corresponding to the Fredholm alternative).

Thus our WKB approximations to the eigenvalues here are given by A = nn/(e — 1). The corre-

sponding exact eigenvalues are determined by the transcendental equation
210(\) Y (eA) — 2¥5(A) Jo(eA) = 0.

A comparison of the exact and approximate eigenvalue is given in Figure 8.2. Again it is remarkable

how accurate the approximate eigenvalue is even for the lowest possible values of \,,.

0010}

0.005

0.001 -

5x1074

1x1074}

5x1075

1x105}

10 20 30 40 50

Figure 8.3: The relative error in the eigenvalues A\wkg and the exact eigenvalue A\ for mode number
n=1ton = 50.
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8.3 Higher order terms

To be more systematic we can look for an expansion of the form

exp(Mp1(t) + o (t) + Y1 (t) /A + p_a(t) /N> + - -+)

and consider the more general differential equation

d?y
w " (N@a2(t) + Ai (t) + qo(t)) y = 0
Since we can write A(t) = e 4® we can include A(t) within this expansion, in fact, we will see our

ansatz above corresponds to

A(t) = expto(t) = exp (—i In |Q2(t>|) when ¢; = g =0

Differentiating

y(t) ~ exp (AMr(t) +ho(t) + X (t) +...)
Y1) ~ (M) + () + AL () + ) exp (M (8) + dho(t) + A7 o () + .. )
v/ ~ (AR(E) + () + A7 () + .

)
= (L) + X @I ) + 261 ()65(8) + () + (@h(0)* + 20400, (1) + ... ) x
)

So equating order by order

(1(£)" + g2(t) = 0
U () + 20 (g () + ar (1) = 0

, W
= %) = =30~ 2000

o (1) + (W) + 201 (004 (8) + qo(t) = 0

)
t
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and solving order by order

Uy (t) = +i /t @2 dt

t t/
Po(t) = —5 In (1) £ %1/ qzq(lt</)1)/2 dr

t /
Q(t') /
/ W dt’ + const.

= —Lnfga()] £ 4

For validity we need v (t) << A\b1(t), A -1 (t) < ¢o(t) as A — oo.

It is clear that we can continue to any order we wish and that it is

1. horrible by hand!

2. trivial for computer algebra!

8.4 Solution behaviour and Stokes lines

Things start to get interesting if we consider the WKB solution to the Airy equation

d2
d—tf — Ntf =0, (8.2)

where we introduce the parameter \ as a convenience.

Sticking to the lowest order solution we have

1 [ _ .
ys(t) =~ 171 XP (:tl)\/ (—s)1/? ds) =t HYexp (ZF1/\§(—75)3/2) .

If we recall that in Chapter 7

1
Al(t) ~ mt_l/éle_gth ast — o0,

we see perfect agreement with

Ai(t) as t — 00.

~ ﬁy(t)

On the other hand we might equally recall that

Ai(t) (—t) Vsin [2(—t)*? + 2] ast— —o0,

1
~ V2T
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we see perfect agreement with

Notice that if we write
Ait) ~ Ay (t) + Ay, (2),
then we need

Ao~ — A ~0, fort— o0

and

1 1
_ for t — —o0.

Y A Y
2/7i T oyt

In hindsight we may notice that the WKB solution is singular and can’t possibly be right at t = 0

A

and indeed our solution has a cut in the complex plane. In fact, this has saved us as our real solution
Ai(t) must have real coefficients when y_(t) and y, (t) are real (¢ > 0) and complex coefficients

when y_(t) and y.(t) are complex (¢ < 0).

A full understanding of what is going on here was provided by Stokes by considering the behaviour
of the solution in the complex t-plane. We start with a simpler example showing the same jump in

behaviour. Write

1

~A_e T+ ALe,
sinh ¢ *

then we need
A ~2 Ay ~0, fort— o0
and
A_~0 Al ~ 2 for t - —o0.

Indeed it is clear that if we consider ¢ in the complex plane e grows and dominates e~ in the right
half plane Re(t > 0) while e™* grows and dominates €’ in the left half plane Re(t < 0) and as our
solution decreases along any radial line excluding the imaginary axis the coefficient of the dominant
term must exactly vanish in the corresponding half plane. The transition occurs along the imaginary
it

axis where neither solution e ' and e dominates. (In this case, there is no particular reason to
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consider writing our expansion as a linear sum in this way but clearly for WKB we do.)

Returning to our example of the Airy function Ai(t) and writing t = re' we have

yi(t) = /e exp [:F/\§r3/2(cos 30 — isin 20)] .

Again we see that one term dominates the other as » — oo depending on whether cos %6 is positive or
negative. The dividing lines where the two terms are both of equal magnitude, are called Stokes’ line,

and represent the lines along which the coefficients may jump. In the current case this corresponds

to cos 20 = 0, that is the radial lines § = 7, m and 6 = 2

symmetry of Fig. (7.5). In general, for WKB approximations we identify the Stokes lines as being

7 with the 27 rotations reflecting the

the lines on which the real part of the argument of exponential vanishes.

8.5 Transition points

Returning to our simplest potential

suppose that we have ¢(t) > 0 for t < a and ¢(t) < 0 for ¢t > a then we have WKB approximations

y(t)~Wexp<iiA/ta\/wds) t <a,
y(t)wmexp<j:/\/at\/Mds> t>a,

where we have chosen a lower limit on our integrals for definiteness. Hence our solution is oscillatory
on the right and a combination of real exponentials on the right, of the transition point ¢ = a where

g(a) = 0. In most (Note that this is reminiscent of our plot of the Airy function.)

The WKB approximation clearly breaks down near points where © = a but in such a region we can

approximate our equation by
d?y
S+ X (@)(t — a)y =0

which with a simple change of variable 2 = a(t — a), where a = (A\?¢/(a))'/?

, is precisely Airy's

equation. This suggest the hope that we might use the Airy functions and in particular their
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Airy

Q)
b =

WKB WKB

Figure 8.4: The principle of matching asymptotic solutions is to find a range of values in which both
solutions are valid.

asymptotics

1 2_3/2
Ai(z) ~ ——=z Ve 5® as T — 00
2\/7 ’
1
Ai(x) ~ ﬁ(—x)_1/4 sin [%(—x)gﬂ + 7] as r — —o0,
. 1 2,.3/2
Bi(z) ~ —=ax~Y4e3® as r — oQ.
VT
1
Bi(z) ~ ——=(—2) Y cos [(—2)*? + Z] as r — —00

Jr

to bridge between our two WKB solutions. If we can get far enough away still using ¢(t) = a3(t —a)
then fj V0a(s)] ds = 2a%/2|t — a|*/? and our WKB forms correspond precisely to those of the Airy

functions.

Some fairly hard analysis is required to show that there is indeed a range of parameters for which
these expansions are simultaneously valid and is part of the wider theory of matched asymptotic
expansions. For the justification of the matching procedure (and much else) the book Advanced
Mathematical Methods for Scientists and Engineers: Asymptotic Methods and Perturbation Theory
by C.M. Bender and S.A. Orszag (Springer) is highly recommended.

The precise details depend on the problem to be solved - let us take for definiteness the case where
we want just the decreasing exponential to the right of the transition point then it is precisely Ai(s),

then to the left we must have the linear WKB combination

y(t) ~ ’q(fwsin {)\ /t Vi@ ds + 1n

(note the phase).

Example: For a potential with an infinite wall at ¢ = 0 and with ¢(t) = 1w?(a®> — t2), (¢ > 0). To
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match to the decaying exponential we have

2 x 21/ - ¢ 2 212
y(t)w—]l/Qsm{)\/t \/Liw(a — )Y ds—l—}ﬁr}

[w(a? — t2)
T <2a2X _21,;4)]1/2 Si“{ — g [t (@ = ) 4 a? (sin /o) — 5)] + %W}

This solution vanishes at t = 0 as required for an infinite wall if and only if

13

a?

(4n —1)°

at

?

o= (0= 4)

We can extend this idea to match to a decaying exponential to the left of a turning point b of an

decreasing potential matches to the linear WKB combination

y(t)w‘q(fwsin (A/bt\/wdwiw).

This enables us to consider the problem of bound states for a potential increasing at both sides but

for consistency these solutions and their derivatives must both match across the range so we require

e (3 [ Vi as 1) = B (3 [ Vi as + 4n),

and

Alq(t)|V* cos ()\ /ta V]a(s)] ds + }ﬁ) = BJq(t)|** cos <)\ /bt V]a(s)] ds + }177) :

where we have neglected the slow change of the amplitude compared to the phase. For a non-trivial

Oscillatory

Exponentially Exponentially
decreasing decreasing

Figure 8.5: Matching left and right gives a quantisation condition.
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solution the Wronskian must vanish and this becomes
sin <)\/ V0q(s)| ds + %w) =0
b
giving

/\/ba\/|q(s)| ds = (n— Y.
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8.6 Worked examples

1. (a) Show that the large eigenvalues of
y'(t)+ Nty =0,  y(0)=0, y(1)=0

are given by \, = nw [fol Va(s) ds} -

(b) Show that the large eigenvalues of
y'() +Nq(t)y =0, y(0)=0, y'(1)=0

are given by \,, = (n —|— [ v/ q ds]

We write down the lowest-order WKB approximation of the generic ODE 3" (t) + \%q(t)y = 0,

with solution . .
ywis(t) = (o7 &P (ii)\/o V Q(S)dS) ,

which more particularly can be taken to be

mwislt) = i (3 [ VaGias o). 63)

where ¢ € R is a phase. Equation (8.3) can also be viewed as the solution of the eigenvalue

problem. We need ywkg(0) = 0, hence ¢ = 0. Also, for part (a), we need ywkg(1l) = 0,

hence .
)\/ Vq(s)ds = nm, neN,
0

hence
Ap =

I Va(s)ds

For part (b), we need y{yx5(1) = 0, hence

0t (3 [ Vaias )+ ato) a0 eos (3 [ ViGias) =o.

Here, the second term is proportional to A and hence dominates in the limit as A — oc.

Hence, to leading order, the boundary condition reads

alt) a0 cos (3 [ Vasias) <o,
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hence 1
cos ()\/ \/q(s)ds)
0
and thus ( 1)
TN+ 5
A\p = ———20 n € NU{0}.
Jo Vals)ds
2. The Weber-Hermite differential equation
y'(t) + (v + 5 = Nt)y(t) =0, (8-4)

has solutions known as parabolic cylinder functions. Determine the higher order WKB

approximation to terms to order A\~!. Also, identify the Stokes lines for these solutions.

The extended WKB method in Section 8.3 applies directly to Equation (8.4), with

e(t) = —t7
() = 0,
@) = v+1/2.

From Section 8.3 we have

1 1 o)
vo(t) = —Zln|q2(t)|:|:§1/ qg(t/)l/zdt + Const.,
= —1Int?
= —ilnlt].

Also,
t
Y (t) = i / gt 2d,
t
_ ﬂ:i/(—t/2>1/2dt/,

t
= 4 / ¢a,

= +it*
The WKB solution is

y(t) = exp (M1 (t) + Yo (t) + 1 (E)/ A+ a(t) /N 4+ ).
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Including only terms of order A and \° in the expansion, we are left with

y(t) ~ exp (M (t) + o(t)), A — 00,
= exp [j:%)\tQ — %hl tﬂ ,
= t " exp (£M?/2).

Stokes lines occur in the complex t-plane where neither of the solutions ¢~'/2 exp(£At?/2)
dominates the other as A — oo. This happens when t2 is purely imaginary, that is on radial
lines with argument 7 /4,37 /4,57 /4, Tr /4.

At next order, we have
6+ (V0)* + 219", + g = 0.

We have
1
/ f— [N —
’lpO - 2t7
"o i
0 22’
1= &t
_ 1
G = V+3,
hence
1 1 ,
@—l—EiZt@Dl—i—(u—i—lﬂ):O,
and .
|
iwl—lz—%(wré);—ﬁt_z’
hence

1
Yoy = £1 [—(1 +2v)Int + gt—z} ,

and the solution to order \~! reads

1 1
L 4—1/2 2, + (_ 3L
y ~t/“exp {:I:)\t i8)\( (1+2V)lnt+8t2)]

The previous discussion about Stokes Lines still applies, as the Stokes lines refer to the dom-

inant term in the solution that is O(\).

3. Find the WKB approximation to the eigenvalues of normalizable functions satisfying

y'(t) + (B —t")y =0. (8.5)
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Also, compute the relative error for E,, given the ‘exact’ values are given in Table 8.2.

n 0 2 4 6 8 10
E, | 1.060 | 7.456 | 16.262 | 26.528 | 37.923 | 50.256

Table 8.1: First few eigenvalues for the equation (8.5)

The theory in Section 8.5 applies here, upon taking A\2¢(t) = E — t*. The turning points are
at F =t*, hence t = +E'/*. We require the following condition

El/4

VE—t*dt = (n+3)m, neNU{0}.

_E1l/4

Let s = ¢t/E'/*. The condition now reads
1
/ V1 —stds = E=3/4 (n—|— %) .
-1
The integral on the left-hand side can be evaluated in terms of elliptic integrals:
/\/1 —zidz = z(1 — 2M)Y?2 + 2F (sin!(z)| = 1),
where F'(z|m) is an elliptic integral of the first kind. Thus,
1
I = / V1 — 24dz,
-1
1
= 2/ V1 — xidz,
0

1

= 3 [F(sin™'(1)| = 1) — F(sin™'(0)] = 1)] ,
= 4 [F(sin™}(1)] — 1) — F(0] - 1)] ,
= 3F(sin”'(1)| - 1)

where F'(z|m) is the complete elliptic integral of the first kind, with £'(0|m) = 0. Also, using
tables,
F(sin ()] — 1) = zoF7 (3,4 4;2%).

Thus,
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Again using tables (e.g. Abramowitz and Stegun, 15.1.20),

;DT
TTEM)
T'(5/4)0(1/2)
(3/DT(3/4)
L(5/4)v/7
[(7/4)
1.748038369528080.

Q

where T'(+) is the Gamma function. Thus, the eigenvalues are

(n+1)x]"

B =
I

Y

and in a double-precision approximation this is

E:[ (n+3)m ]/

1.748038369528080

Numerical results are tabulated here:

n 0 2 4 6 8 10
E, (true) 1.060 | 7.456 | 16.262 | 26.528 | 37.923 | 50.256
E, (WKB) 0.867 | 7.414 | 16.233 | 26.507 | 37.9055 | 50.241

True-WKB 0.1928 | 0.0420 | 0.0283 | 0.0215 | 0.0182 | 0.0154
(True-WKB)/True | 18% | 0.56% | 0.17% | 0.08% | 0.05% | 0.03%

Table 8.2: First few eigenvalues for the equation (8.5) and comparison with WKB theory



Chapter 9

The model Poisson equation — theoretical

background

Overview

We consider analytical solutions to a two-dimensional Poisson problem. The reason for examining
this particular problem are manifold: it is a minimal model that nonetheless has a small amount of
complexity sufficient to warrant the use of a number of interesting numerical methods. Also, its
analytical solution is rather interesting, as it requires plenty of favourite techniques in PDE theory.
Finally, analytical solutions in this section will be used as benchmarks for future numerical simulation
studies. Throughout the course, the problem considered in this section will be referred to as the

model Poisson equation.

9.1 The model Poisson equation

We are interested in solving the following elliptic partial differential equation (PDE), given here in

non-dimensional form as follows:
V2u+ s(x,y) =0 (xz,y) € Q, (9.1a)

where
Q= (0,L,) x (0,L,), (9.1b)

and V? = 02 + 02 is the Laplacian. The partial differential equation is subject to the following

Dirichlet boundary conditions:

u(lx =0,y) = aly), u(r = L,,y) =0, (9.1¢)

160
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and
u(z,y =0) =0, u(z,y = L,) =0. (9.1d)

9.2 Decomposition
It is sensible to split the solution into two parts:
U(;C, y) = U0<ZZ', y) + u1<£IZ', y)7

where

e uy(z,y) satisfies Laplace’s equation V2uy = 0 with inhomogeneous boundary conditions
up(z = 0,y) = a(y), up(z = Ly, y) =0, uo(z,y =0) =0, uo(x,y = Ly,) = 0.
o u;(x,y) satisfies Poisson’s equation V?u; = —s(z,y) with homogeneous boundary conditions

ui(x=0,y) =0, ui(x = Ly,y) =0, u(z,y=0) =0, w (z,y = L,) = 0.

By linearity, uo + u; satisfies the full model Poisson equation (10.1a) with the full set of boundary
conditions (10.1c)—(10.1d).

9.3 Analytical solution — Laplace part

We solve for ug(x,y) using separation of variables, writing uo(z,y) = X (2)Y (y), which gives

1 d*X  1d%

it 2
X dx? +Yclyz 0 (9-2)

The boundary conditions give Y (0) = Y (L,) = 0 and X(L,) = 0. The boundary condition at

x = 0 is as yet undetermined, as this amounts to

We apply the separation-of-variables argument to Equation (9.2) to get

le_Y = k2
Y dy? '
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In view of the y-boundary conditions, we take k& = nn/L,, with n € {1,2,---}, and Y(y) =
sin(nmy/L,). Then,

X dz®

The solution is made up of sinhes and coshes. We take

LX)

X = sinh[k(L, — )]

because this satisfies the boundary condition at = = L,, i.e. X(L,) = 0. Thus, the solution is now

u(z,y) = ZA” sinh [TLL—W(LJ; — x)} sin (%y) (general solution).
n=1 Y

Y

We now work on the boundary condition at x = 0. We have

u(z =0,y) = Z A, sinh [nZLx} sin (Z—Wy> = a(y).
n=1 Y

To back out the A,'s, we multiply both sides of the above equation by (2/L,)sin(n'ry/L,) and

integrate, to obtain
> nmL 2 [lv nw n'm 2 [lv n'r
A, sinh [ m} [—/ dy sin (—y) sin (—y)} = —/ dy sin ( y> a(y),
; L, Ly Jo L, L, Ly Jo L,

hence

AL 2 /OLy dy sin (Z—Wy) o(y). (9.3)

Y

up(w,y) =Y A, sinh B—Z(LZ, - x)} sin (Z—”y) ,

Y

where the A, 's are given by Equation (9.3).

9.3.1 Analytical solution — Poisson part

It is not possible to solve for u; (z, y) using separation of variables because of the source term s(z, ).

However, we can still find a solution using the basis functions

4 ( ) 2 2 . nmw . mm
am (T, Y) = 4] =4/ 7—sin | — n|—vy).
x,y L\ 1, S I z|s L, Y



9.3. Analytical solution — Laplace part 163

where n and m are positive integers. We multiply both sides of V?u; = —s(z,y) by ¢, and

integrate over the domain to obtain

/ G Vi d?x = — / OpmS 22 1= —5m.
9] Q
We focus on the left-hand side:

LHS. = / b 2, AP,
Q
= / [V : (¢nmvu1) —Voum - Vul] dzx,
Q

= Opmn - Vurdl — / Vénm - Vup dz,
a0 Q

where 7 is the outward-pointing unit normal to the domain boundary 9f) and d/ is an element of
length along the domain boundary. In any case, ¢,,, = 0 on 99 (because ¢,,, is made up of sine

functions that vanish on the boundary), hence
LHS. =— /Q Vénm - Vuy do.
We apply integration by parts again:
LH.S. = - /Q YV bnm - Vug d*z,

= —/ [V . (u1V¢nm) - U1V2¢nm} d2$a
Q

= —/ ulﬁ-V¢nmd€+/u1V2¢nmd2x.
80

Q

The boundary integral here is zero because u; = 0 on 952, which leaves

L.HS. = / Uy V2 2.
Q

Hence,
Q
- _kima\lnmv
where
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Hence,

~ _ STL'H’L
Ulnm = 75—
nm

The proposed solution is

ur(2,9) = Y GG (2, )

n,m=1

This makes sense, because the ¢,,,'s are an orthonormal set:

/ ¢nm¢n’m’d2x = 5nn’5mm’-
Q

Hence,
gnm
ul(x,y): Z k2_¢nm(x7y)
n,m=1 "M

Having constructed a solution to Equation (10.1), it is also the case that this is the only such smooth

solution:

Theorem 9.1 The solution u(z,y) = ug(z,y) + ui(x,y) is the unique smooth solution of Equa-
tion (10.1).

Exercise 9.1 Use the maximum principle to prove Theorem (9.1).




Chapter 10

Model Poisson equation — Numerical

setup

Overview

In this chapter we consider numerical solutions of the model Poisson equation. We introduce centred
differencing in space as a way of approximating the Laplace operator numerically. After doing this,
the PDE problem boils down to a linear-algebra problem wherein a matrix must be inverted. Jacobi
iteration is introduced as a method to do this, followed by the slightly more sophisticated SOR
method.

10.1 The model

We are interested in solving the PDE from Chapter 9, recalled here to be
Viu+s(z,y) =0  (z,y) €9, (10.1a)

where
Q=(0,L,) x (O,Ly), (10.1b)

and V? = 07 + 07 is the Laplacian. The partial differential equation is subject to the following

dirichlet boundary conditions:
u(z =0,y) = a(y), u(z = Lp,y) =0, (10.1c)

and
u(z,y =0) =0, u(z,y = L,) =0. (10.1d)
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10.2 The discretization

We discretize the PDE and compute its approximate numerical solution on a discrete grid:

x; = (i — 1)Axz, i=1,--,ng,

y]:(]_l)Ayv jzla"'vnya
such that
(ny, — 1)Az = L, Ax = L,/(n, — 1),

and similarly, Ay = L,/(n, — 1). The Laplace operator in the PDE (10.1) is approximated by

centred differences:

Uil + Wim1j — 2Wi5 Ui jy1 + Wij—1 — 2Uj;
(V). ~ *+1.J Ax;j J 4 it Azzl L= D(uyy)

ij
1=2,3,--- ,n, — 1, Jj=2,3,---,ny— L.

Thus, the PDE to solve is reduced to a simpler problem in linear algebra;

— _Sij7

Uit1j + Uim1j — 2U; 4 Ui g1+ Wij—1 — 25
Ax? Ay?
i=2,3, ,ny—1, j=2,3,--,n,—1. (10.2)

where Sij = S(CL’,;, yj)

10.3 Jacobi method

The focus of this course is on the use of iterative methods to solve problems such as Equa-
tion (10.2). The idea is to make an initial guess for the solution, plug this into some algorithm for
refining the guess, and continue until this iterative procedure converges. The simplest and most

naive iterative method is the so-called Jacobi method. We re-write Equation (10.2) as

" < 2 2 ) L Uiy U1y Ui+ Ui
ij

Ax? * Ay2) AV + Ay? sy
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or
Uit1,j+Ui—1,5 Uj,j+1FUq 51 B
_ Az? + Ay? + Sis 10.3
Wij = 2 | 2 (10.3)
Azx2 Ay2’
all valid for t =2,3,--- ,n; —1and j =2,3,--- ,n, — 1. We introduce a sequence of guesses for
Equation (10.3), u!, u?, -+ ,u™, u", .-, such that
Uity Wt
A T T RE T TSy
ultt = - Y (10.4)

1] 1 1
Az2 + AyQ’

If this iterative scheme converges, then lim,,_,., u™ = lim,,_,o, u""*, and the approximate solutions
u™ and u™*! can be replaced in Equation (10.4) with some identical array u*, thereby forcing

Equation (10.4) to be identical to Equation (10.3).

10.4 Boundary conditions

The idea to solve the PDE (10.2) is to do Jacobi iteration at interior points. However, this approach

can only be used at interior points
1=2,3,--- ,n, — 1, Jj=2,3,---,ny—1

At boundary points, the boundary conditions are enforced: u = 0 at all boundaries except at x = 0.
Thus,

Uil = Uip, = Un, j = 0,

)

and

u1; = o(y;), y; = (1 — 1)Ay.
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10.5 Jacobi Method - the code

A sample code using the Jacobi method is given below and available online. We will work with
Matlab first, before moving over to Fortran. The idea of this code is to use simple but still non-
trivial source terms (both bulk and surface sources — i.e. s(x,y) and «(y) respectively) that give
rise to a particularly simple analytical solution. The numerical and analytical solutions can then be
compared. This gives us confidence that the code is working. We can then go off and apply the

code to more complicated sources for which the analytical solution is unwieldy.

function [xx,yy,u,u_true,res_it]=xtest_poisson_jacobi()

% Numerical method to solve
% [D{xx}+D_{yy}]C=s(x,y),
% subject to zero boundary conditions except on x=0 where u(0,y)=alpha(y)

% where alpha is a given function.

% Sk 3k sk >k sk sk sk sk sk sk sk >k sk sk sk sk >k sk sk sk sk sk sk sk >k sk sk sk skk skosk sk sk sk sk sk R sk sk sk sk sk sk sk >k sk sk sk sk R skosk sk sk sk sk sk >k skosk sk sk sk sk sk sk sk sk ok sk

% Geometric parameters:

aspect_ratio=2;
Ly=1.d0;

Lx=aspect_ratioxLy;

% Fundamental wavenumbers:

kx0=pi/Lx;
kyO=pi/Ly;

% Numerical parameters:

Ny=101;
Nx=aspect_ratio*(Ny—1)+1;

% Maximum number of iterations in Jacobi solver:

iteration_max=5000;

dx=Lx/(Nx—1);
dy=Ly/(Ny-1);

dx2=dx*xdx;
dy2=dyx*dy;

% vectors of x— and y—values




3

=

3

b

38

39

40

41

42

43

44

45

46

4

el

48

49

5

o

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

10.5. Jacobi Method — the code

169

xx=0%(1:Nx);
yy=0x(1:Ny);

% >k ok ok ok ok ok 3k sk ok sk sk ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok sk sk sk ok sk skosk sk sk sk ok ok sk ok ok ok ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok sk sk sk skoskosk ok ok okookook ok ok ok

% Source parameters

% Bulk source s(x,y) — this is chosen here to be a single mode \phi_{nm},

% multiplied by an amplitude As.

As=10;
kx=kx0 ;
ky=3xkyO0;

% Boundary source alpha(y) — this is chosen to be a sine function

% sin(n_\alpha\pi y/L_.y), multiplied by an ampliutde A_\alpha.

n_alpha=1;
A_alpha=1,;

% K3k 3k 3k ok 3k 3k 3k ok sk sk ok ok sk sk ok ok ok ok k k sk sk sk ok sk ok ok ok sk ok ok 3k sk sk sk skosk ok ok sk sk ok ok ok ok sk sk sk sk ok sk kR sk sk sk sk ok 3k sk sk sk skoskook sk skookook ok ok ok

% Initialize sources

s_source=zeros (Nx,Ny);

for i=1:Nx
for j=1:Ny
x_val=(i —1)*dx;
y_val=(j —1)xdy;
s_source(i,]j)=Asxsqrt(2/Lx)*sqrt(2/Ly)*sin(kxxx_val)xsin(kyxy_val);
end

end

alpha_source=0%(1:Ny);

for j=1:Ny
y_val=(j —1)xdy;
alpha_source(j)=A_alphaxsin(n_alphaxpixy_val/Ly);

end
% sk sk sk skosk sk skoskoskoskosk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskeoske sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoske sk sk sk sk sk sk sk sk sk sk sk sk kok

% Compute analytic solution — This is made up of u0 and ul.

uO_true=zeros (Nx,Ny);
ul_true=zeros(Nx,Ny);
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for i=1:Nx
for j=1:Ny

xx (1)=(i =1)*dx;

yy (J)=(j —1)=dy;

uO_true(i,j)=(A_alpha/sinh(n_alphaxpixLx/Ly))*sinh( (n_alphaxpi/Ly)x*(Lx—xx
(i)))«sin(n_alphaxpixyy(j)/Ly);

ul_true(i,j)=(As/(kxxkx+kyxky))*sqrt(2/Lx)*sqrt(2/Ly)*sin (kxsxx(i))=*sin (ky
*yy(3));

end

end

u_true=uO_true+ul_true;

% lteration STepP soksksk sk sk sk sk k k k k skokokokokokokok ok ok ok ok ok sk sk Sk ko ok ok sk ok sk ok sk ok ok ok ok ok ok ok ok ok 3k %
% Initial guess for u:

u=zeros (Nx,Ny);

res_it=0x(l:iteration_max);

for iteration=1:iteration_max

u_old=u;
for i=2:Nx—1
iml=i —1;
ipl=i+1;
for j=2:Ny-1
diagonal=(2.d0/dx2)+(2.d0/dy2);
tempval=(1.d0/dx2)«(u_old (ipl,j)+u_old(iml,j))+(1.d0/dy2)«(u_old(i,]
+1)+u_old(i,j—1))+s_source(i,]);
u(i,j)=tempval/diagonal;
end
end

% Implement Dirichlet conditions
u(:,1)=0;
u(:,Ny)=0;
u(Nx,:)=0;
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% Special condition at x=0.

u(l,:)=alpha_source;
res_it(iteration )=max(max(abs(u—u_old)));
end

end

xcodes/poisson_matlab /xtest_poisson_jacobi.m

Results for the presented parameter values / source terms are presented here also.

u - analytic u - numerical

10

max|un+1_uﬂ‘

10

0 1000 2000 3000 4000 3000
n - number of iterations

(c)

Figure 10.1: Numerical results from the Matlab code

Figures 10.1(a)—(b) show the analytical and numerical results respectively. They are indistinguish-
able, showing the correctness of the numerical code. Figure 10.1(c) shows the L norm of the
difference between successive iterations, maxq [u"™ — u™|. Because this is decreasing to zero, the

Jacobi iteration scheme is converging.
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10.6 Successive over-relaxation — the idea

Start with the generic problem

Ax =0b
Recall the Jacobi solution:
DvV ! = —RoY + b, x = lim v".
N—o0
In index notation, the Jacobi solution reads
1 n
-N+1 - — Rl N bz 105
Uz @ jzl kvk + ( )

The idea behind SOR is to retrospectively improve the ‘old guess’ vV that goes into formulating the
‘new guess'. If the ‘old guess' can be retrospectively improved, then this makes the new guess even
better. To do this, the right-hand side of the Jacobi equation (10.5) is updated with just-recently-
created values of vV, Where this is not possible, the old values of v” are used. The result is the

following iterative scheme:
1 — 1 & b,
o === Ry —— > Ryl + —. (10.6)

But R; =0, and R;; = a;; otherwise. Hence, Equation (10.6) can be replaced by

i—1 n
1
N+1 _ b; — aoNTL aoN | 10.7
v; o [ > anvy ) aqvy ] (10.7)

k=1 k=i+1

Equation (10.7) is not yet optimal (however, it is already the Gauss—Seidel method for solving a
linear system). Instead, we introduce an extra degree of freedom, which allows us to weight how
much or how little retrospective improvement of the old guess is implemented in the (N + 1)

iteration step. This is done by a simple modification of Equation (10.7):

V= (l—w)vZN+i
a..

1—1 n
b; — Zaikvé\f“ — Z aikv,i\f] (10.8a)

w k=1 k=i+1

The factor w is restricted to the range
0<w<2 (10.8b)

this preserves the diagonal-dominance of the system and hence ensures convergence. The exact

choice of w is made by trial-and-error in order to speed up convergence.
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Exercise 10.1 Modify the numerical model Poisson problem above to incorporate the SOR
algorithm and vectorization. Do some tests to find out roughly what is the best value of w to

use. An answer clue is given in Figure 10.2.

— Jacobi
""""" SOR, ®=1.2

JJJJJJJ

0 1000 2000 3000 4000 5000
n - number of iterations

Figure 10.2: Numerical results from the Matlab code — SOR method with w = 1.2. In Matlab |
found that running the SOR code takes much longer than running the Jacobi code. This is all the

more reason to go over to Fortran — as in the next chapter.



Chapter 11

Introduction to Fortran

Overview

| am going to try an example-based introduction to Fortran, wherein | provide you with a sample
code, and then tell you about it. | will then ask you to some tasks based on the code, and to modify

it.

11.1 Preliminaries

A basic Fortran code is written in a single file with a . £90 file extension. It consists of a main part
together with subroutine definitions. A subroutine is like a subfunction in Matlab or C, with one

key difference that | will explain below.

The main part

The main code is enclosed by the following declaration pair:
program mainprogram
end program mainprogram

At the top level, all variables that are to be used must be declared (otherwise compiler errors
will ensue). Variables can be declared as integers or as double-precision numbers (other types are
possible and will be discussed later on). Before variable declarations are made, a good idea is to

type implicit none. This means that Fortran will not assume that symbols such as i have an

174
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(implicit) type. It is best to be honest with the compiler and tell it upfront what you are going to

do. Equally, it is not a good idea for the compiler to try to guess what you mean.

An array of double-precision numbers is defined as follows:

integer :: Nx,Ny
parameter (Nx = 201, Ny = 101)

double precision, dimension(1:Nx,1:Ny) :: my_array
This creates an array of double-precision numbers where the indices go from ¢ = 1,2,--- 201, and
j =1,2,--- 101. there is nothing special in Fortran about starting arrays with ¢ = 1: they can

start from any integer whatsoever (positive or negative).

After defining all arrays and all other variables operations are performed on them using standard
manipulations. These typically include ‘do’ loops (the Fortran equivalent of ‘for’ loops), and ‘if" and

‘if-else’ statements. The syntax for these operations is given below in the sample code (Section 11.2).

Column-major ordering

To understand column-major ordering, consider the following array:

123
A:
[456]

If stored in contiguous memory in a column-major format, this array will take the following form in

memory:
142536.

Suppose that elements of the array A are denoted by A;; (i for rows, j for columns). When these
elements are accessed sequentially in contiguous memory, it is the row index that increases the
fastest. Thus, in Fortran, a do loop for manipulations on the array A should be written out as

follows:

do j=1,2
do i=1,3

! manipulations on A(i,j) here

end do
end do
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Subroutines

Subroutines contain discrete tasks that are repeated many times. Instead of having a main code that
contains multiple copies of the same piece of code, such code-tasks are relegated to subroutines.
The advantages are economy-of-code and computational efficiency. Unlike in C, arrays can be passed
to subroutines in a blindly straightforward manner. Examples of such subroutines can be found in

the sample code (Section 11.2).

As mentioned previously, a subroutine in Fortran is like a subfunction in C or Matlab. However,
there is one key difference: formally, a subroutine produces no explicit outputs. Thus, suppose
we want to operate on a variable = with an operation f to give a result y (formally, y = f(z)). In
Fortran, we view x and y as inputs to a subroutine wherein y is assigned the value f(z) as part of

the subroutine’s implementation. This will become clearer in examples.

Output

Finally, the result of these manipulations should be sent to a file, for subsequent reading. The values

in an array my_array of size (1,---,N,) x (1,---N,) can be written to a file as follows:

open(unit=20,file="myfile.dat’,status="UNKNOWN’)

do j=1,Ny
do i=1,Nx
write(20,*) my_array(i,j)
end do
end do

close(unit=20, status=’KEEP’)
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11.2 The code

The following code solves the model Poisson problem using SOR iteration. If done correctly, it
should reproduce exactly the results obtained previously in Matlab. An output file called ‘oned.dat’

is produced. | cannot remember why | called the output file by this name. However, these things

N

w

w
[S]

33

34

35

37

38

are rather arbitrary.

K3k 3k >k 3k 3k 3k 3k ok 3k 3k 3k sk sk skosk sk sk sk ok ok sk sk sk sk sk sk sk ok 3k >k ok sk skosk ok ok 3k 3k 3k 3k sk ok sk sk sk sk ok ok ok ok ok ko k ok ok ok ok ok ko

program mainprogram

implicit none

integer

Nx, Ny

parameter (Nx = 201, Ny = 101)

double precision :: dx,dy,x_val,y_val Lx,Ly,pi=4.xatan(1.)
double precision :: ax,ay,diag_val ,hrelax , tempval, errl  err2
double precision :: As,A_alpha

double precision, dimension(1:Nx,1:Ny) :: s_source ,u,u_old
double precision, dimension (1:Ny) alpha_source

integer i,j,iml,ipl, iteration ,max_iteration=5000
Ly=1.d0

Lx=2.d0

As=10.d0

A_alpha=1.d0

dx=Lx/dble (Nx—1)
dy=Ly/dble (Ny—1)

ax=1.d0/(dxx*dx)
ay=1.d0/(dy=dy)
diag_val=2.d0xax+2.d0xay
relax=1.5d0

K ok ok ok ok ok sk sk ok sk sk ok sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok sk sk sk ok ok sk sk ok ok sk sk sk sk skosk ok ok sk okook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

compute source, initialise guess

s_source=0.d0

u=0.d0

u_old=0.d0

write (x,%x) 'getting bulk source’
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call get_s_periodic(s_source ,Nx,Ny,dx,dy,Lx,Ly,As)

write (x,x) ’'done’
write (#%,%) 'getting boundary source’
call get_alpha_periodic(alpha_source ,Nx,Ny,dx,dy,Lx,Ly,A_alpha)

write (x,x) ’'done’

Kok ok ok ok ok 3k ok ok sk sk ok sk sk sk ok ok ok ok ok ok ok ok sk ok sk sk sk sk sk ok ok ok sk ok ok ok sk sk sk sk sk ok ok sk okook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

sor steps

do iteration=1 max_iteration
errl = 0.0

I for keeping track of the error

u_old=u
do j=2,Ny-1
do i=2,6Nx-1
iml=i—1
ipl=i+1

tempval=axx(u(ipl,j)+u(iml,j))+ay*(u(i,j+1)4u(i,j—1))+s-source (i, ]

)

u(i,j)=(—relax)*u(i,j)+relax*xtempval/diag_val

end do

end do

I Implement Dirichlet conditions

u(:,1)=0
u(:,Ny)=0
u(Nx,:)=0

I Special condition at x=0.
do j=1,Ny

u(l,j)=alpha_source(]j)
end do

if (mod(iteration ,100)==0)then

call get_diff(u,u_old ,Nx,Ny,errl)

write (%,x) iteration, ' Difference is ', errl
end If

end do
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1 ’

write (%) Difference is , errl

D sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok R Rk oK oK oK oK ok oK ok ok ok Kk R K K ok ok oK 3K ok oK oK ok ok kR R K o ok oK K ok ok K

I write result to file

write (*,%) "writing to file’
open(unit=20,file="oned.dat’,status="UNKNOWN")

do j=1,Ny
do i=1,Nx
x_val=(i —1)xdx
y_val=(j —1)xdy
Write (20,%) x_val, y_val, u(i,j)
end do
end do
close(unit=20, status='KEEP")

write (*,%) 'done’

end program mainprogram

D sk skosk sk ok sk ok ok ok ok sk ok ok ok ok ok o K KRk ok ok ok ok ok o o kR ok ok ok ok ok ok K Rk sk ok ok ok ok o o Rk ok ok ok ok K K o kK

D sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK kK ok ok oK oK ok ok ok ok ok ok kR kK o ok oK oK oK ok ok ok ok kR R Kk ok o oK K ok ok K

subroutine get_s_periodic(s_src ,Nx,Ny,dx,dy,Lx,Ly,As)

implicit none

integer ::i,j,Nx,Ny
double precision :: dx,dy,Lx,Ly,x_val,y_val,6 pi=4.xatan(1.)
double precision :: kx0,ky0,kx,ky,As
double precision :: s_src(1:Nx,1:Ny)
kx0=pi/Lx
kyO=pi/Ly
kx=kx0
ky=3.d0xkyO
do j=1,Ny
do i=1,Nx

x_val=(i —1)xdx
y_val=(j —1)xdy
s_src(i,j)=Asxsqrt(2.d0/Lx)*sqrt(2.d0/Ly)=*sin(kxs*x_val)=*sin(ky*y_val)
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128 end do
129 end do
130
131 return

132 end subroutine get_s_periodic
133
134 I 3k sk sk sk sk sk sk sk skoskoskoskoskoskosk sk skosk sk sk sk skosk sk skosk skosko sk skosk sk sk sk skoske sk sk sk skosk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk skosk sk kok
135

136 subroutine get_alpha_periodic(alpha_src ,Nx,Ny,dx,dy,Lx,Ly,A_alpha)

137 implicit none

138

139 integer ::i,j,Nx,Ny,n_alpha

140 double precision :: dx,dy,Lx,Ly,x_val,y_val, K6 pi=4.xatan(1.)
141 double precision :: A_alpha

12|  double precision :: alpha_src(1:Ny)

143
144 n_alpha=1
145
146 do j=1,Ny

147 y_val=(j —1)xdy

148 alpha_src(j)=A_alphaxsin(n_alphaxpixy_val/Ly)

149 end do

151 return

152 end subroutine get_alpha_periodic

1541 T skosk sk ok sk sk sk okok ok ok ok ok ok ok ok ok ok ok ok oK o oK Rk K ok oK oK K o oK Kk R K ok oK ok K oK o K Kk K ok ok oK K K o o kK Rk K

56|  subroutine get_diff(u,u_old ,Nx,Ny, diff)

157 implicit none

158

159 double precision :: diff ,sum

160 integer :: Nx,Ny,i,]j

161 double precision, dimension(1:Nx,1:Ny) :: u, u_old

163 sum = 0.0DO0
164 Do j = 1, Ny

165 Do i = 1, Nx

166 sum = sum + (u(i,j)—u_old(i,j))=x*2
167 End Do

18|  End Do

169 diff = sum
170

171 Return

172 End subroutine get_diff
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173
174 1 sk sk ok ok ok ok ok ok ok ok ok kok ok ok ok oK ok Kk kK ok ok ok oK ok o Rk ok ok ok oK oK K ok oK Kk ROk ok ok oK K K R KRR ROk ok kK K

175] 1 skosk sk sk ok sk sk ok ok ok ok sk ok ok o kR ok ok ok ok ok o o Kk ok ok ok oK K o o Kk Rk ok oK ok K ok o kK ok ok ok ok K o o R Kk ok ok

xcodes/poisson_fortran /main_periodic_sor.f90
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11.3 Porting Output into Matlab

It can be useful to examine the data in a file such as ‘oned.dat’ in Matlab. There are many ways of

doing this. Below is my favourite way:

function [X,Y,Cl=open_dat_file()

% We need to specify the size of the computational domain, as this can't be

% inferred from the datafile.

Nx=201;
Ny=101;

% Here | create a character array called "filename”. This should

% correspond to the name of the Fortran—generated file.

filename="oned.dat " ;

% Here is the number of lines in the datafile.

n_lines=NxxNy;

% Open the file. Here, fid is a label that labels which line in the file

% is being read. Obviously, upon opening the file, we are at line 1.

fid=fopen(filename);

% Preallocate some arrays for storing the data.

X=0x(1:n_lines);
Y=0%(1l:n_lines);
C=0x(1l:n_lines);

% Loop over all lines.

for i=l:n_lines
% Grab the data from the current line. Once the data is grabbed, the
% label fix automatically moves on to the next line.
% The data from the current line is grabbed into a string — here called
% cl.
cl=fgetl (fid);

% Next | have to convert the three strings on any given line into three
% doubles. This is done by scanning the string into an array of

i

% doubles, using the "sscanf” command:

vec_temp=sscanf(cl, %f");
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% Now it is simple: just assign each double to a value x, y, or C.
x_temp=vec_temp(1);
y_temp=vec_temp(2);
C_temp=vec_temp (3);

% Read the x—, y—, and C—values into their own arrays.
X(i)=x_temp;
Y(i)=y-temp;
C(i)=C_temp;
end
% Finally , reshape these arrays into physical, two—dimensional arrays.

X=reshape (X,Nx,Ny);
Y=reshape (Y,Nx,Ny);
C=reshape (C,Nx,Ny);

o Important! ose e file so at i is no e angling. ot closin a
% Important! ClI the fil that it t left dangling Not cl g

% file properly means that in future, it will be difficult to manipulate

% it. For example, it is impossible to delete or rename a a currently —open
% file .

fclose(fid);

end

xcodes/poisson_fortran /open_dat_file.m
This file should be stored in the same directory as ‘oned.dat’. Then, at the command line, type
[X,Y,C]l=open_dat_file();
The results can be visualized as usual:

[h,c]l=contourf(X,Y,C);

set(c,’edgecolor’,’none’)

Provided the source function and domain size are the same in both cases, this figure should agree

exactly with the one generated previously using only Matlab. As before,
s(x,y) = Agsin(k,x) sin(kyy), (11.1)

with k, = ko and k, = 3k, and Ay = 10. Further details: k,o = (7/L,) is the fundamental

wavenumber in the z-direction, and kg = 7T/Ly is the fundamental wavenumber in the y-direction.
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The domain geometry is chosen to be L, =2 and L, = 1. As expected, the solution agrees exactly

u - Fortran

10.8

10.6

0 0.5 1 1.5 2
X

Figure 11.1: Solution of the Poisson problem for the source (11.1). Grid size: N, = 201 and
N, = 101.

with the ones calculated previously, both analytically and using the Matlab code. However, the

execution time is dramatically reduced when using the Fortran code.

11.4 The challenge problem

Consider the following PDE:
V2u + s(z,y) =0 (z,y) € 9, (11.2a)

where
Q=(0,L,) x (0,L,), (11.2b)

and V? = 02 + 02 is the Laplacian. The partial differential equation is subject to the following

Dirichlet boundary conditions:

u(z =0,y) = a(y), (11.2¢)
u(z,y =0) = B(z), (11.2d)
u(z = Lq,y) = v(y), (11.2¢)
uw(x,y = L,) = 0(z) (11.2f)
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Exercise 11.1 Write a Fortran code to solve Equation (11.2). For definiteness, take s = 0,

and
u(x =0,y) = Ay sin(ry/L,), (11.3a)
u(z,y =0) = Agsin(rz/L,), (11.3b)
uw(x = L,,y) = A, sin(ry/L,), (11.3¢)
u(z,y = L,) = Assin(nz/Ly), (11.3d)
where A,,--- , As are prescribed constants. Plot the result using Matlab. Also, verify that the

solution satisfies the maximum principle.




Chapter 12

Introduction to shared memory

Overview

Although a modern desktop computer will have a single CPU, they possess possess two (or more)
processing units (or cores), which are placed on the same chip. The cores share some cache (‘L2
cache’), while some other cache is private to each core (‘L1 cache'). This enables the computer to
break up a computational task into two (or more) parts, work on each task separately, via the private
cache, and communicate necessary shared data via the shared cache. This architecture therefore
facilitates a basic form of parallel computing, thereby speeding up computation times. High-level
programs such as MATLAB take advantage of multiple-core computing without any direction from
the user. On the other hand, lower-level programming languages such as Fortran require explicit
direction from the user in order to implement multiple-core processing. The aim of this chapter is

to do precisely this, usingthe OpenMP standard.

By way of notation, we reserve the word processor for the entire chip, which will consist of multiple
sub-units called cores. Sometimes the cores are referred to as threads and this kind of computing

is called multi-threaded.

12.1 Shared memory — concepts

A useful schematic diagram of shared memory is the following one, obtained on Wikipedia (Fig-
ure 12.1):

186
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Parallel Task | Parallel Task Il Parallel Task Ill

-

Master Thread
Parallel Task | Parallel Task Il Parallel Task Il
Master Thread;'_-_"-. _
e , < .

Figure 12.1: Schematic diagram of a multithreaded calculation

The idea is that a code in the absence of multithreading trivially consists of a single thread called the
master. Then, when a particularly heavy piece of computation needs to be done (such as a large
nested 'do’ loop), the master breaks the task into many threads. Different parts of the calculation
are done on different threads. If the calculation is non-local (also, if the amount of data operated
on is small), such that on thread X, data from thread Y is required, then all such data is stored in
the L2 cache, to be shared between X and Y and all other threads. On the other hand, data which
is strictly local to thread X can be stored in the L1 cache of X. Finally, when all the threads have
done their part of the calculation, they rejoin the master. At this end-stage, the master must have

access to the necessary data in the L2 cache.

The advantage of such a concept is the existence of a set of simple directives (understandable
to a Fortran compiler) to implement multi-threading. The purpose of this chapter is to explain
these directives to you. However, a disadvantage of this approach is the limitation imposed by the
computer architecture: we can only access as much parallelism as there are cores on the computer.
A desktop will have 2 or 4 cores; some machines will have 8 or even 16 cores. Thus, a theoretical

speedup of 16 is possible, but no higher. Further limitations:

e The finite bandwidth of the bus that enables communication between the memory of the

individual threads (speedup limitation)

e The finite amount of global memory accessible by all the threads (jobsize limitation)

These severe architecture-dependent limitations are overcome by moving to a more sophisticalted

parallelism called MPI, beyond the scope of this course.
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12.2 OMP directives

To split up a Fortran ‘do loop’ into threads, it suffices to put a special line before and after the

loop, and to decide which variables are thread-private and which variables are shared. Typically,

e Arrays that are operated on are shared.

e Intermediate variables and loop variables (i, j etc) are private.

Common programming errors:

e Not specifiying which variables are private and which are shared — can lead to catastrophic
errors.

e Not initializing private variables. At thread-creation time, all private variables have no

value and must be assigned some initial value explicitly in the code.

An example of the relevant OMP directives is shown here. This piece of code assigns the array

f_src some value.

'$omp parallel default(shared), private(i,j,x_val,y_val)
'$omp do
do j=1,Ny
do i=1,Nx
x_val=i*dx-(dx/2.d0)
y_val=j*dy-(dy/2.d0)
f_src(i, j)=-A0*cos (kx*x_val)*cos(ky*y_val)
end do
end do
'$omp end do
'$omp end parallel

The convention here is that all variables are shared — unless indication is given to the contrary. Thus,

the private variables are only those intermediate variables that are useed in the construction of the

final answer. These private variables are x_val, y_yval, i, and j.
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12.3 OMP and SOR

It would appear that to do SOR with OMP, it suffices blindly to stick a few lines of code in front
of the relevant ‘do’ loops. However, this could be dangerous, and lead to the failure of the SOR
algorithm. Suppose that an array Cj; is being obtained by SOR iteration, such that some old
value C%ld is being replaced by a new improved value C7". Assume that for a fixed j, a sweep is

performed, starting at i=1. Thus, symbolically,
1d
CinjeW g f ( inf‘f,j? ;)+1j) s

where f is some linear function that depends on the particular matrix problem being solved. Now

suppose that this job has been split up into threads that share the array C' via shared memory.

Suppose that Cj; is being operated on using thread X. For some i, it may be the case that C}°}’ is
operated on using thread Y # X. Thread X may ‘race ahead’ of thread Y, such that C'is replaced
by C™" slowly on thread Y compared to thread X. Thus, thread Y may use C’fl‘ilj to update
Cij, instead of C7V;, possibly causing the failure of the SOR method and non-convergence. This
is an example of a so-called ‘race condition’ on OMP, and is to be avoided if possible (they can be

catastrophic).

Common programming error:

Not noticing a race condition — they are common and not restricted to the SOR algorithm. They

typically involve arrays whose elements are being updated with other elements from the same

array.

Red-black coloring

The race condition for SOR can be overcome by implementing something called red-black coloring.
This works only for problems (such as the Poisson problem) where the discretization uses only nearest
neighbours (however, if neighbours other than the nearest neighbours are needed, then a scheme
with more colours than just red and black will work). The SOR sweep is split into two half-steps.
During the first half-step, and for fixed j, grid sites with even i are updated. During the next
half-step, grid sites with odd i are updated.

Alternatively, for fixed j, grid sites with even i can be thought of as being ‘red’, while grid sites
with odd i can be thought of as being ‘black’. During the first half-sweep, red sites are updated
with the old black values (consistent with the SOR algorithm), and during the second half-seep, the

black sites are updated with the just-updated (new) red values.



190 Chapter 12. Introduction to shared memory

Figure 12.2: Schematic diagram of red-black coloring for the SOR algorithm

The advantage of this approach is synchronization: the second half-sweep does not begin until the
first half-sweep has been completed by all threads. The first half-sweep is straightforward: red
values are updated with old black values. This sweep is implemented on all threads which then join
the master. Then, during the second half-sweep, the threads fork again and the black values are

updated with a consistent set of (new) red values.

12.4 Other simple OMP tricks

You may have noticed by now that Fortran (in its *.f90" incarnation) supports vectorization. That

is, for a square array C' with
i:1727"'7nx7 j:1727"'7ny7 (121)

the operation

do j=1,n_y
do i=1,n_x
C(i,j)=1.40
end do
end do

can be implemented equivalently as
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C=1.40

This is still an array operation, whose speed of implementation can be increased with OpenMP. The

relevant directive is called a workshare:

!$omp parallel workshare
C=1.d0

!$omp end parallel workshare

Finally, there are some situations where an array needs to be populated using a very simple formula,

with no need for intermediate or temporary variables. Suppose that we wanted to create an array

1
D;; = (Cit1j + Cimrj — 2Cy)

E (Oi,j—l—l + Oi7j_1 - 20”) (122)

L1

Az?
to store a numerical approximation of the Laplacian of C, where C' is a square array with the
same indices as in Equation (12.1). Of course, it is not possible to compute the Laplacian at
boundary points, so we do not even attempt such a thing. The operation in Equation (12.2) can be

implemented using a parallel forall loop as follows:

!$omp parallel workshare
forall (i = 2:nx-1, j=2:ny-1)
D(i,j)=(1.d0/dx*dx)*(C(i+1,j)+C(i-1,j)-2.40*C(i,j)) &
+(1.d0/dy*dy) *(C(i,j-1)+C(i,j+1)-2.d0*C(i,j))
end forall

!$omp end parallel workshare

Note the use of a continuation character to enable a line to be broken, for ease of reading.

12.5 OMP reduction

Sometimes an operation is performed on each thread, with a certain local result, and it is necessary
to combine all such local results back into the master thread. Examples of this kind include sums
and maxima. For example, suppose that an array C' is split up between threads, such that thread @

operates only on a chunk of the array, say C®. Then, suppose that on thread i, the following sum

=yl
Pq

is computed
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It might become necessary during the course of an assignment to compute

s = E Sis sum over all threads.
A

This is an example of an OMP reduction. The syntax for this operation is given in the following

example.

subroutine get_diff(u,u_old,maxl,maxn,diff)

implicit none

double precision :: diff,sum
integer :: maxl,maxn,i,j,tid

double precision, dimension(0:max1l,0:maxn)

sum = 0.0DO
!$omp parallel do default(shared), &
'$omp private(i,j), &

I$omp  reduction(+:sum)

Do j =1, maxn
Do i =1, maxl
sum = sum + (u(i,j)-u_old(i,j))**2
End Do
End Do
'$omp end parallel do

diff = sum

Return

End subroutine get_diff

i u, u_old

Common programming errors:

Reduction can only be done on shared variables.
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Chapter 13

Multithreading for the model Poisson

equation

Overview

We solve the model Poisson problem numerically using OpenMP. We test the code’s parallel effi-

ciency.

13.1 The code for the model Poisson problem

D koot ook ok ok sk ok ok ook ok ok ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok ok ok sk ok sk ok sk ko ok ok Kk ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ook ok ok ok

program mainprogram

implicit none

integer :: Nx,Ny
parameter (Nx = 201, Ny = 101)

double precision :: dx,dy,x_val,y_val Lx,Ly,pi=4.xatan(1.)
double precision :: ax,ay,diag_val  relax , tempval, errl  err2
double precision :: As,A_alpha

double precision, dimension(1:Nx,1:Ny) :: s_source ,u,u_old
double precision, dimension(1:Ny) :: alpha_source

integer :: i,j,iml,ipl iteration ,max_iteration=5000

integer :: tid , numthreads,OMP_GET_THREAD_NUM, OMP_GET_NUM_THREADS

Ly=1.d0

193
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Lx=2.d0
As=10.d0
A_alpha=1.d0

dx=Lx/dble (Nx—1)
dy=Ly/dble (Ny—1)

ax=1.d0/(dx=*dx)
ay=1.d0/(dy=dy)
diag_val=2.d0xax+2.d0xay
relax=1.5d0

D koot ook ok ok sk ok ok ook ok ok ok ok ok ok sk ok ok ok ok ok sk ok ok sk ok ok ok sk ok sk ook ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok koK ok ok ok

I' Verify that OMP is working

I$omp parallel
numthreads=OMP_GET_NUM_THREADS ()

I$omp end parallel

write (*,%) 'number of threads=",numthreads

[$omp parallel default(shared), private(tid)
tid=OMP_GET_THREAD_NUM ()
write (% ,%) "hello from thread number ', tid

I$omp end parallel

D skskoskosk ok ok sk ok ok ok kR ok ok ok ok ok o Kk Rk sk ok ok ok ok o o kR ok ok ok ok ok ok kR sk ok ok ok ok o o Rk ok ok ok ok K oK o K ok

I compute source, initialise guess

s_source=0.d0
u=0.d0
u_old=0.d0

write (x,x) 'getting bulk source’
call get_s_periodic(s_source ,Nx,Ny,dx,dy,Lx,Ly, As)

write (x,x) 'done’

write (x,x) 'getting boundary source’
call get_alpha_periodic(alpha_source ,Nx,Ny,dx,dy,Lx,Ly,A_alpha)

write (x,x) 'done’

D kst ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok sk ok sk ook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok koK ok ok ok

I sor steps
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do iteration=1,max_iteration
errl = 0.0

I for keeping track of the error

I$omp parallel workshare

u_old=u

I$omp end parallel workshare

D sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR kK oK ok oK 3K ok ok ok ok ok ok kR K K ok ok oK 3K ok ok oK ok ok kR R K o ok oK K K ok K

I write

I First sweep
call do_sor_u(u,s_source ,dx,dy,Nx,Ny,0)
I Second sweep

call do_sor_u(u,s_source ,dx,dy,Nx,Ny,1)

I Implement Dirichlet conditions

u(:,1)=0
u(:,Ny)=0
u(Nx,:)=0

I Special condition at x=0.
do j=1,Ny

u(l,j)=alpha_source(])
end do

if (mod(iteration ,100)==0)then
call get_diff(u,u_old Nx,Ny,errl)

write(x,x) iteration , Difference is ', errl
end If

end do

i '

write (%) Difference is , errl

result to file

write(*,%) "writing to file’
open(unit=20,file="oned.dat’,status="UNKNOWN")

do j=1,Ny
do i=1,Nx
x_val=(i —1)xdx
y_val=(j —1)xdy
Write (20,%) x_val, y_val, u(i,j)

end do
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110 end do
111 close(unit=20, status='KEEP")
112 write (*,%) 'done’

113
114/ end program mainprogram
115
116
17| 1 stk s skt okt s ok ok koK ok oK ok K R oK K oK Kk oK Kk oK KK KR K KR K KR K KR KK R KoK KK R KoK K K K
1] T skt skt skt ok ok K koK KK KK KK K KR KK R R R R oK R K KR K oK K K R K KRR KRR KRR oK K K K
119

120 subroutine get_s_periodic(s_src ,Nx,Ny,dx,dy,Lx,Ly,As)

121 implicit none

122

123 integer ::i,j,Nx,Ny

124 double precision :: dx,dy,Lx,Ly,x_val,y_val, K6 pi=4.xatan(1.)
125 double precision :: kx0,ky0,kx,ky,As

126 double precision :: s_src(1:Nx,1:Ny)

28] kx0=pi/Lx
129 kyO=pi/Ly

130
131 kx=kx0
132 ky=3.d0xky0

134 do j=1,Ny

135 do i=1,6Nx

136 x_val=(i —1)xdx

137 y_val=(j —1)xdy

138 s_src(i,j)=Asxsqrt(2.d0/Lx)*sqrt(2.d0/Ly)=*sin(kxsx_val)=*sin(ky*y_val)
139 end do

140 end do
141
142 return

143 end subroutine get_s_periodic
144
145 I sk sk sk sk sk sk sk sk skoskoskoskoskoskoskoskoskosk sk sk sk skosk sk skosk sk sk sk sk sk sk sk sk skoske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk kok
146

1471 subroutine get_alpha_periodic(alpha_src ,Nx,Ny,dx,dy,Lx,Ly,A_alpha)

148 implicit none

149

150 integer ::i,j,Nx,Ny,n_alpha

11|  double precision :: dx,dy,Lx,Ly,x_val,y_val,h pi=4.xatan(1.)
152 double precision :: A_alpha

53] double precision :: alpha_src(1:Ny)

154
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n_alpha=1

do j=1,Ny
y_val=(j—1)xdy

alpha_src(j)=A_alphaxsin(n_alphaxpixy_val/Ly)

end do

return

end subroutine get_alpha_periodic

D skskoskook ok ok ok ok ok ok kR ok ok ok ok ok o K Rk ok ok ok oK oK o o Kk R ok ok oK oK oK ok K kR sk ok ok ok ok o o K Rk ok ok ok oK K oK o Kk

subroutine get_diff(u,u_old ,Nx,Ny, diff)

implicit none

double precision :: diff ,sum
integer :: Nx,Ny,i,]j

double precision, dimension(1:Nx,1:Ny)

sum = 0.0D0
!$omp parallel do default(shared), &
I$omp private(i,j), &

[$omp reduction (+:sum)
Do j =1, Ny
Do i =1, Nx
sum = sum + (u(i,j)—u_old(i,j))=*=*2
End Do
End Do
I$omp end parallel do
diff = sum
Return

End subroutine get_diff

u, u_old

D skskoskok ok ok ok ok ok o ok ok ok ok ok ok o o KRk ok ok oK oK oK ok ok Kk Rk ok ok oK K ok Kk ok ok ok ok oK ok o ok Rk ok ok ok K K K K Kk
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subroutine do_sor_u(u,s_source ,dx,dy,Nx,Ny, flag)

implicit none

integer ::i,j,ipl,iml,Nx,Ny, flag
double precision :: dx,dy,ax,ay
double precision :: s_source(1:Nx,1:Ny),u(1:Nx,1:Ny)

double precision :: relax,diag_val ,h tempval
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ax=1.d0/(dxx*dx)
ay=1.d0/(dyxdy)
diag_val=2.d0xax+2.d0xay
relax=1.5d0

!$omp parallel default(shared), private(i,j,iml,ipl,tempval)

I'$omp do
do j=2,Ny-1
do i=mod(j+flag ,2)+2,Nx—1,2
iml=i—1
ipl=i+1
tempval=ax*(u(ipl,j)+u(iml,j))+ay*(u(i,j+1)+u(i,j—1))+s_source(i,j)
u(i,j)=(-relax)*u(i,j)+relaxxtempval/diag_val
end do
end do
I$omp end do

I$omp end parallel

end subroutine do_sor_u

xcodes/poisson_fortran/main_periodic_omp.f90
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13.2 Execution

On a local machine, compilation is done as follows:
gfortran main_periodic_omp.f90 -o poisson.x -fopenmp

An environment variable then needs to be set, as the computer needs to know how many threads

to use. This is done as follows:

export OMP_NUM_THREADS=2

The code is then executed in the usual way, e.g.
./poisson.x

A nice thing about the code | have written (hehe) is that some diagnostic messages are printed to
the standard output at runtime to check that the stated number of threads really is being used.

This can be seen here:

In this way we are sure that the code is running on two threads.
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13.3 OMP reduction — revsited

Recall in Chapter 12 we examined a method to reduce a sum over all threads. It is instructive to

consider an alternative method for doing the OMP reduction in the subroutine get_diff:

subroutine get_diff(C,C_old,Nx,Ny,diff_val)

implicit none

integer :: Nx,Ny,i,j
double precision, dimension(1:Nx,1:Ny) :: C, C_old

integer :: large,tid,numthreads,OMP_GET_THREAD_NUM, OMP_GET_NUM_THREADS
parameter (large=100)
double precision :: diff_vec(0:large),diff_val

'$omp parallel
numthreads = OMP_GET_NUM_THREADS ()
'$omp end parallel

'$omp parallel default(shared), private(i,j,tid,diff_val)
ti1d=0MP_GET_THREAD_NUM()
diff_val=0.d0
'$omp do
Do j = 1, Ny
Do i =1, Nx
diff_val = diff_val + (C(i,j)-C_old(i,j))**2
End Do
End Do
'$omp end do
diff_vec(tid)=diff_val
write(x,*) ’tid= ’,tid,’diff= ’,diff_val, ’num threads= ’,numthreads

I$omp end parallel

diff_val=0.d0
do tid=0,numthreads-1
diff_val=diff_val+diff_vec(tid)

end do
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Return

End subroutine get_diff

This subroutine makes use of some new OMP directives — and OMP_GET_NUM_THREADS, and
OMP_GET_THREAD_NUM:

e When called in a parallel region,OMP_GET _NUM_THREADS returns an integer N, the number of
threads available. It must be called in a parallel region — otherwise the answer returned will
be 1.

e When called in a parallel region, OMP_GET _THREAD _NUM returns an integer ¢ that labels the
current thread, with ¢ =10,--- | N — 1.

Exercise 13.1 Implement both kinds of reduction for the model Poisson problem and compare

the residuals. Comment on the result.

Exercise 13.2 Write a Fortran code from scratch that computes

p(N)ZZ%

Parallelize the code using OpenMP, in particular an OMP reduction for the summation.

Now, suppose however that the maximum over all rows and columns of the residual array is required.
Here, a similar operation can be performed to obtain the maximum over all threads — either by explicit
computation, or by OMP reduction. Notionally, the reduction takes place as follows. Suppose we
have an array C, split up between threads, such that thread 7 operates only on a chunk of the array,

say C. Then, suppose that on thread i, the following maximum is computed
m; = max |C'}(,Z)|.
pq
Suppose now we are interested in computing
m = max (my, ma,- ), maximum over all threads.

The syntax for this is as follows:
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subroutine get_diff (u,u_old,maxl,maxn,diff)

implicit none

double precision :: diff,max_val,temp_val

integer :: maxl,maxn,i, j

double precision, dimension(0:maxl,0:maxn) :: u, u_old
max_val=0.d0

!$omp parallel do default(shared), &
I'$omp private(i,j,temp_val), &

'$omp reduction(max:max_val)

Do j =1, maxn
Do i = 1, maxl
temp_val=abs(u(i,j)-u_old(i,j))
if( temp_val .gt. max_val) then
max_val=temp_val
end if
End Do
End Do
'$omp end parallel do

diff = max_val

Return

End subroutine get_diff

13.4 Tasks — timing

OpenMP provides built-in functions to time the execution of a parallel code. In the main code, when

variables are declared, one declares three further variables:
real(8) :: start_time, end_time, OMP_get_wtime

Consider now a given parallel task that is to be performed. Before execution, one measures the wall

time:

start_time=0MP_get_wtime ()
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| Number of threads | Time in seconds |

16
8

4
2
1

3.0292
0.8109
1.2498
1.9827
2.7388

Table 13.1: Execution times for the SOR iteration (model Poisson problem)

Then, the parallel segment of code is run and the wall time is measured again:

end_time=0MP_get_wtime ()

The total execution time is the difference of these two snapshots:

write(x,*) ’ Walltime is ’, end_time-start_time

| timed the execution of the SOR code on a 201 x 201 grid, with 1,000 SOR iterations and tabulated
the results (Table 13.1). | also plotted the same information in Figure 13.1. The results are okay

Execution time

0at

Parallel Efficiency

1
5 a 10
Murnber of processors

Figure 13.1: Execution times for the SOR iteration (model Poisson problem)

but not brilliant:

e For N = 1,2,4,8 the execution time decreases with the increase in thread count. This is

good! Our code is running faster because of the multi-threading.

e However, as NN increases the gains of the multi-threading become less and less. Indeed, at

N = 16 something disastrous happens, and the parallel code takes longer to run than the serial

code. The reasons for this can be manifold. A possibility is the existence of communication
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overheads — threads need to share data, not all of which may be in the cache. When threads
spend time sharing data, it is wasted time, in other words, time that should be better spent
doing the actual calculation. Therefore, we say that our code scales out to 8 threads, and

we speak of our code's scalability.

The parallel efficiency is defined to be

T'n

En = —
N NT17

where N is the number of threads, Tl is the time required to run on N threads and T is the
time required to run on a single thread. The fall-off in the parallel efficiency as N increases
provides evidence that the gains obtained from the multi-threading diminish at higher thread-

counts. At N = 16 the parallel efficiency is only 6%!
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Memory allocation in Fortran

Overview

We discuss dynamic memory allocation, particularly suitable for large arrays. We extend the model

Poisson problem to three dimensions and solve it numerically.

14.1 Dynamic versus static; heap versus stack

So far in Fortran we have declared variables to be of a definite type, for example, integers, doubles,
and characters. Additionally, we have created arrays of doubles, where these arrays are of a fixed
size. The syntax for the array allocation is really quite definite and hints at the immutability of

arrays so created:

integer :: Nx,Ny
parameter (Nx = 201, Ny = 101)

double precision, dimension(1:Nx,1:Ny) :: C

Here, the array C' gets a fixed size that cannot be altered. We say that the array C is static.
Because the amount of memory necessary for the creation of this array is known precisely, the array
C can be placed in that highly-structured part of memory known as the stack. In contrast, there

are situations where static arrays are not desirable:

e If the size of the array C' needs to change in the course of a calculation;

e If the size of the array C' is simply too large to fit in the stack.

In these situations, it is better to allocate the array C' dynamically, on the heap. The syntax for

the dynamic allocation of the array C' is shown here:

205
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integer :: Nx,Ny
parameter (Nx = 201, Ny = 201, Nz=101)

double precision, allocatable, dimension(:,:) :: C

I sk skook ok s ok ok sk ok ok sk ok ok sk sk ok sk sk ok ok s ok ok sk ok ok sk sk ok ok sk ok ok sk ok ok s ok ok sk ok ok sk sk ok ok sk ok ok s ok ok sk ok ok sk ok ok sk ok ok

I Allocate variables

allocate(C(1:Nx,1:Ny))
C=0.d0

I skookookookokok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok sk skok ok ok ok ok

When the array C is no longer needed it needs to be deallocated, thereby freeing up space in

memory:
deallocate(C)

Typically, this is done at the end of the main code, but this is not necessarily the case.

Performance issues

Memory allocation and deallocation is expensive. Allocation on the heap is typically avoided. In
particular, dynamic memory allocation in subroutines is a bad idea, because such subroutines tend
to be called repeatedly. In a worst-case scenario, one would have a dynamically-allocated array in
a subroutine that is called many times, thereby creating successive calls to allocate and free up
memory, over and over again. For this reason, dynamic memory allocation tends only to be used in

the main part of the code, and the allocation is done on a once-off basis.

Good Programming Practice:

When dealing with large arrays that are passed to subroutines, my practice is to allocate the
array dynamically in the main code, and then to allocate copies of the array statically in any
subroutines. Then, if | get a segmentation fault due to an excessively large request for memory

that does not exist, | can copy the chunk of code for dynamic array allocation into the subroutine.

Of course, having dynamic array allocation in a subroutine that is called repeatedly should be

viewed as a last resort.
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Handling data in large files

Overview

We introduce a model Poisson problem in three dimensions and solve it numerically. This gives rise
to some very large files. Therefore, we examine new Matlab postprocessing tools to examine such
large three-dimensional files. We look at string manipulation to postprocess files in which the data

is not structured into neat, ordered columns.

15.1 Example

Consider the following model problem:
V20 = f(x,y,2), (x,y,2) € Q (15.1a)

where Q = (0, L,) x (0, L,) x (0, L,), subject to the following boundary conditions:

e Periodic boundary conditions in the x- and y-directions:

C(0,y,2) = C(Ly,y, 2), C(z,0,2) = C(x, Ly, 2), (15.1b)

e Neumann boundary conditions in the z-direction:

oc

5 = 0, onz=0and z=L,. (15.1c)

A model multi-threaded code is provided which solves this problem — see poisson_sor1.£90.

207
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Exercise 15.1 Compile and run the model three-dimensional code and benchmark its perfor-

mance under OMP parallelism.

Consider the code poisson_sorl.f90 from Chapter 14, and the resulting output files:

e poisson.dat

e poisson_slice.dat

The file poisson_slice.dat contains a slice of the three-dimensional array C'(z,y, 2), aty = L, /2,
and can be viewed using the two-dimensional Matlab postprocessing tools we have constructed
before. As well as viewing this file and plotting the result, it is also instructive to take a look at the

data file itself. The first 10 lines of the file can be viewed in Linux by typing
head -10 poisson_slice.dat
| get this:

>> bash-3.2$ head -10 poisson_slice.dat

Obviously, there are three columns containing the various values of X, Y, and C, which are then

read into a Matlab file and reshaped into square arrays.

0.000000000000000E+000  0.000000000000000E+000 4.668321307964320E-003
1.000000000000000E-002 0.000000000000000E+000 4.666004491564717E-003
2.000000000000000E-002 0.000000000000000E+000 4.659109419590812E-003
3.000000000000000E-002 0.000000000000000E+000 4.647589883399717E-003
4.000000000000000E-002 0.000000000000000E+000 4.631510159553213E-003
5.000000000000000E-002 0.000000000000000E+000 4.610833365189051E-003
6.000000000000000E-002 0.000000000000000E+000 4.585632448160086E-003
7.000000000000001E-002 0.000000000000000E+000 4.555879996932404E-003
8.000000000000000E-002 0.000000000000000E+000 4.521657342747652E-003
9.000000000000000E-002 0.000000000000000E+000 4.482946653571969E-003

Good programming practice:

Never try opening a large file in its entirety - you will run out of memory and crash your computer.

Instead, use tools like ‘head’, ‘tail’, 'more’, and ‘grep’ to extract or view relevant information.
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Next, we should try to write a Matlab postprocessing program to do the same thing for the full
three-dimensional data file. However, before we try anything, we should not assume a priori that
the data is ordered into columns (why should we?). Long ago, after running the program (I forget

where), | typed
head -10 poisson.dat
and got

>> bash-3.2$ head -10 poisson.dat

0.000000000000000E+000 0.000000000000000E+000  0.000000000000000E+000
-5.252804656865423E-002

1.000000000000000E-002 0.000000000000000E+000 0.000000000000000E+000
-5.250215979901304E-002

2.000000000000000E-002 0.000000000000000E+000 0.000000000000000E+000
-5.242439421169698E-002

3.000000000000000E-002 0.000000000000000E+000 0.000000000000000E+000
-5.229495753177844E-002

4.000000000000000E-002 0.000000000000000E+000 0.000000000000000E+000
-5.211384677229017E-002

This is a bit of a disaster: there are of course four columns containing the various values of X, Y, Z,
and C, but here C' has been pushed on to a second line! In short, in printing to files, unpredictable
things can happen, and our Matlab file-reading tools need to be able to take account of these things.

| wrote a Matlab file to take account of this line-jumping:

function [X,Y,Z,C]=open_single_dat_file_3d ()
Nx=201;
Ny=201;
Nz=101;

n_lines=NxxNyxNz;

filename="poisson.dat’;

fid=fopen(filename);
:n_lines

(1 )
Y=0x(1:n_lines);
(1:n_lines)
(1 )

:n_lines
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for i=l:n_lines
cl=fgetl(fid);
vec_temp=sscanf(cl, '%f");
x_temp=vec_temp (1) ;
y_-temp=vec_temp (2);
z_temp=vec_temp (3);
X(i)=x_temp;
Y(i)=y-temp;
Z(i)=z_temp;
cl=fgetl(fid);
vec_temp=sscanf(cl, '%f");
c_temp=vec_temp(1l);
C(i)=c_temp;
if (mod(i,100000)==0)

frac=100«(i/n_lines);
display(strcat(num2str(frac), % done’))

end

end

X=reshape (X, Nx, Ny, Nz);

Y=reshape (Y,Nx,Ny,Nz);

Z=reshape(Z,Nx,Ny,Nz);

C=reshape (C,Nx,Ny,Nz);

fclose (fid);

end

xcodes/poisson_threed /open _single_dat_file_3d.m

It is a simple extension to what has been done before, and exploits the fact that variable £id labels

the current line in the open file, and that upon reading a line, the variable is incremented by one so

as to label the next line. On the other hand, if your use of ‘head’ shows no line-jumping, it is easier

(and dramatically faster) do to the following:

function

Nx=201;
Ny=201;
Nz=101;

[X,Y,Z,C]=open_single_dat_file_3d_no_line_jumping ()
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filename="poisson.dat’;

M=importdata(filename);

1

X=M
M

<

1

L} ’

gz

—~ A~~~
A W NN =
S N N N

X=reshape (X,Nx, Ny, Nz);
Y=reshape (Y,Nx,Ny,Nz);
Z=reshape (Z,Nx,Ny,Nz);
C=reshape(C,Nx,Ny,Nz);

end

xcodes/poisson_threed /open _single_dat_file_3d_no_line_jumping.m

Having read the data file into Matlab (regardless of which way was used in the end), the challenge
is to view it in three dimensions. There is a useful isosurface feature in Matlab, which will plot a

level surface of a three-dimensional function C(x,y, z). Recall, that
C(z,y, z) = Const.

is a two-dimensional manifold surface embedded in R?, and can therefore be plotted. This is precisely
the definition of a level surface. A analogue in R? is a level line, or, in other words, a contour. There
is a tremendous amount of machinery that comes with the isosurface function in Matlab, including
how the surface is ‘lit’, and from what angle it is viewed. The best way to learn about this is to
experiment, and use the ‘help’ pages. As a starting point for this experimentation, one can use
the following code which genreates a level surface from the following four three-dimensional arrays:
(X,Y,Z,C):

function []=make_iso(X,Y,Z,C, val)

fv=isosurface(X,Y,Z,C,val);

h=figure;

p=patch (fv);

set(p, 'FaceColor', 'red’, Edgecolor’, 'none’)
axis equal

view (30,30)

axis tight

camlight (' headlight ")
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set (h, "Renderer ', "zbuffer');

lighting phong

grid on

set(gca, 'fontsize',18, fontname’, times new roman')
xlabel ('x")

ylabel ('y")

zlabel('z")

drawnow

figfilename=strcat( 'isosurface_val', . fig');

saveas(h, figfilename)

end

xcodes/poisson_threed /make_iso.m

Here, ‘val’ is the level at which the isosurface is to be made. A sample result is shown in Figure 15.1

Figure 15.1: Isosurface for the Poisson problem, with C' = 0.015.

15.2 Challenge problem

Consider the following two files that can be downloaded from the website:

e File A: '3dchannel_ 7000.dat’

e File B: '3dchannel_ 65000.dat’
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These files contain outputs from numerical simulations at different points in time. The simulations
are from a two-phase Navier—Stokes solver. Ideally, the data should be structured into eight columns:
[(X,Y,Z, UV, W, P,®], where X, Y, and Z are coordinates, U, V, and W are velocities, P is a
pressure, and ® is the so-called level-set function, which tracks which phase is which: with & < 0
in the more viscous phase of the simulation, and ® > 0 in the less viscous phase. The numerical

grid is of size 304 x 152 x 152, and the files contain two header lines.

Exercise 15.2 Use appropriate Linux tools to characterize the structure of the data in these

files.

In addition, the number of lines in each file can be estimated as follows:

wc -1 filename

This should be equal to 304 x 152 x 152 + Number of header lines.

Now, as it turns out, in file A, the data have been output in a straightforward way, in strict column

form.

Exercise 15.3 Write a Matlab code to extract the data from file A, and to generate an isosurface

plot, at & = 0.

Hints:

e For this assignment, it is a good idea to create two Matlab functions for the two sub-tasks that
appear here. In this way, should the isosurface task fail, you will still have available data from
the file-reading part of the task. This means that when you start over writing the isosurface
task, you will be starting from a relatively advanced point. This will save a lot of time, given

the intensity of the data-reading task to be performed.

e Also, here is a snippet of a ‘good’ isosurface plot command for this problem:

fv = isosurface(X,Y,Z,Phi,0);
p=patch(fv);
set (p, ’FaceColor’,’red’,’Edgecolor’, ’none’)
axis equal

view(30,30)
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axis tight

z1im([0.1,0.5])

camlight (*headlight’)

set(h, ’Renderer’, ’zbuffer’);

lighting phong

Now, as it turns out, in file B, the data have been printed to the file in a truly bizarre way (which

nevertheless saves some space; file B is smaller than file A):

1. For each gridpoint, the variables [X,Y, Z U, V, W, P, ®| extend over two lines in the output
file.

2. Each piece of information is separated by a comma (not a space or a tab).

3. For each gridpoint, if a variable appears twice, it is stored only once. Thus, if at a certain
gridpoint, X =Y, then instead of printing [X,Y, Z, U, V,W,P,®|, 2+ X, Z, U, V,W, P, ®]

is printed instead.

4. Similarly, if X =Y = Z, then [X,Y, Z, U, V,W, P, ®] is not printed; instead, [3xx, U, V, W, P, ®]
is printed.

Obviously, one could at runtime specify explicitly and strictly how the /O is to be performed.
However, | realised after the fact what had taken place, and it is wasteful to perform these large-
scale simulations more than once, only to recreate the results a second time in a slightly-different
output format. Thus, it is necessary to write a Matlab script to account for all of these variations,

and to gather the results into large three-dimensional arrays for isosurface plotting.

Exercise 15.4 Write a Matlab code to extract the data from file B, and to generate an isosurface
plot, at ® = 0.

Hint: before doing so investigate the following built-in Matlab commands:

o fgetl
e strrep — for replacing characters in a string by new characters
e strcat — for joining two strings together

e sscanf — for reading strings into arrays of a specfied type

The result will be a beautiful picture like Figure 15.2.
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Figure 15.2: Isosurface plot at ® = 0, for file B



