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Preface

These are lecture notes for AME 60612 Mathematical Methods II, the second of a pair of
courses on applied mathematics taught in the Department of Aerospace and Mechanical
Engineering of the University of Notre Dame. Most of the students in this course are be-
ginning graduate students in engineering coming from a variety of backgrounds. The course
objective is to survey topics in applied mathematics, with the focus being on partial dif-
ferential equations. Specific topics include physical motivations, classification, separation of
variables, one-dimensional waves, similarity, complex variables, integral transform methods,
and integral equations.

These notes emphasize method and technique over rigor and completeness; the student
should call on textbooks and other reference materials. It should also be remembered that
practice is essential to learning; the student would do well to apply the techniques presented
by working as many problems as possible. The notes, along with much information on
the course, can be found at https://www3.nd.edu/~powers/ame.60612. At this stage,
members of the class have permission to download the notes. I ask that you not distribute
them.

These notes may have typographical errors. Do not hesitate to identify those to me. I
would be happy to hear further suggestions as well.

Joseph M. Powers
powers@nd. edu
https://www3.nd.edu/~powers

Notre Dame, Indiana; USA
Friday 28" March, 2025

Copyright (C) 2025 by Joseph M. Powers.
All rights reserved.
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Chapter 1

Physical problem formulation

see Mei, Chapter 1,

Here we consider mathematical formulation of physical problems in terms of partial differ-
ential equations.

1.1 Simple wave propagation

Consider the scenario of Fig. [[LJl Here a material whose density of mass p varies with
position x and time ¢, i.e. p = p(x,t), flows with constant velocity a in a tube of constant
cross-sectional area A. Omne can consider the SI units of mass to be kg, those of p to be
kg/m?, x to be m, t to be s, and a to be m/s. At the entrance, we are at position z;. At the
exit, we are at position z; + Az. Standard geometry tells us the volume bounded within the
tube is V' = AAz. Also indicated is the distance a material particle will have propagated in
a small increment of time At, that distance being aAt.

Certainly it is possible to define an average density within the volume, denoted with an
over-bar:

x1+Ax
A(t) = A% / p(2.1) da. (1.1)

z1

Let us invoke a common physical principle known as mass conservation and see how
this principle can be cast as a partial differential equation. One way to consider the mass
conservation principle is to insist for a fixed volume, such as ours, that the change in mass
within the volume can only be ascribed to mass entering and exiting the surface bounding
the volume. We might say

total mass @ (¢ 4 At) - total mass @ ¢ = mass flux in — mass flux out . (1.2)
unsggady advection and diffusion

=0
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CHAPTER 1. PHYSICAL PROBLEM FORMULATION
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Figure 1.1: Schematic of mass advection.

The term on the left side of Eq. (I2)) is known as the “unsteady” term as it accounts for

the change in mass.

The terms on the right side are those physical processes which can

induce change, namely mass entering and exiting the volume. In general, one can expect the
physical processes of advection and diffusion to allow mass changes. Here for simplicity, we

will ignore diffusion.

With mass m within the volume given in terms of density as

m = /IHM (x,t)A dx :ﬁéé_x/:ﬁv, (1.3)
our mass conservation statement has the mathematical expression
Mlne = Ml = Min — Mout, (1.4
= — (Mour — M) - (1.5
By inspection of Fig. [T, we see that
Min = pl,, Aadt, (1.6)
Mout = Ply,4ap AGAL (1.7)
Therefore Eq. (LT) can be recast as
mlne— ml, = — (ply,as AaAL — pl, AaAt), (1.8)
m'HAAtt_ e (), as Aa— pl,, Ad). (1.9)
As At — 0, Eq. (L9) reduces to
dm
P (Ployras Aa = pl,, Aa). (1.10)

@© 28 March 2025. J. M. Powers.



1.1. SIMPLE WAVE PROPAGATION 11

It is the form of Eq. (LI0) which is often considered to be the fundamental form expressing
mass conservation. We have not insisted here on any continuity properties for p. Here
however, for simplicity, we shall assume continuity of p, and return to operate on Eq. (L.9)
as follows:

Pliyar— 7l
ADp—E—— = — (ply, a0 Aa— pl,, Aa), (1.11)
p|t+At - p|t p|x +Azx - p|x1
e . 1.12
At ¢ Ax (1.12)

Now as we let Ax — 0, p — p by the mean value theorem, assuming continuity of p. In
important cases to be studied in Sec.[£T]in which the volume contains internal discontinuities,
we will not be able to make such an assumption. Then employing the definition of the partial
derivative, we arrive at

dp  Op

Rearranging, we get the classical form of what is known as a linear advection equation, which
is a type of partial differential equation.

op dp
o Tag = 0. (1.14)

We can formally integrate Eq. (II4)) to recover our original integral form.

T1+Ax 8 8 T1+Ax
p p B
/gﬂ1 <8t +a8:c) de = /xl 0 dex, (1.15)
0
T1+Ax a T1+Az a
op gp —
/x1 g dx + a/xl e dx 0. (1.16)

We use Leibniz’d] rule and the fundamental theorem of calculus to then get

d T1+Ax
G rdrralelia- o) = 0 (1.17)
dp
AA:L’E + ad (p|:c1+Ax - p|:c1) = 0’ (118)
dm
i Ply, @A = pl, o ag aA. (1.19)

We might then say that the time rate of change of mass enclosed is equal to the difference
of the mass flux in and the mass flux out.

!Gottfried Wilhelm Leibniz, 1646-1716, German polymath.

@© 28 March 2025. J. M. Powers.



12 CHAPTER 1. PHYSICAL PROBLEM FORMULATION

It is obvious why Eq. (I.I4]) is an advection equation. Let us examine why it is linear. If
we take the differential operator L to be

0 0
L=— — 1.2
o o (1.20)
Eq. (LI4) is stated as
Lp = 0. (1.21)

The operator L is linear because it can be shown to satisfy the properties of a linear operator:

L(p+¢) = Lp+ Lo, (1.22)
L(ap) = aLp, (1.23)

where p = p(x,t), ¢ = ¢(z,t), and « is a constant.
Let us imagine that we are given an initial distribution of p:

p(x,0) = f(z). (1.24)

Then it is easy to show that a solution which satisfies the linear advection equation, Eq. (LI4)
and the initial condition is

plx,t) = f(z — at). (1.25)

Let us consider how this can be understood through the use of the general language of
coordinate transformations. We may imagine that our original coordinate system (z,t) maps
to a more convenient coordinate system which we will call (£, 7):

x = z(& 1), (1.26)
t = t&1). (1.27)

We will find the following to be useful. We get expressions for the differentials to be

ox ox
de = P g + 5 dr, (1.28)

ot ot
At = g d+ 5o dr (1.29)

dr) _ (% %)<d5) 1.30
-G 5

@© 28 March 2025. J. M. Powers.
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1.1. SIMPLE WAVE PROPAGATION 13

Here the Jacobiarl of the transformation is defined as
ox  Oa
J:<§ g_;) (1.31)
¢ or
Our goal is to select a coordinate transformation which renders the solution of Eq. (IL14)
to be obvious. How to make such a choice is in general difficult. Leaving aside the important

question of how to make such a choice, we select our new set of coordinates to be given by
the linear transformation

z(§,7) = {+ar, (1.32)
t&,r) = T (1.33)
In matrix form, we have
x 1 a &
(1)-( D) a3
J

Here the Jacobian J of the transformation is
gz Oz 1 a
J:(gf gr):( ) (1.35)
a_é a_: 0 1

J =3 =detT =1. (1.36)

We have

The transformation is nonsingular. Expanding our notion of area to think of area in (x,t)
space, the transformation is area- and orientation-preserving We have the unique inverse

transformation
E\ (1 —a x
<7‘ ~\0 1 t)’ (1.37)
———
J*l
or simply,
§ = x—at, (1.38)
= t. (1.39)

To transform Eq. (ILT4]) into the new coordinate system, we need rules for how the partial
derivatives transform. The chain rule tells us

b _ rop 0o
06~ 9cor ocor (1.40)
% _ orop 019

or 87’8x+878t’ (1.41)

2Carl Gustav Jacob Jacobi, 1804-1851, German mathematician.

@© 28 March 2025. J. M. Powers.



14 CHAPTER 1. PHYSICAL PROBLEM FORMULATION

In matrix form, this is

XA

(%), (1.42)
_ <i ?)<§§)' (1.43)

VRS
eI
i)

Inverting, we find

9p op
== 1 0
(5)-(2 ()
ot =
Jr—t
This is in short

ap dp
-r _ ZF 1.4
dp dp  Op

Now we apply these transformation rules to our physical equation, Eq. (LT4]), to recast it as

_%%? 9 ., % _

8§+8T +a e = 0, (1.47)
dp/ox
Ip

Op/ot
— = 0. 1.4
or 0 (148)
Integrating, we get
p = p(&), (1.49)
= p(z — at). (1.50)

To satisfy the initial condition, Eq. (L24]), we must then insist that

plx,t) = p(z —at) = f(z — at). (1.51)

Physically, this indicates that the initial signal f(x) maintains its structure but is advected
in the direction of increasing x with velocity a. Note remarkably, that f may contain
discontinuous jumps. If we focus on a point with £ = &y, a constant, we can see how this
describes signal propagation. At & = &, we have p = py. And we can say

§o =z —at. (1.52)

@© 28 March 2025. J. M. Powers.



1.1. SIMPLE WAVE PROPAGATION 15
Taking the time derivative, we get
d& dx
=0 I 1.
dt at (1.53)
dx
= — — 1.54
0 s (1.54)
dx
> = a 1.
o a (1.55)

That is, a point where ¢ and thus p, remain constant propagates at constant velocity a.
One can use the rules for differentiation to check if the differential equation is satisfied.

With £ = x — at, we have

p(l’,t) = f(g)a
dp  o0&df
ot otde

_ Y
¢’
dp 08 df
or — dxde’
_ 9
= @

Thus,

op , Op _ _ df df
or s T T%aE T e

(1.56)
(1.57)

(1.58)
(1.59)

(1.60)

(1.61)

Let us use a common but less rigorous method to solve Eq. (LI4]). This method will
clearly expose some important notions for more complicated systems and also identify the
nature of the signal propagation. For this discussion, we will imagine the p(z, t) is continuous
and everywhere differentiable, though it is possible to relax these assumptions. If so, the
rules of calculus of many variables tell us the total differential dp is given by

—@dth@d:c.

dp =
P= ot or

Let us scale both sides by dt to get

do_Op  Opd
dt Ot Ordt

Consider now curves within (z,¢) space on which

dr _
dt

a, z(0) = .

(1.62)

(1.63)

(1.64)

@© 28 March 2025. J. M. Powers.



16 CHAPTER 1. PHYSICAL PROBLEM FORMULATION
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Figure 1.2: Sketch of propagation of p via linear advection with velocity a.

Such curves form a family of parallel lines given by
xr = at + xo, (1.65)

where zy can take on many different values. On these curves, which are known as the
characteristics of the system, Eq. (LG3), a purely mathematical construct, reduces to

dt Ot o

0
—'0; x = at + xg. (1.66)

Employing the mathematical construct of Eq. (L66]) within our physical principle of Eq. (LI4),
we obtain

dp ap dp
- fe— _ _ = = ]_.
7 5 +a8x 0, x = at + xo, (1.67)

p = po, r = at + xy. (1.68)

That is to say, on a given characteristic curve, p maintains that value that it had at ¢ = 0, py.
The value of py can vary from characteristic to characteristic! This is sketched in Fig.

@© 28 March 2025. J. M. Powers.



1.2. ONE-DIMENSIONAL UNSTEADY ENERGY DIFFUSION 17
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Figure 1.3: Sketch of one-dimensional energy diffusion.

1.2 One-dimensional unsteady energy diffusion

Let us perform a similar physical derivation of the so-called heat equation, a partial dif-
ferential equation which is a manifestation of the first law of thermodynamics in combined
with an experimentally known relationship for the heat flux. The equation will describe the
process of energy diffusion. As depicted in Fig. consider a volume V' of dimension A by
Axz. We describe the heat flux in the x direction as ¢,. At the left boundary z;, we have
diffusive heat flux in which we notate as ¢,|,,. At the right boundary at x; + Az, we have
diffusive heat flux out of q,|., A, Recall the units of heat flux are J/m?/s. We assume the
walls are thermally insulated; thus, there is no heat flux through the walls. The total energy
within the volume is F with units of J. We also have the specific energy e = E/m with units
of J/kg, where m is the mass enclosed within V. We suppress any addition of mass into V',
so that m can be considered a constant.

We allow for the specific energy e to vary with space and time: e = e(z,t). Certainly it
is possible to define an average specific energy within the volume, denoted with an over-bar:

1 [u+de
e(t) = N /QE1 e(z,t) dz. (1.69)
Our physical principle is the first law of thermodynamics, that being
change in total energy = heat in — work out,. (1.70)
=0

There is no work for our system. But there is heat flux through the system boundaries. In
a combination of symbols and words, we can say

total energy @ t + At — total energy @ ¢ = energy flux in — energy flux out.  (1.71)

unsteady advection and diffusion
=0

© 28 March 2025. J. M. Powers.



18 CHAPTER 1. PHYSICAL PROBLEM FORMULATION

Mathematically, we can say

E|t+At - E|t = - (Eflu:c out — Eflux m) s (172)
pAAz (2l —2l) = — (4l nae O ) 4 : At (1.73)
kg J/kg J/m2/s (m? s)
é‘t+At - é‘t Q:c|x1+Ax - (Jx|x1
Ay - . 1.74
P At Az (1.74)

Now, let Az — 0 and At — 0 so as to induce mean values to be local values, and finite
differences to be derivatives, yielding a differential representation of the first law of thermo-
dynamics of

de  0qq

Por = oz

Now, let us invoke some relationships known from experiment. First, the specific internal
energy of many materials is well modeled by a so-called calorically perfect state equation:

e=cl+e. (1.76)

Here c¢ is the constant specific heat with units J/kg/K, T is the temperature with units of
K, and eq is a constant with units of J/kg whose value is unimportant, as for nonreactive
materials, it is only energy differences which have physical importance. The caloric state
equation simply states the specific internal energy of a material is proportional to its tem-
perature. Next, experiment reveals that Fourier’dd law is a good model for the heat flux in
many materials:

(1.75)

oT
= k> (1.77)

Here k is the so-called thermal conductivity of a material. It has units J/s/m/K. It is
sometimes dependent on 7', but we will take it as a constant here. For agreement with
experiment, we must have k£ > 0. The equation reflects the fact that heat flow in the
positive x direction is often detected to be proportional to a field in which temperature is
decreasing as z increases. In short, thermal energy flows from regions of high temperature
to low temperature.

Equation (LTT) along with the caloric state equation, Eq. (LTZ0) when substituted into

Eq. (LT3 yields

0 0 oT
oT o*T
oT k 0°T
—~—

o

3Jean-Baptiste Joseph Fourier, 1768-1830, French mathematician and physicist.

@© 28 March 2025. J. M. Powers.



1.2. ONE-DIMENSIONAL UNSTEADY ENERGY DIFFUSION 19

Here we have defined the thermal diffusivity o = k/p/c. Thermal diffusivity has units of
m?/s. In final form we have

oT  O°T

Equation (L&) is known as the heat equation.

Let us consider a particularly simple solution to the heat equation, Eq. (L8I)). The
solution will rely on a judicious guess, which will later be systematized, and will help develop
physical intuition. Let us assume a solution of the form

T(z,t) = Ty + A(t) sin (2”7‘”) . (1.82)

Here we have presumed a sinusoidal form to capture the x variation of the solution with a
single sine function of constant wavelength A. We also have the constant 7. We allow for a
time-dependent amplitude A(t). Let us seek to solve for A(t) by substituting our assumed
solution form into the heat equation, Eq. (L&1]). Doing so yields

g <T0 + A(t)sin <2”TI)) - <a% <T0 + A(t)sin <27TT$))) Cs3)

[ 2nx dA 2r 0 2mx
S1n (T) E = OéA(t)T% <COS (T)) y (184)

. (2zxY dA 472 (2g

sinf=— | o = —aA(t)vsm ) (1.85)
dA 4
= = —ZAW. (1.86)

Remarkably, the sine function cancels on both sides of the equation leaving us with a first
order linear ordinary differential equation for the time-dependent amplitude A(t). Solving
yields

A(t) = Cexp (—47;%) | (1.87)

Thus recombining to form T'(x,t), we get

2
T(x,t) =Ty + Cexp <—47;2at) sin <27TT:C) . (1.88)

The solution describes a temperature field with an isothermal value of T' = Tj for x = 0 and
x = A. The initial value of the temperature field is

T(z,0) = Ty + C'sin (%Tx) . (1.89)

@© 28 March 2025. J. M. Powers.



20 CHAPTER 1. PHYSICAL PROBLEM FORMULATION

Figure 1.4: Plot of T'(z,t) for one-dimensional unsteady energy diffusion problem.
As t — oo, we find that T'(z,t) — Tp, a constant. The time constant 7 of amplitude decay
is by inspection

)\2
~ inla

(1.90)

With A\? having units of m? and thermal diffusivity having units of m?/s, it is clear that the
time constant has units of s. Importantly, we learn that rapid decay is induced by

e small wavelength A\, and
e high diffusivity a.

We plot results for Ty = 300 K, C' =20 K, o = 0.1 m?/s, A = 1 m in Fig. L4l For this case,
the time constant of relaxation is

(1 m)*

=—————— =0253s. 1.91
e (0.1 22) ’ (191)

The figure clearly displays the initial sinusoidal temperature distribution along with its decay
ast ~T.

1.3 Two-dimensional steady energy diffusion
We can perform a similar analysis for two-dimensional steady energy diffusion, such as
depicted in Fig. A key difference is the presence of y variation. We shall assume a

differential element in the y direction with dimension Ay; while it will be less important
because we neglect variation in the z direction, we also take the differential element in the

@© 28 March 2025. J. M. Powers.



1.3. TWO-DIMENSIONAL STEADY ENERGY DIFFUSION 21
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Figure 1.5: Sketch of two-dimensional energy diffusion.
z direction to have value Az. We begin with Eq. (L72) and analyze.
E|t+At - E|t = - (Eflu:c out — Eflux m) ) (192)
pATAYAZ (Bliyny — ) = = (Goloyras — Golu) DyAzAt
— (tlyr sy = Bln ) DzAAL, (1.93)
3 —e€ T — Y|z - 1
p( |t+AAtt €|f,) _ (q ‘ml-i-AAxI 0z | 1) B <Qy|y1+AAyy Ayly ) (1.94)
Now, let Az — 0, Ay — 0, and At — 0, yielding
Oe 0q,  0Ogy
= U0 1.95
p&t or Oy (1.95)
Defining the heat flux vector q as
qx
= ; 1.96
a=(") (1.96)
and the differential operator V for Cartesian] coordinates as
9
V= ( o ) , (1.97)
By
the two-dimensional energy diffusion equation, Eq. (L93]) can be rewritter as
Oe
—=-V'.q 1.98
P q (1.98)

4René Descartes, 1596-1650, French philosopher and mathematician.
®We use the unusual notation V7 here, which formally only applies to Cartesian geometries.

© 28 March 2025. J. M. Powers.



22 CHAPTER 1. PHYSICAL PROBLEM FORMULATION

In two dimensions, Fourier’s law, Eq. (LT1), extends to the vector form
q= —kVT. (1.99)

As an aside, we note that because the heat flux vector is expressed as the gradient of a scalar,
T, we can say

e the scalar field T' can be considered to be a potential field with energy diffusing in the
direction of decreasing potential T', and

e the vector field q is curl-free, V x q = 0. That is because any vector that is the gradient
of a potential is guaranteed curl-free: V x V1" = 0.

e These conclusions hold for both the steady, two-dimensional fields T'(x,y), q(z,y) of
this chapter as well as three-dimensional unsteady fields T'(z,y, z,t), q(z,y, z,t). In
both cases, T is a potential field and q is a curl-free field.

In terms of scalar components we can say ¢, = —k 01'/0z and ¢, = —k 01'/0y. Substituting
the caloric state equation, Eq. (L7H), and the multi-dimensional Fourier’s law, Eq. ([C99),
into our energy diffusion equation, Eq. (L39), we get

PR e (1.100)
ot ——
q

Again, while £ may be a function of T for some materials, we will take it to be a constant
yielding
= = aVT, 1.101
5 (1.101)
where we have once again employed the definition of thermal diffusivity, a = k/p/ A we
have also defined the Laplacian operator as V2 = V1. V. We expand this important operator
for a two-dimensional Cartesian system as

vy vz 2y(5) P P (1.102)
- —\oz Oy Béﬁy _81,2 8y2' ’

For the important case of a steady state temperature distribution, we have T" with no vari-
ation with ¢. In this case Eq. (I0T]) reduces to the so-called Laplace ’ﬁ equation:

V2T = 0. (1.103)

When extended to multi-dimensional materials with linear anisotropy, Fourier’s law takes on a vector
form q = —K - VT, where K is a positive definite symmetric tensor, embodying the material’s anisotropy.
In such cases, the heat equation becomes pc 9T /0t = VT - (K - VT).

"Pierre-Simon Laplace, 1749-1827, French mathematician and physicist.
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Remarkably, the diffusivity does not affect the temperature distribution in the steady state
limit. In two-dimensions, this can be written as
0?T  0*T
- 4 =
ox?  Oy?
In a similar fashion as for the previous section, let us consider a particularly simple
solution to Laplace’s equation, Eq. (LI04]):

0. (1.104)

T(z,y) =To+ g(y)sin (%Tsc) : (1.105)

Once again, Tg is a constant with units of K, and A\ is a constant with units of m which
can be interpreted as the wavelength of the disturbance in the z direction. We seek the
function g(y) which allows Laplace’s equation to be satisfied. Let us substitute Eq. ([LI03])

into Eq. (LI04):

42 2 d? 2
—g(y))\—Zsin 3 + d—ygsin 7;\ = 0, (1.107)
d*q  4n?

This is a second order linear differential equation. We recall such equations may be solved by
assuming solutions of the form g(y) = Ce™. Substituting the assumed form into the differ-
ential equation gives Cr2e™ — (472 /A?)Ce™ = 0. We cancel terms to get the characteristic
polynomial: 7? — 472 /\? = 0. We solve to get r = +27/\. Thus, there are two functions
that satisfy. Because the original equation is linear, linear combinations also satisfy; thus
g(y) = K1e*™/* + Kye™?™/* where K, and K, are constants. The exponentials may be cast
in terms of hyperbolic functions as we recall sinhy = (e¥ —e™¥)/2 and coshy = (e +e7Y) /2.
This yields the general solution

g(y) = Cysinh (%Ty) + (5 cosh (ﬁTy) : (1.109)

where C and Cy are arbitrary constants. Let us select Cy = 0 so as to yield a solution for
the temperature field of

2mx

2
T(z,y) =Ty + Cy sinh (%) sin (T) . (1.110)

We note that T' = Ty wherever x = 0, z = X\, or y = 0. The heat flux vector is q = —kVT.

This gives
B 20T cos (—2’;\“"’) sinh (_2;3;)
a=—(557) (i (2 o (2) ) (L1
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Figure 1.6: Plot of T'(z,y) and vector field q for steady two-dimensional energy diffusion
problem.

We plot results for 7o = 300 K, C; = 0.1 K, A =1 m, £ =1 W/m/K along with the heat
flux vector field in Fig.

Lastly, we consider global energy for our system. We integrate Eq. (98] over a fixed
volume V' bounded by surface .S with unit outer normal n. First apply the volume integration

operator to both sides of Eq. (L98)):

0
—6 AV = —/ v’ qadv. (1.112)
Por v
Apply Leibniz’s rule to the left side and GaussH theorem to the right side to obtain
d
e dV = /qT -n dS. (1.113)
dt S

The time rate of change of energy Wlthin V' can be attributed solely to the net flux of energy
crossing the boundary S. In the steady state limit, we have

/qT-ndS:(). (1.114)
S

That is to say, in order for there to be no change in the energy within the volume, the net
energy entering must be zero.

Problems
1. Consider the solution of the linear advection equation
Op 9p
o T 0

8 Johann Carl Friedrich Gauss, 1777-1855, German mathematician.
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For a =2, z € [0,5], t € [0,5], plot contours and three-dimensional surfaces of p(x,t) for the following
initial conditions:

(a) p(x,0) = sin(mx),
(b) p(z,0) = H(z) — H(z — 1), where H(x) is the Heavisidd] unit step function.

90liver Heaviside, 1850-1925, English electrical engineer.
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Chapter 2

Fundamental partial differential
equations

see Mei, Chapter 2,

Here we consider some fundamental features of basic linear partial differential equations.
We show how to classify linear partial differential equations and identify some fundamental
solutions.

2.1 General method of classification

Many important partial differential equations can be cast in the so-called quasi-linear form
of a system of first order partial differential equations

ou,; ou,; . 4
Alja—t]_l—Bwa—gj]:C“ 'l:l,,N,]:]_,,N (21)
Tn Gibbdl notation, we could say
ou ou
A-—+B-— =c. 2.2
ot * ox ¢ (22)
Here we have NV dependent variables u; with j = 1,..., N. The independent variables are

and t. The terms A;; and B;; may be a functions of x, ¢t and any of the u;s. Both A;; and
B;; are elements of N x N nonconstant matrices. The term ¢; can be a function of z, ¢ and
any of the u;s; it is an element of a /N x 1 column matrix.

As described by WhithamE there is a general technique to analyze such equations. First
pre-multiply both sides of the equation by a yet-to-be-determined row of variables ¢;:

an 8uj
v PGy
! Josiah Willard Gibbs, 1839-1903, American engineer and scientist.

2Gerald Beresford Whitham| 1927-2014, applied mathematician and developer of theory for nonlinear
wave propagation.
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T ou ou
A BT +£ -B-ax
The method hinges upon choosing ¢; to render the left side of Eq. (Z4]) to be of the form
similar to 0/0t + A(0/0x), where X is a scalar that may be a variable. This is similar to the
form analyzed in Eq. ([LI4), 0p/0t + a dp/Ox = 0, except here we are allowing A to be a
variable.
Let us define the variable m; such that

= ¢.c (2.4)

8Uj 8uj o 8uj 8Uj
bAy Sl 4 6By S = my ( s, (2.5)
B du; dr
= ]E on E =\ (26)
Reorganizing Eq. (2.3]), we get
2 Ot — —— C 0Oz
=0 =0

Because we expect Ou;/0t to be linearly independent of Ju;/0x, we insist

&AU = my, (28)
Scaling Eq. (28] by A gives

Subtracting Eq. (2.9) from Eq. (2.I0) to eliminate Am; gives

¢F (MDA -B) = 0. (2.12)

This is a generalized left eigenvalue problem, where \ is known as a generalized eigenvalue
in the second sense and £ is a generalized left eigenvector. One has nontrivial £ when

det (\A — B) = 0. (2.13)

If A is invertible, we can post-multiply Eq. (ZI2) by A~! to recover an ordinary left eigen-
value problem:

- (AMI-B-A") =0". (2.14)
We adopt the following classification nomenclature, following Zauderer, p. 135:
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e hyperbolic: All generalized eigenvalues \ are real and there exist N linearly independent
left generalized eigenvectors £.

e parabolic: All generalized eigenvalues A that exist are real, but there exist fewer than
N linearly independent generalized left eigenvectors £.

o clliptic: All the generalized eigenvalues A are complex.

e mized: Some generalized eigenvalues A may be real, others complex, and there may or
may not be N linearly independent generalized left eigenvectors £.

2.2 Fundamental solutions

2.2.1 Wave equation: hyperbolic

By inspection the linear advection equation, Eq. (ILI4) is already in the appropriate form.
Let us examine a common extension of the linear advection equation, the so-called wave
equation:
Py Py
— =a"=—=.
ot? Ox?
We need to convert this second order equation into a system of first order equations. To
enable this, let us define two new variables, v and w:

(2.15)

_ Oy

vo= o (2.16)
_ Oy

'UJ pr— %. (2.17)

Substituting Eqgs. (2.16]) and (ZI7) into the wave equation, Eq. (2Z15), we get our first first
order partial differential equation:

ov o, Ow

R el 2.18

ot~ oz (2.18)
We can next differentiate Eq. (2.16]) with respect to x and Eq. (Z17) with respect to ¢ to get

ov 0%y

_— = — 2.1

Ox Oxot’ (2.19)

ow 0%y

— = . 2.2

ot otox (2:20)

Now as long as y is sufficiently continuous and differentiable, the order of differentiation does
not matter, so we can take 9%y/0xdt = 9%y /Otdx. This enables us to equate Eqs. (ZI19) and
([2:20)), yielding our second first order partial differential equation:

v Ow
5= (2.21)
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We recast our two first order equations, Eqs. (2I8) and 221)) as

v 0w
ow Ov
5 = O (2.23)

We next cast our two first order equations, Eqs. (2.22)) and (2Z23) in the general form of
Eq. ) to get

1 0\ /(% 0 —a®\[(2\ (0
o ) (&) (5 T)(E)-6) =
—— e e N N
A % B % c

Here our vector of dependent variables is

u= (Z) (2.25)

The associated eigenvalue problem is

2
det (AA — B) :‘ i ‘; = 0. (2.26)
Solving gives
M —a? = 0, (2.27)
A = *a. (2.28)
We have two real and distinct eigenvalues. Let us find the eigenvectors.
(DA -B) = 07, (2.29)
A a?
(w7 5) = 0o (2.30)
+a a?
(4 Eg)( 1 :ta) = (0 0). (2.31)

This yields two linearly dependent equations:

ﬂ:afl +€2 = O, (232)
a2€1j:a€2 = 0.

If we multiply the first by +a, we get the second. It is obvious the solution is not unique.
If we take ¢; = s, where s is any constant, then ¢/, = Fas. Let us take s = 1, and thus take

the eigenvectors to be
1
L= ($a) . (2.34)
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Importantly, not only do we have two distinct and real eigenvalues, but we also have two
linearly independent eigenvectors. Thus our wave equation is hyperbolic.
We lastly use the eigenvalues and eigenvectors to recast our original system. Multiplying

both sides of Eq. (Z24) by €7, we get

T T T
E A Ou e B Ou e c
ot oz

(1 ﬂpa)<%)+(i—a —a2)<§:§u) — 0, (2.36)
v ow, v 0w

ov ov ow ow

This reduces to two sets of differential equations valid on two different sets of characteristic
lines:

d d
d—:—ad—z: = 0 on x=at+ x, (2.39)
d d
d_: + ad—t; = 0 on x=—at+ x. (2.40)
These combine to form
d
T (v—aw) = 0 on z=at+ x, (2.41)
d
T (v+aw) = 0 on z=—at+ x. (2.42)
Integrating, we find
v—aw = C; on z=at+ x, (2.43)
v+aw = Cy on x=—at+ x. (2.44)

That is to say, the combinations of vFaw are preserved on lines for which x = tat+z(. In this
solution signals are propagated in two distinct directions, and those signals are preserved as
they propagate. The constants C and C are known as Riemanifl invariants for the system.
The Riemann invariants are only invariant on a given characteristic and may vary from one
characteristic to another.

The just-completed analysis is common, and is often described as converting the partial
differential equation to ordinary differential equations valid along so-called characteristic lines
in « — t space. This is somewhat unsatisfying as the variation of C; to C5 reflects the fact

3Bernhard Riemann, 1826-1866, German mathematician.
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that we really are considering partial differential equations. Motivated by the existence of
characteristic lines on which linear combinations of v and w must retain a constant value, let
us seek a coordinate transformation to clarify this. More importantly, the formal coordinate
transform will show us how we really are considering a partial differential equation in a more
easily analyzed space.

We take
E\ (1 —a x
()-G ) 6) 2
Thus,
E(x,t) = z—at, (2.46)
n(xz,t) = x+at. (2.47)
Inverting, we get
1 1
() - DG e
J

J= (_i é) . (2.49)

Here we find

1
J=|J|=detJ = — 2.50
3] - (2:50)
we see the transformation is only area-preserving when a = =+1/2, and is orientation-

preserving when a > 0.
We need rules for how the partial derivatives transform. The chain rule tells us

v oz BN /v

M- EHE
on on  On ot
L _ 1 [0

- E)(8). -
2 2a t

):<—1a i)(é:%) (2.53)

Inverting, we find

VR
SIS
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This is in short

0 0 0
0 0 0

Employing these transformed operators on our original wave equation, Eq. ([Z13]), we get

0 0 0 0 o [ 0 0 0 0

ot ah) ~ e @9
— 9242 gé‘yn = 247 aa;ayn’ (2.58)
aa;gn = 0 (2.59)
We integrate this equation first with respect to € to get
g—f] = h(n). (2.60)

Note that when we integrate homogeneous partial differential equations, we must include
an arbitrary function rather than the arbitrary constant we get for ordinary differential
equations. We next integrate with respect to n to get

y= /0 ") di+(e). (2.61)

—_——
=f(n)

The integral of h(n) simply yields another function of n, which we call f(n). Thus the general
solution to 0*y/0E0n = 0 is

y(&,n) = f(n) +g(&). (2.62)

We might say that we have separated the solution into two functions of two independent
variables. Here the separated functions were combined as a sum. In other problems, the
separated functions will combine as a product. In terms of our original coordinates, we can
say

y(x,t) = f(z+ at) + g(xz — at). (2.63)

We note that f and g are completely arbitrary functions. This is known as the d’Alembert!
solution. Compared to the related solution of the linear advection equation, we see that

4Jean le Rond d’Alembert], 1717-1783, French mathematician.
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two independent modes are admitted for signal propagation. One travels in the direction of
increasing x, the other in the direction of decreasing x. Both have speed a. The functional
forms of f and g admit discontinuous solutions, and the forms are preserved as ¢t advances.

[
Ezxample 2.1

If 9%y/0t* = a?0%y /022, find y(t) if
a2 dy
0)=2e"" — = 0. 2.64
w0 =2, G (2.64)
First, we have the d’Alembert solution, Eq. (2.63)),
y(x,t) = f(z + at) + g(z — at). (2.65)
Taking a time derivative, we get
0
8—? =af'(x +at) — ag'(z — at). (2.66)
At the initial state, ¢ = 0, we must have
y(x,0) =2e = f(@)+g(z), (2.67)
0
9 = 0=af'(z) - ag(z). (2.68)
ot x,t=0

From the condition on the time derivative, we get
f'(@) = g'(x). (2.69)

Thus f(x) = g(x) + C. So the initial condition gives

2

e v =2gx)+C. .
2e " 2 C 2.70
This is satisfied iff C' =0 and f(z) = g(z) = e~*". Thus, the general solution is

yla,t) = e~ (@tat)® 4 o=(w—at)?, (2.71)

Direct substitution of the solution into the original wave equation and initial condition verifies both
are satisfied for all wave speeds a. Let us consider one of these solutions for a = 1:

y(z,t) = e~ (@) 4 e (@—)*, (2.72)

This solution is shown for ¢ = 0 and ¢ = 3 in Fig. 2.1l At t = 3, the peak of the left-propagating mode
is at © = —3, and the peak of the right-propagating mode is at x = 3. This is consistent with a wave
speed of ¢ = 1. The amplitude of the peaks does not decay with time, as is typical for a wave equation.
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Figure 2.1: Solution to wave equation with a = 1, y(z,0) = 2e~7.

2.2.2 Heat equation: parabolic

Let us analyze the heat equation, Eq. (L81), as a system of first order partial differential
equations. Our earlier analysis has already assisted in this. Equation (I.&1) can be considered
a combination of the energy conservation principle, a caloric state equation, and Fourier’s
law. Taking the first of our equations as the combination of energy conservation, Eq. (LL75)
and the caloric state equation, Eq. (I.76) and the second as Fourier’s law, Eq. (LT77), we

write
AT %%
P ot oz’
oT
y = —k—.
d o0x

This can be recast as

B ou

Jz
(s
u = .
4z

The associated eigenvalue problem is

A du
ot

Here our vector u is

| Ape —1
det (AA — B) = ‘ E0
Solving gives

Apc(0) +k = 0,
A = o0.

pe O (5 0 1\ (% 0
0qz + _ 0qz = :
—_— L e L D

o

(2.73)

(2.74)

(2.75)

C
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Figure 2.2: Solution to heat equation with o =1, T'(x,0) = 2e~7”.

One cannot find any associated eigenvectors £. Because there are an insufficient number of
eigenvectors on which to project our system, the heat equation is parabolic.

Just as there exists a general solution to the wave equation, there exists a general solution
to the heat equation. It will be shown in Sec. that the solution of

88_71: = a%, T(x — fo0,t) — 0, T(x,0) = f(x), (2.80)
is
Tat) = —— [ fee 5 e (2.81)

[
Ezxample 2.2

Find T'(z,t) if
or 8T L
E = aw, T((E — :l:OO,t) — O, T(JI, 0) = 2e . (282)

Direct substitution of f(z) = 2¢=" into Eq. 2=T)) gives

1 _
T(x,t) = 2@/ 2e= e~ T de. (2.83)

Evaluation of the integral yields

2@7%
VI+dat
Direct substitution reveals the solution satisfies both the heat equation, the initial condition, and the

boundary conditions. This solution for a = 1 is shown for ¢ = 0 and ¢ = 1 in Fig. At t =1, the
peak has decayed from its initial value of 2 to a value just less than 1.

T(z,t) = (2.84)
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[
Ezxample 2.3

Find T'(z,t) if the initial condition is a finite strength pulse
T 2T
(?9_15 = ag?, T(x — +o0,t) — 0, T(x,0) = 6(x). (2.85)

The pulse, also called a point source, is embodied in ¢, the Diradd delta function. It has the

properties
0(x—a) = 0, x # a, (2.86)
0(x —a) — oo, x=a, (2.87)
/ f(@)o(x —a)dx = f(a), (2.88)
d(z)de = 1 (2.89)
Direct substitution of f(x) = §(z) into Eq. [2Z1]) gives
O e B (2.90)
T, t) = —— e~ ot . .
2vVrmat J_ s
Evaluation of the integral yields
1 22

T(x,t) = e dat. (2.91)

2V mat

Direct substitution reveals the solution satisfies both the heat equation, the initial condition, and the
boundary conditions. This solution for o = 1 is shown for ¢t =1/10,1/2,1,2 in Fig.

2.2.3 Laplace’s equation: elliptic

Let us next analyze in a similar fashion Laplace’s equation, Eq. (LI04), 0°T/02*+0?T /0y? =
0. Here the independent variables are x and y, rather than = and t. Now our Laplace’s
equation arose from the two-dimensional time-independent form of Eq. (L9§]), which is

0 _ _yr.q, (2.92)

&
~~

=0
vi.q = 0, (2.93)
aqyn aQy
or |y

5Paul Adrien Maurice Dirac, 1902-1984, English mathematician and winner of the 1933 Nobel prize for
physics.
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- 10

Figure 2.3: Solution to heat equation with o = 1, T'(z,0) = §(x).

This is our first first order partial differential equation. To aid this analysis, let us recall

from Eq. (T99) that

or
e = — k; % )
or
= —k—.
Qy 8y
We then see that
90 " o*’T
oy Oyox’
% o o*’T
or 0xdy’

(2.95)

(2.96)

(2.97)

(2.98)

Equating the mixed second partial derivatives, we get our second first order partial differen-

tial equation:
0 _ 9gy
oy  Ox
Equations (2.94) and (299) form the system
04 + %

or Oy
aQy 8%

or Oy
Equations (2.I00) and (2I01) can be recast as

A Ou B du
ox dy
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Here our vector u is

u= (Z:) . (2.103)

The associated eigenvalue problem is

det (\A —B) = ‘ i _Al ‘ = 0. (2.104)

Solving gives
NM4+1 = 0, (2.105)
A o= i (2.106)

The eigenvalues are distinct but not real. Presence of complex eigenvalues indicates the
equation cannot be written in characteristic form, and that finite speed signaling phenomena
are not present in the solution. Because its eigenvalues are imaginary, Laplace’s equation is
elliptic.

We have spoken of general solutions for the wave equation and the heat equation. General
solutions for Laplace’s equation may be considered, but they are not straightforward, unless
one is willing to consider complex variables. These methods to solve Laplace’s equation will
be considered in earnest in Ch. B That said, if we recognize the complex number i = /—1,
and consider z € R, y € R, we find an equivalent to the d’Alembert solution, Eq. (2.63):

T(x,y) = f(x+iy) + g(z —iy). (2.107)

Here f and g are arbitrary functions. We can induce this from a similar logic used for the
wave equation in Sec. 2221l On lines on which

dy )
— =)\=4= 2.108

we can expect T'(x,y) to be a constant. This will be true then on lines such that

y = 4iz+C, (2.109)
+iy = —x+iC, (2.110)
cdiy = C, with C =+iC. (2.111)

This induces T'(z,y) = f(x +iy) + g(x — iy).
Let us show this satisfies Laplace’s equation. We have the following partial derivatives:

oT T ., ., 9T ., 82T o
%:f/—l-g/, wa/Jrg/, a—y:zf—zg/, a—?ﬂ:—f’—g’. (2.112)
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Obviously Laplace’s equation is satisfied for arbitrary f and g:
o*T  0*T
- + -
ox?  Oy?

Note that while we have identified general solutions, it is not yet obvious how these can be
constructed to satisfy specified boundary conditions.

We have developed Laplace’s equation loosely in the context of two-dimensional steady
heat transfer in an isotropic material. Later, in Ch.[8 we will consider Laplace’s equation in
the context of two-dimensional, irrotational, incompressible, inviscid, steady fluid mechan-
ics. There are clear analogs between the two physically motivating problems. They are as
follows. We can consider temperature T'(z,y) to be a potential field. In fluid mechanics,
we can consider ¢(x,y) to be the equivalent velocity potential field. For isotropic thermal
conductivity k& = 1, the negative of the gradient of the temperature field yields the heat
flux vector q = —V7'. In fluid mechanics, the equivalent is that the velocity vector is the
gradient of the velocity potential u = V¢. Both the heat flux and velocity vector fields are
curl-free because they are gradients of a scalar field: V x q = 0, V x u = 0. The vector
fields of both q and u are divergence-free because of the first law of thermodynamics, and
incompressibility, respectively: VT .q = 0, VT -u = 0. Both potentials satisfy Laplace’s
equation: V2T = 0, V?¢ = 0. Functions that satisfy Laplace’s equation are often defined as
harmonic functions. Lastly Eq. (2.I01]) implies the definition of what we will call a thermal
stream function, 1, defined such that

v _ O

=f"+q" - f"=g"=0. (2.113)

=T W= (2.114)
Substituting these into Eq. (ZI01]) yields
o (ovr) 0 [ dur\
ox < ox ) y ( Dy ) =0 (2.115)
Por | PYr
5 . = O (2.116)
Vi = 0. (2.117)

I
Ezxample 2.4
Examine the solution of Laplace’s equation T'(z,y) = f(x+iy) = (v +iy)?. Consider the associated

heat flux vector for k=1, q = —VT.

Let us expand and examine our proposed solution:
T(z,y) = 2> —y? + 2xyi. (2.118)

Now Laplace’s equation is linear so the method of superposition applies. Because of linearity, we can
separately examine the solutions. Let us consider

T(z,y) =2 —y°. (2.119)
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Clearly, it satisfies Laplace’s equation as

- =2-2=0. (2.120)

q——<%)—(§?) (2.121)

Remarkably, it will be shown in Ch. [§ that curves on which the imaginary part of our 7" are constant:

2zy = C, (2.122)
are parallel to q. In fact, it is easy to show that the imaginary part represents the thermal stream
function:

v = 2xy. (2.123)
Parameterizing this curve, we can say

C
= = . 2.124
T=s Y=o (2.124)
So
dx dy C
— =1 = =——. 2.125
ds ’ ds 252 ( )
The tangent vector t is then
de, dy, . C., . y.
t=—i+—j=i——j=i—- =] 2.126
s * ds? T 1T ag2d T T ) ( )

If t is parallel to q, then the cross product of the two must be zero. Let us check.

i j k
txq= 1 -2 0|=Q2y—-2yk=0. (2.127)
—2z 2y O

Curves of constant T along with the heat flux vector field q for kK = 1 are shown in Fig. 24 This
general method can be used to easily generate some remarkable plots of harmonic functions. We give
a few in Fig.

[
Example 2.5
Show that

T(x,y) =Ciln (\/(:17 —x0)?+ (y — yo)Q) + Co, (2.128)

is a solution to Laplace’s equation.
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2.0

1.5+

0.5-

Figure 2.4: A fundamental solution, T'(z,y) = 2? —y?, to Laplace’s equation along with heat
flux vector field for k£ = 1.

Taking the partial derivatives, we get

T 1 3 2(z — x0)?
. 01<<x—xo>2+<y—yo>2 <<x_xo>2+(y—yo>2>2>’ (2:129)
T _ 1 - 2(y — y0)?
oF 01<<x—xo>2+<y—yo>2 <<x_xo>2+(y—yo>2>2>' (2:130)
Thus,
0*T  O°T
502+ g =0 (2.131)

and Laplace’s equation is satisfied for arbitrary xg,yo. We could also superpose fundamental solutions
at various points. If g = 79 = 0, and transforming to polar coordinates with 2 = 22 + 32, our
fundamental solution becomes

T(r,0) =Cylnr+ Cs. (2.132)

One can show that Laplace’s equation in polar coordinates is represented as

10 oT 1 0%T
(= ——_ =0. 2.1
r or (T 67‘) r2 962 0 (2.133)
The fundamental solution obviously satisfies this as
10 Ch 1 02
-0 =0
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In three-dimensional systems, the fundamental solution to Laplace’s equation is

Cq

T(x,y,2) = + Cs. (2.135)
V(& —20)2 + (y — y0)? + (2 — 20)?
Direct substitution reveals it satisfies
0*T  9*T  O°T
—_— =0. (2.136)

8x2+8y2+w_

One can also sum solutions centered at different values of g, yo, zo. If zg = yo = 29 = 0, transformation
to spherical coordinates reveals the fundamental solution is

C
T(r,0,¢) = — + Cs, (2.137)
r
which satisfies Laplace’s equation in spherical coordinates:

10 (,0T 1 9*T 1 o (. 0T\
25 (r E) + = sin%bw + 2 sin¢8_¢ (sm¢a—¢) =0. (2.138)

Extending to higher dimensions, we find

Cy
T(w,z,y,z) = + Oy, 2.139
(w,2,32) (w—wo)* + (z — 20)* + (y — y0)? + (2 — 20)? ’ ( )
satisfies
o*T 0T 9°T ©O°T
— 4 —+ =+ == =0. 2.140
ow? + ox? + 0y? * 072 ( )
And for general N-dimensional systems with N > 3 we find
—(N-2)
N 2
T(CCl,...,CCN) = Cl (Z(In _Ion)2> +025 (2141)
n=1
satisfies
N
0*T
— =0. 2.142
250 (2.142)
With

N 1/2
- <Z(“’" _ xony) 7 (2.143)

we can say

+Cy,  N>3, (2.144)

satisfies the N-dimensional Laplace’s equation.
This is consistent with solutions to the one-dimensional Laplace’s equation for hyperspherical co-

ordinates:
1 d N1 dT
_ — ] =0. 2.14

rN=1dpr <T dr) 0 ( 5)
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For various values of IV, we get fundamental solutions
N =1, planar, T(r) = Cyr+ Co, (2.146)
N =2, polar, T(r) = Cilnr+ Cy, (2.147)
N =3, spherical, T(r) = =2 + (s, (2.148)
r
N >3, hyperspherical, T(r) = % + Cs. (2.149)
r
I
Example 2.6
Show in one dimension that the fundamental solution
1
T(x) = 5 (1 Jal), (2.150)
satisfies
~VvI.VT =6(x), T(1)=T(-1)=0. (2.151)

Away from the origin, this is Laplace’s equation. Formally it is what is known as a Poissorld
equation because of the presence of a source term. In general, the Poisson equation takes the form

VT . VT = f(x).
In this case the source term f is a point source. In one dimension, our equation becomes
d*T

Let us integrate both sides, giving

1

1 d2T 1
— — dr = / 6(x) dx,
/4 dx? -1 (=)
1

dT B
dr|_, S
ar| o _dr|
dr |,__, dx |,_, a '
Now our fundamental solution has
1 1
T(-1)=50-[-1)=0, TM)=50-[)=0,

so the boundary conditions are satisfied. And for « € [—1,0], the fundamental solution is
1

T = -

@) =

aTr 1

dx 2

(I1+x),

6Siméon Denis Poisson, 1781-1840, French mathematician.

(2.152)

(2.153)

(2.154)
(2.155)

(2.156)

(2.157)

(2.158)

(2.159)
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For z € [0,1], the fundamental solution is

T(x)
dr

dx

Thus, we have

g
dx

_dar
dx

r=—1

1 1
()
o1 2 2

so our fundamental solution is a solution to the Poisson equation.

[
Example 2.7

Show in two dimensions that the fundamental solution

1
T(r)= ~5 Inr,

satisfies

~VT . VT = 6§(x)s(y).

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

Away from the origin, this is Laplace’s equation. Formally it is a Poisson equation because of the
presence of a source term. In this case the source term is a point source. The point source is embodied
in §, the Dirac delta function. Let us integrate both sides over a circular region that encloses the origin
and use the two-dimensional divergence theorem, giving

27
- 8—TT do
0 (97‘

27 1

1 2T

— do
2 0

1
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/ 5(2)6(y) dA,
A

/ / 5(2)3(y) dy de,
[ / 5(y) dy de,

———

/Ié(x) d:v,_
1

3

1

(2.165)
(2.166)

(2.167)

(2.168)
(2.169)
(2.170)

(2.171)
(2.172)
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[
Ezxample 2.8

Show in three dimensions that the fundamental solution
1
T(r)=— 2.173
('f‘) 47_‘_7,7 ( )
satisfies
~VT.VT = 6(x)5(y)d(2). (2.174)

Away from the origin, this is Laplace’s equation. Formally it is a Poisson equation because of the
presence of a source term. In this case the source term is a point source. Let us integrate both sides
over a spherical volume that encloses the origin and use the divergence theorem, giving

- /V VT .VT dv = / §(x)8(y)d(2) dV, (2.175)
—/VT~ndA = ///5 2) dz dy dz, (2.176)
/Qﬁ/ s 2¢ing dp d = 1, (2.177)
/Qﬁ/ (M )r sing dp dd = 1, (2.178)
— 0277/0 sing dp df = 1, (2.179)

= T Ceosally a0 = 1, (2.180)
i/owz o = 1, (2.181)

- 1 (2.182)

Plots for the fundamental solutions for planar, cylindrical, and spherical coordinate sys-
tems are shown in Fig.

[
Ezxample 2.9

Consider a two-dimensional domain with a point source of thermal energy at (z,y) = (1,1) and a
point sink of thermal energy at (z,y) = (—1,—1). Find the temperature field and the heat flux vector
field.
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0.4

0.3

0.2

-1.0 -05 0.0 0.5

a)

Figure 2.6: Fundamental solutions to Laplace’s equation for a) planar, b) cylindrical, and c)
spherical systems.

A point source centered at the origin of a two-dimensional field has

1 1
T=——Inr=——Ina2+y2 (2.183)
27 27

We have seen that this satisfies, Eq. (2164), —V7 - VT = §(x)d(y), with the Dirac delta functions each
of unit strength. Now a sink has the opposite sign. A source centered at (1,1) and a sink centered at
(—1,—1) has the temperature field that arises from superposition of two fields:

T = —% Iny(z—1)2+ (y—1)2+ % Iny/(z+1)2+ (y+1)2. (2.184)
source sink
It satisfies
0’T 9T
— T . —_ - - — — — —
Ve .vT (8332 + 8y2> 5z —1Dd(y—1) =z + 1)d(y + 1). (2.185)

Direct substitution of the temperature field into Laplace’s equation reveals that as long as (z,y) # (1, 1),
(x,y) # (=1, —1), the Laplacian is zero. So it is a solution. The heat flux vector is

—a?+2zy+y>—2
m(zt+222y2 —8zy+yi+4)

2242wy —y>—2
q= _VT = ( m(x14+222y2 —8xy+y*+4) ) . (2186)

A plot of the temperature and heat flux vector fields is shown in Fig. 2771 We clearly see the heat flux
emanating from the source at (z,y) = (1,1) and flowing into the sink at (x,y) = (=1, —1). It is easy
to add sources and sinks. A plot of the temperature and heat flux vector fields for point sources at
(£1,0) and point sinks at (0,=+1) is given in Fig.

[
Ezxample 2.10

Consider a three-dimensional domain with a point source of thermal energy at (x,y,z) = (1,1,0)
and a point sink of thermal energy at (x,y,z) = (—=1,—1,0). Find the temperature field and the heat
flux vector field.
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—_
T

Figure 2.7: Temperature contours, 7'(x,y), and heat flux vector field, q(z,y), for the super-
position of a point source and sink of thermal energy in a two-dimensional geometry.

Figure 2.8: Temperature contours, 7'(x,y), and heat flux vector field, q(z,y), for the super-
position of two point sources and two point sinks in a two-dimensional geometry.
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A point source centered at the origin of a three-dimensional field has
1 1
4drtr 47‘r\/m .

We have seen that this satisfies, Eq. @I74), —V7* - VT = §(2)5(y)d(z), with the Dirac delta functions
each of unit strength. Now a sink has the opposite sign. A source centered at (1,1,0) and a sink
centered at (—1,—1,0) has the temperature field that arises from superposition of two fields:

T = (2.187)

1 1

T = — . 2.188
dry/(x—1)2+ (y—1)2+ 22 dmy/(z+1)2+ (y+1)2 + 22 ( )
source sink
It satisfies
o*T o*T 0°T
— T . e - - - — — — —
AVARRRVAA <6:102 + B + 822) d0(x—1)0(y — 1)d(2) —d(x + 1)d(y + 1)d(2). (2.189)

Direct substitution of the temperature field into Laplace’s equation reveals that as long as (z,y) # (1, 1),
(xz,y) # (—1,—1), the Laplacian is zero. So it is a solution. The heat flux vector is

x—1 _ x+1
ar((e—1)2+(y=1)2+22)°7%  dr((e+1)2+(y+1)2+22)°/2
q=-VT = -1 y+l (2.190)

4w<<x71>2+‘<371>2+z2>3/2 R e O R
Ar((z—1)2+(y—1)2+22)32  dn((z+1)2+(y+1)2+22)%/2

Confining attention to the plane of z = 0, a plot of the temperature and heat flux vector fields is shown
in Fig.[Z0h. We show in Fig. the three-dimensional vector field of heat flux. We clearly see the heat
flux emanating from the source at (z,y, z) = (1, 1,0) and flowing into the sink at (z,y, z) = (=1, —1,0).

Problems
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—_
T

<
o

Figure 2.9: Superposition of a point source and sink of thermal energy in a three-dimensional
geometry: a) temperature contours, T'(z,y, z = 0), and heat flux vector field, q(z,y, z = 0),
b) heat flux vector field q(z,y, 2).
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Chapter 3

Separation of variables

see Mei, Chapter 4,5.

Here we consider the technique of separation of variables. This method is appropriate for a
wide variety of linear partial differential equations.

3.1 Well-posedness

An important philosophical notion permeates the literature of partial differential equations,
that being that a partial differential equation should be accompanied by a set of initial and /or
boundary conditions that render its solutions consistent with those observed in nature for
systems it is intended to model. This idea was developed most notably by HadamardEl who
established three criteria of a problem to be well-posed. The solution must

e exist,
e be uniquely determined, and

e depend continuously on the initial and/or boundary data.

Using these criteria, one can, for example, show that Laplace’s equation, Eq. (LI04), is
well-posed if values of T' are specified on the full boundary of a given domain. His famous
counterexample shows how Laplace’s equation is ill-posed if values of T" and its derivatives are
simultaneously imposed on a portion of the boundary. Let us consider this counterexample,
which will also serve as a vehicle to introduce the main topic of this chapter: separation of
variables as a means to solve partial differential equations.

|
Ezxample 3.1
Analyze

0*’T  0°T

1Jacques Hadamard,, 1865-1963, French mathematician.
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with boundary conditions

T(z,0)=0, S (2,0)= . (3.2)

A sketch of this scenario is shown in Fig. 311

Ay

ViTr =0

Figure 3.1: Configuration for the counterexample of Hadamard to assess the well-posedness
of Laplace’s equation.

Thus we have specified both 7' and its derivative on the boundary y = 0. Note that as n — oo,
that 0T /0y — 0. Let us assume the solution T'(x,y) can be separated into the following forms:

T(z,y) = A(x)B(y). (3.3)

In contrast to the d’Alembert solution, whose separated functions combine as a sum, here we have
the separated functions combine as a product. We shall examine if this assumption leads to a viable
solution. With our assumption, we get the following expressions for various derivatives:

oT dA 0*T d’A
9 B(y)aa o2 B(y)wa (3.4)
aT dB 0T d’B

We substitute these into Eq. (B1]) to get

d*A d*B

By)Ss + A@) S = :
W) + AT = 0. (36)
1 d*A 1 d’B (3.7)
A(x) dx? B B(y) dy? .
—— ———
function of z only function of y only

The left side is a function only of z, while the right side is function only of y. This can only happen if
both sides are equal to the same constant. Let us choose the constant to be —\2:

1 #A 1 &PB

Alz) de® — Bly) dy?

@© 28 March 2025. J. M. Powers.



3.1.

WELL-POSEDNESS 95

This choice is non-intuitive. It is guided by the boundary conditions for this particular problem. Had
we made more general choices, we would be led precisely to the same destination as this useful choice.
This induces two linear second order ordinary differential equations:

2 —
T3 TAA =0, (3.9)
2B,

We focus first on the second, Eq. (BI0). By inspection, it has a solution composed of a linear combi-
nation of two linearly independent complementary functions, and is

B(y) = C1 cosh(Ay) + Ca sinh(Ay). (3.11)
Here C; and Cy are arbitrary constants. Because T'(x,0) = 0, we must insist that B(0) = 0, giving
B(0) = 0 = (4 cosh 0 + Casih 0. (3.12)
We thus learn that C; = 0, giving
B(y) = Cysinh \y. (3.13)
We return to the first, Eq. (39), which has solution
A(x) = Cssin A\x + Cy cos Ax. (3.14)
Combining, we get

T(z,y) = A(x)B(y) = sinh \y (C’g sin Az + Cy cos )\x) . (3.15)

Here we have defined C'g = (C9C3 and C'4 = C5Cy. Now let us satisfy the second condition at y = 0,
that on 97/dy:

oT . .
o = Acosh\y (03 sin Az + Cy cos )\:v) , (3.16)
or . . i
— = AcoshO (Cg sin Az + Cy cos )\x) =2 mcj (3.17)
9 |,—o n
= A (C’g sin Az + Cy cos )\x) = smnn:r' (3.18)

This is achieved if we take A = n, C5 = 1/n?, and Cy = 0, giving
1. :
T(z,y) = 2 sinh ny sin nz. (3.19)

Now we must admit that Eq. (819) satisfies the original partial differential equation and both conditions
at y = 0. Because the original equation is linear, we are inclined to believe that this is the unique solution
which does so.

Let us examine the properties of our solution. We can consider T" at a small, fixed, positive value
of y: y = ¢ > 0 and study this in the limit as n — co. Now, we recognize that it is the inhomogeneous
boundary condition, sin(nz)/n that entirely drives the solution for T'(z, y) to be nontrivial. As n — oo,
the sole driving impetus becomes a low amplitude, high frequency driver. At y = ¢, we have

1
T(x,9) = Fsinhngjsinnz, (3.20)
1 /eni — g1
- F(%)sinnm. (3.21)
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For large n and g > 0, the first term dominates yielding

ey

T(z,9) = —5 sinnz. (3.22)
n

Because as n — oo the e™¥ approaches infinity faster than n?, we have the amplitude of T,
. e
lim — — oo. (3.23)

Paradoxically then, as the amplitude of the driver at the boundary is reduced to zero by increasing n,
the amplitude of the response nearby the boundary is simultaneously driven to infinity. This despite the
fact that T" at the boundary is in fact zero. Clearly as n — 0o, the solution loses its continuity property
at the boundary. This famous counter-example problem is thus not well-posed, as such behavior is not
observed in nature.

3.2 Cartesian geometries

Let us consider a series of example problems posed on Cartesian geometries.

3.2.1 Wave equation

I
Example 3.2
Solve the wave equation, Eq. (215,

Py _ 0%

subject to boundary and initial conditions

dy
y(0,0)=y(L,)=0,  y(z,0)=f(z), 2/ (2,0)=0. (3.25)
Generate solutions for four sets of initial conditions:
f(z) = wyosin %:v, mono-modal, (3.26)
1 1

- <sin % + g sin ng> ., bimodal, (3.27)

x x
= (f) (1 - f) , poly-modal, (3.28)

2
= ¥ <H (% - g) —H (% - g)) ., poly-modal. (3.29)

We assume solutions of the type

y(z,t) = A(z)B(t). (3.30)
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With this assumption, Eq. (824 becomes

d’B d>A
1 d°B 1 d?A 9
S a?B(t) dt2 _A(a:)@_” (3:32)

Once again, for an arbitrary function of ¢ to be equal to an arbitrary function of x, both functions must
be the same constant, which we have selected to be A?. This induces two second order linear ordinary
differential equations:

2A

Tz HAA =0, (3.33)
d*B
WJra?A?B = 0. (3.34)

Consider the equation for A first. In order to satisfy the boundary conditions y(0,t) = y(L,t) =0,
we must have A(0) = A(L) = 0. As is done here, if y is specified on a boundary it is known as
a Dirichlefd boundary condition. Had the derivative dy/0x been specified, the boundary condition
would have been called a Neumanl boundary condition. When a linear combination of y and dy/0x
is specified on a boundary, it is known as a Robirld boundary condition. Along with these boundary
conditions, Eq. (833) can be recast as an eigenvalue problem:

d2
——A=)\4A A(0) = A(L) = 0. 3.35
" L A) = A®L) (3.:35)
With L = —d?/dz?, a self-adjoint positive definite linear operator, this takes the form

LA = \2A. (3.36)

We recall that self-adjoint operators have orthogonal eigenfunctions and real eigenvalues. Because it
can be shown that our L is positive definite, the eigenvalues are also positive, which is why we describe
the eigenvalue as \2.

Solving Eq. [B.33]), we see that

A(z) = Cysin A\x + Cy cos Ax. (3.37)
For A(0) =0, we get
A(0) =0 = Cysin0+ Cycos0 = Cs. (3.38)
Thus,
A(z) = Cysin Ax. (3.39)
Now at x = L, we have
A(L) =0=C;sin AL. (3.40)
To guarantee this condition is satisfied, we must require that
AL = nm, n=12 ..., (3.41)
A = % n=12,.... (3.42)

ZPeter Gustav Lejeune Dirichlet, 1805-1859, German mathematician.
3Carl Gottfried Neumann|, 1832-1925, German mathematician.
4Victor Gustave Robin, 1855-1897, French mathematician.
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With this, we have

A(z) = Cy sin ? n=12,... (3.43)

We note that,
o the eigenvalues \? are real and positive,
e the eigenfunctions C,, sinnwz have an arbitrary amplitude.

It will also soon be useful to employ the orthogonality property, fOL(sin mnzx/L)(sinnrx/L) de = 0 if
m # n when m and n are integers, and that the integral is nonzero if n = m.
We now turn to solution of Eq. (B:334]), which is now restated as

d’B nmwa\ 2
— —— ) B=0. 3.44
=+ () (3.44)
This has solution
t t
B(t) = Cssin % + Cy cos mza . (3.45)

Now for dy/0t to be everywhere 0 at ¢ = 0, we must insist that dB/dt(0) = 0. Enforcing this gives

dB  Csnrma nrat Cynma . nrmat
- = 7 oS —p— — ——sin——, (3.46)
dB _ Cznma Cynma .~
E(t =0) = 7 cos0 — sin0 = 0, (3.47)
Csnma
= =0. 3.48
. (3.48)

We thus insist that C3 = 0. Taking C’4 = (C1Cy, our solution combines to form

A nmat nwx
z,t) = Cy cos —— sin —. 3.49
y(a,t) = Cycos 2 sin 7 (3.49)
We next recognize that this solution is valid for arbitrary positive integer n; moreover, because the
original equation is linear, the principle of superposition applies and arbitrary linear combinations also
are valid solutions. We can express this by generalizing to

- t
y(z,t) = Z C', cos m;a sin n_z:v (3.50)

n=1

We can use standard trigonometric reductions to recast Eq. (B50) as
C, /. (nm o o/nw
y(a,t) = nZl 5 (sm (T(:c + at)) + sin (f(x - at))) . (3.51)
Importantly, we note that
e The solution can be thought of an infinite sum of left- and right-propagating waves.
e All modes travel at the same velocity magnitude a; formally such waves are non-dispersive.

e The amplitude of each mode does not decay with time; formally, such waves are non-diffusive.
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We can fix the various values of C), by applying the initial condition for y(z,0) = f(z):
nwx
0) = = C,, sin —. 3.52
Y, 0) = (@)=Y Cusin ™7 (352)

This amounts to finding the Fourier sine series expansion of f(z). We get this by taking advantage of
the orthogonality properties of sin nma /L on the domain 2 € [0, L] by the following series of operations.

flz) = ;Onsm$, (3.53)
sin mgxf(x) = n; C, sin m;rx sin ”Lﬂ (3.54)
L mmx L& mmx nmTxr
/0 sin ——f(x) dv = /0 ;Cn sin —— sin —— dz, (3.55)
) L

= Z Cn/ sin 02 g 1T dx, (3.56)

=" L L

=Lbmn/2

Because of orthogonality, the integral has value of 0 for n # m and L/2 for n = m. Employing the
Kroneckeif] delta notation,

[0 n#Em
5nm_{1 A (3.57)
we get

/L' T ¢(2) de = £i05 (3.58)

o Sin I X r = 2n:1 nYnm, :

L

- Lo, (3.59)
Cu = E/L' " (@) d (3.60)

no= 7 ; sin 7 ) dz. .

This combined with Eq. (850) forms the solution for arbitrary f(z).

If we have the mono-modal f(z) = yosin(rz/L), the full solution is particularly simple. In this
case the initial condition has exactly the functional form of the eigenfunction, and there is thus only a
one-term Fourier series. The solution is, by inspection,

mat . wx
y(x,t) = yo c08 —— sin —. (3.61)
The solution is a single fundamental mode, given by half of a sine wave pinned at x = 0 and x = L. At
any given point x, the position y oscillates. For example at « = L/2, we have

t
y(L/2,t) = yo cos % (3.62)

We call this a standing wave. Because there is only one Fourier mode, it is also known as mono-modal.

®Leopold Kronecker, 1823-1891, German mathematician.
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Trigonometric expansion shows that Eq. (B.61I]) can be expanded as

y(x,t) = % (sin (%(ZE - at)) + sin (%(m + at))) . (3.63)

This form illustrates that the standing wave can be considered as a sum of two propagating signals,
one moving to the left with speed a, the other moving to the right at speed a. This is consistent with
the d’Alembert solution, Eq. (ZG3). A plot of the single mode standing wave is shown in Fig. B2k for

parameter values shown in the caption.
.“‘_“T"
£ TR

Figure 3.2: Response y(z,t) for a solution to the wave equation with a) a single Fourier
mode (mono-modal), b) two Fourier modes (bi-modal), ¢) multiple Fourier modes (poly-
modal), f(x) = yo(x/L)(1 — x/L), and d) a poly-modal top hat initial condition, f(z) =
yo(H((z/L —2/5) — H(x/L —3/5)), all withyg=1,a=1, L = 1.

The solution is almost as simple for the bi-modal second initial condition. We must have

. mx Yo . 107z
= — + = . .64
y(z,0) = yo sin T + TR (3.64)
By inspection again the solution is
_ mat . TT Yo 10mat . 107z
y(x,t) = yo cos 7 sin— + 108~ sin——- (3.65)

A plot of the bi-modal standing wave is shown in Fig. B2k for parameter values shown in the caption.
Next let us consider the poly-modal third initial distribution:

y(z,0) = f(z) = yo% (1 - %) : (3.66)
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For this f(x), evaluation of C), via Eq. (B.60) gives the set of Cys as
8y0 1 1
=200 0, —,0,—.0...}, —1,... . .
C W3{ 0, 570 750 } n o0 (3.67)

Obviously every odd term in the series is zero. This is a result of f(x) having symmetry about z = L/2.
It is possible to get a simple expression for C,:

8yo
o P n Odd,
Cn = { 0 neven. (3.68)
It is then easy to show that the solution can be expressed as the infinite series
8y — 1 2m —1)wat . (2m — 1)wz
y(a,t) = Py mzzl G 1) cos T sin T . (3.69)

A plot of the poly-modal standing wave is shown in Fig.[B2k for parameter values shown in the caption.
The plot looks similar to that for the mono-modal initial condition; this is because the quadratic
polynomial initial condition is well modeled by a single Fourier mode. Recognize however that an
infinite number smaller amplitude modes are present across infinite spectrum of frequencies. Note also
that the frequencies of the modes are discretely separated. This is known as a discrete spectrum of
frequencies. This feature is a consequence of the fact that for each sine wave to fit within the finite
domain and still match the boundary conditions, only discretely separated frequencies are admitted. If
we were to remove the boundary conditions at x = 0 and x = L, we would find instead a continuous
spectrum.
We lastly consider the poly-modal initial condition which is a top hat function:

F(@) =0 (H (% - %) ~H (% - g)) . (3.70)

Evaluation of C,, via Eq. (B:60) gives the set of Cy,s as

—1 1 4 1 —1
Cn_yo{\/g 705_ +\/57 - +\/5705\/g 507"'}'

— 71
™ 3T 0, 57r’07 T 97 (3.71)

A plot of the solution is shown in Fig. 3.2k for parameter values shown in the caption. Here fifty nonzero
terms have been retained in the series. We note several important features of Fig. B.2k:

e The initial top hat signal immediately breaks into two distinct waveforms. One propagates to the
right and the other to the left. This is consistent with the d’Alembert nature of the solution to the
wave equation.

e When either waveform strikes the boundary at either x = 0 or x = L, there is a reflection, with the
sign of y changing.

e After a second reflection, both waves recombine to recover the initial waveform at a particular time.
e The pattern repeats, and there is no loss of information in the signal.
e Due to the finite number of terms in the series, there is a choppiness in the solution.

A so-called = — t diagram can be useful in understanding wave phenomena. In such a diagram either
contours or shading is used to show how the dependent variable varies in the x — ¢ plane. Fig. gives
such a diagram for solution to the wave equation with the top hat function as an initial condition. Here
dark and light regions correspond to small and large y, respectively. Clearly signals are propagating
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0'0\ L L I L L
00 02 04 06 08 LO
T

Figure 3.3: x — t diagram for solution to the wave equation with a top hat initial condition,
flz)=yo(H((x/L —2/5) — H(x/L —3/5)), all with yp =1,a=1, L =1.

with slope +x/4 in this plane, which corresponds to a wave speed of a = 1. We also clearly see the
reflection process at x = 0 and z = 1.

Lastly we examine the variation of the amplitudes |C,,| with n for each of the four cases. A plot is
shown in Fig. B4l Figures such as this are related to the so-called power spectral density of a signal; in
other contexts it is known as the energy spectral density. One can easily see how energy is partitioned
into various modes of oscillation. One can associate a frequency of oscillation v with n via insisting
that 27wt = nrwat/L; thus,

2vL na
7~ =, 3.72
n=—— V=g (3.72)

As an aside, let us recall some common notation for oscillatory systems. The wavelength
is often named A, not to be confused with an eigenvalue. It has units of length and can be
defined as the distance for which a sine wave executes a full oscillation. We might say then
that if our function f(z) is

2nx
f(z) = sin % (3.73)
then the wavelength is indeed A. When = = /2, we get the first half of the sine wave for
which f > 0, and we get the complete sine wave when x = A. Sometimes a sine wave is
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|Chl |Cnl
1.0
2 0.9
0.8
1 0.7
0.6
05
0.5 t
05 1 2 1 2 5 10
a) n=2vL/a b) n=2vL/a
|Chl |Ch
1
0.100 "
0.010 0.05
0.001 |
107! l | l 0.01 I
[11y
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©) n=2vL/a d) n=2vL/a

Figure 3.4: Variation of Fourier mode amplitude |C,| with n for solutions to the wave
equation with a) mono-modal signal (a single Fourier mode), b) a bi-modal signal (two
Fourier modes), ¢) a poly-modal signal (multiple Fourier modes), f(x) = yo(x/L)(1 — x/L),
and d) a poly-modal top hat initial condition, f(x) = yo(H((x/L —2/5) — H(x/L — 3/5)),
all with yg=1,a=1, L =1.

expressed as
f(z) = sin kz. (3.74)
Here k is known as the wave number which has units of the reciprocal of length. We see that

_27T

k
A

(3.75)

Similarly the period T, not to be confused with temperature, is defined as the time for which
a sine wave undergoes a single complete cycle. We might imagine then

f(t) = sin ? (3.76)

When t = T, the sine wave has underwent a complete cycle. Sometimes the sine wave is
expressed as

f(t) = sinwt. (3.77)
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Here w is the angular frequency and has units of the reciprocal of time. We see that
w=—. (3.78)
We also often express the sine wave as
f(t) = sin 27vt. (3.79)
Here v is the frequency with units of the reciprocal of time. We see that
v=—. (3.80)

For waves with the form suggested by Eq. (8.51]), we can consider

1
flz,t) = 3 <sin (%(m + at)) + sin (%(m — at))) : (3.81)
t
= cos m;a sin nLLx (3.82)
Comparing to Eqgs. (B733.70), we see that
2mx nmwx
Ul (3:83)
2L
A = = .84
= (3.84)
and
2t nmat
- = T (3.85)
2L
T = —. (3.86)
na
Then we also see the wave number is
2 2nm  nw
k_T_i_f' (3.87)
We also see the frequency is
1 na
U= 7= o (3.88)

And the angular frequency is

w=" = ==, (3.89)
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We could then cast our f(x,t), Eq. (B.82), as

27t 2 2
f(xz,t) = coswtsinkx = cos % sin % = cos 2mvt sin %, (3.90)
1
= 3 (sin (%(m + at)) + sin (n%(:c — at))) , (3.91)
1
= 3 (sin (k(z + at)) + sin (k(z — at))), (3.92)
1
= 3 (sin (kx + wt) + sin (kz — wt)) . (3.93)
3.2.2 Heat equation
|
Ezxample 3.3
Solve the heat equation, Eq. (L8]
oT o*rT
subject to boundary and initial conditions
T(0,t) =T(L,t) =0, T(z,0) = f(x). (3.95)
Generate solutions for four sets of initial conditions:
f(z) = Tosin (%) , (3.96)
1 10
- T (sin (”—L‘T) + 5 sin ( L”)) , (3.97)
x x
= T(g) (1-%) (3:9%)

- n(n(i-3) - G-2) o

Once again, we assume solutions of the form
T(xz,t) = A(z)B(t). (3.100)
With this assumption, Eq. (8.94) becomes
dB d>A

1 dB 1 d?A 9
CaB(t) dt  A(x) da® (3.102)
This induces
d?A 9
il A = 1
e + A 0, (3.103)
dB
%Hva = 0. (3.104)
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Consider the equation for A first. In order to satisfy the boundary conditions 7'(0,¢) = T(L,t) = 0,
we must have A(0) = A(L) = 0. Along with these boundary conditions, Eq. (BI03]) can be recast as
an eigenvalue problem:

2
—%A = \?A, A(0) = A(L) = 0. (3.105)

With L = —d?/dx?, a self-adjoint positive definite linear operator, this takes the form

LA = )\A. (3.106)
Solving Eq. (BI03]), we see that
A(z) = Cysin A\x + Cy cos Ax. (3.107)
For A(0) =0, we get
A(0) =0 = Csin0+ Cycos0 = Cs. (3.108)
Thus,
A(x) = Cy sin Ax. (3.109)
Now at x = L, we have
A(L) = 0 = Cy sin AL. (3.110)

To guarantee this condition is satisfied, we must require that

M = nm,  n=1,2,..., (3.111)
A = % n=1,2,.... (3.112)

With this, we have
A(z) = Cysin ? n=12... (3.113)

We note that,
o the eigenvalues \? are real and positive,

e the eigenfunctions C,, sinnmz have an arbitrary amplitude.

It will once again soon be useful to employ the orthogonality property, fOL (sinmmz/L)(sinnrz/L) de =
0 if m # n when m and n are integers, and that the integral is nonzero if n = m.

We now cast Eq. (BI04 as

dB n’ma

—+——B = 0. 114
7 + 72 0 (3 )
This has solution
—n?rlat
We note that for « > 0 L > 0, that
lim B(t) = 0. (3.116)

t—o0
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That is to say, any amplitude of a given mode of T'(x,t) decays to zero. By inspection the time scale
of decay of one of these modes is

T= %. (3.117)
Thus fast decay is induced by
e small domain length L,
e high frequency of a given Fourier mode, where n is proportional to the frequency,
e large diffusivity, a.
Taking Cy =0y C3, our solution combines to form
T(z,t) = Csexp (#) in n_z:v (3.118)

By the principle of superposition, we can admit arbitrary linear combinations thus giving the general
solution

& _n2.2 t
T(x,t) = Z C, exp (%) sin n_z:v (3.119)
n=1

Here we note
e The amplitude of each Fourier mode decays with time; this is characteristic of diffusive phenomena.
e There is no wave propagation phenomena.

Once again the initial conditions fix the values of C,, after application of the initial condition T'(z,0) =

f(@):

nmx

T(x,0) = f(z) = Y _ Cpsin < (3.120)

Once again, this amounts to finding the Fourier sine series expansion of f(x). The first expansions are
the same as those from the previous example problem, so we will not repeat the analysis. We report
plots of T'(x,t) for the four initial conditions given by f(z). Plots of the solutions are shown in Fig.
for parameter values shown in the caption. In Fig. B.5b, we see that the high frequency mode present
in the initial condition decays much more rapidly than the low frequency mode.

3.2.3 Laplace’s equation

[
Ezxample 3.4

Solve Laplace’s equation, Eq. (L.I04)
0*T  0°T
— 4+ == =0 3.121
o2 T oz =0 ( )
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Figure 3.5: Response T'(z,t) for a solution to the heat equation with a) a single Fourier
mode, b) two Fourier modes, ¢) multiple Fourier modes, f(z) = Ty(x/L)(1 —x/L), d) a top
hat initial condition, f(x) = To(H((z/L —2/5) — H(x/L — 3/5)), all with Ty, = 1, L =1,
and o = 1.

subject to boundary conditions

T(0,y) =T(L,y) =T(x,0) =0, T(x,L) = f(x). (3.122)
Generate solutions for four sets of boundary conditions:
f(z) = Tysin (2—”6) , (3.123)
. /T 1 . 1072
S <sm (f) + Esm< : )) , (3.124)
x x
- T (E> (1 - E) , (3.125)

(i) -n(z-2) o120

We assume solutions of the form
T(2,y) = A(2) B(y). (3.127)
With this assumption, Eq. (312I]) becomes

d*A d*B

Bly) s + (:L')d—y2 = 0, (3.128)
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1 d°B 1 d?A
- _ e 3.129
B(y) dy? A(z) da? ( )
This gives
d*A
— +NA =0 3.130
Fri : (3.130)
d’B
— —XB = 0. 3.131
Solving the first equation, we find
A(x) = Cy sin A\x + C5 cos Ax. (3.132)

To satisfy the boundary conditions at = 0 and @ = L, we will need A(z) = A(L) = 0. Thus, we have

A(0)=0 = Cysir0+ Cycos0, (3.133)
= . (3.134)
Thus
A(zx) = Cy sin Ax. (3.135)
At x = L, we then have
A(L) =0 = Cy sin AL (3.136)
We can thus take
AL = nm, n=12,..., (3.137)
and
A(z) = Cy sin ? (3.138)

Then Eq. (3I31]) becomes

d*B _ n?n?

el (3.139)
This has solution
B(y) = C5sinh % + C4 cosh n_zy (3.140)
At y = 0 we must have B(y) = 0, so that
B(y) = 0 = Cssinlt0 + Cy cosh 0. (3.141)
We learn then that Cy = 0, so that
B(y) = Cs sinh % (3.142)
and with C5 = C3C,
T(z,y) = C5sinh % sin ? (3.143)
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The principle of superposition holds here, so we can say

T(x,y) = Z C, sinh n_zy sin ”Lﬂ
n=1

Our boundary condition then gives

oo
. . NI
flx) = Zl C', sinh nr sin -
n= én
Now if C,, are the Fourier sine series coefficients of f(z), we have
Cn

" ginhnr’

(3.144)

(3.145)

(3.146)

Plots of the solutions are shown in Fig. for parameter values shown in the caption. The heat

0.0

Figure 3.6: Response T'(x,y) for a solution to Laplace’s equation with a) a single Fourier
mode, b) two Fourier modes, ¢) multiple Fourier modes, f(z) = To(x/L)(1 —x/L), and d)
a top hat boundary condition, f(x) = To(H((x/L —2/5) — H(xz/L — 3/5)), all with Ty = 1,

L=1.

flux vectors may be determined using q = —V7T'. We show a plot of the isotherms and adiabats for the

top hat boundary condition is shown in Fig. 3.7
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Figure 3.7: Adiabats and isotherms for a solution to Laplace’s equation with a top hat
boundary condition, T'(z,1) = f(x) = (H((x — 2/5) — H(z — 3/5)).

3.2.4 Heat equation: inhomogeneous boundary conditions

There are many types of inhomogeneities that can be introduced in either the initial condi-
tions or the boundary conditions. Many times they can be simplified. In the next example,
we introduce a simple inhomogeneity into the initial condition and another simple inhomo-
geneity into a pair of Dirichlet boundary conditions.

[
Example 3.5

Consider the heat equation with initial and boundary conditions of
oT 0T
— =a=— T =Ty, T(0,t) =T, T(L,t) ="Th. 14
ot a6$2’ (x,()) 05 (Oa ) 1 ( ) ) 1 (3 7)

Find T'(z,t).

Physically, one might imagine this as a rod of length L, initially at uniform temperature Ty, whose
ends are suddenly heated to T; and held there. Let us scale the problem. We can take

T-T,

T, = ,
T, — T,

x
—, te=—. 3.148
2 b=y (3.148)

Ty =
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Our choice of T, maps T € [Ty, T1] to Ti € [0,1]. Our choice of z, maps x € [0, L] to z. € [0,1]. We
need to choose t., and will do so following a simple analysis. With our choices, our system becomes

1 0 a 02
— Ty —T0)T. +Ty) = ——==(T1—T0)Tx+Tp), Ti(zs,0)=0, Tu(0,t,) =1, Tu(1,t,) =1,
P (=TT T) = 50 (B =TT+ T). Tu(en,0) =0, Tf0.4) = 1, To(LL)
(3.149)
oT, ate 0*T,
= —— Ti(x.,0) =0, Tu(0,t,) =1, Tu(1,t,) = 1. 3.150
e = Bam  DE0=0T0t)=1 L) (3.150)
Let us select t. to remove the effect of the parameter, giving
L2
te = —, 3.151
= (3.151)
Thus, our system is scaled to be parameter-free:
oT, 0°T,
ot~ a2 To(24,0) =0, Tu(0,t.) =1, Tu(1,t,) = 1. (3.152)

We anticipate a Sturmd-Liouvilld problem of a second order nature in x,. But we will likely need
homogeneous boundary conditions in order to pose an eigenvalue problem. Let us redefine 7% to achieve
this. In the limit of a steady state, our heat equation will have a solution T (x,) which satisfies the
time-independent version of Eq. (BI52)):

d*T,
0=—2 T.,(0) =T,s(1) = 1. 3.153
T =Tu) (3.153)

This has solution T, (z.) = C1 + Cox,. To satisfy the boundary conditions, we must have C; = 1 and
C5 = 0, so the steady state solution is

Tos(xy) =1 (3.154)
Let us now define a deviation from the steady state solution T,:
T (2, ts) = Tu(@u, ) — Tog(s) = Tu(wa, ) — 1. (3.155)

We then recast our system in terms of 7T

~ 2 ~ ~ ~ ~
a‘z (T+1) = 6‘12 (T + 1), T(2.,0)+1=0, T(0,t,)+1=1, T(1,t,)+1=1, (3.156)
oT 02T - _ _
o~ T(x.,0) = —1, T(0,t,) =0, T(1,t,) = 0. (3.157)

Our change of variables has moved the inhomogeneity from the boundary condition to the initial
condition.
We can now separate variables and proceed much as before. First take

T(z.,t.) = A(z.)B(t.). (3.158)

6Jacques Charles Francois Sturm (18031855, French mathematician.
"Joseph Liouville, 1809-1882, French mathematician and engineer.
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This gives
dB d*A
Adt* = Bd—:zrz’ (3.159)
1 dB 1d?A 9
_ = " =) 1
B dt. A dx? A (3.160)
This gives two ordinary differential equations:
A +A4 = 0 (3.161)
dx? - '
dB
NB = 0. 3.162
T (3.162)
Solving the first gives
A(z,) = Cy sin Az, + Co cos AT.. (3.163)
Here is where the homogenous boundary conditions are important. We need A(0) = 0, so
A(0) =0=C41(0) + Cs. (3.164)
Thus Cy = 0 and
A(x,) = Cy sin Az.. (3.165)
We also need A(1) =0, so
A(1)=0=Cysin\. (3.166)
For this, we insist that
A =nm, n=12,... (3.167)
Thus
A(x,) = Cysinnma,. (3.168)
Then for B, we get
dB
Fra n?m’B = 0, (3.169)
B(t.) = Csexp(—n’n’t,). (3.170)
Taking then our solution to be a linear combination of the various modes, we can assert
T(zs,t,) = Z Cpe ™™ sin .. (3.171)
n=1
Enforcing the initial condition, we get
T(x.,0) = —1=Y_ Cpsinnma.. (3.172)

n=1
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We need the Fourier sine coefficients for —1. We operate as usual to get

—sinmnrz, = i C, sinmmw, sinnw,, (3.173)
1 n;1 1
—/0 sinmnz, drv, = Z On/o sinmnx, sinnmwr, da,, (3.174)
n=1 ——
_2 s
{5 o = 2o @175
Cm
= =, 4 (3.176)
c, = { e :;)ii . (3.177)
Thus
Tloa ts) = — 2 i L o—en17t gnon — 1)ma,. (3.178)
(et 2n —1
In terms of T, we can then say
Tu(zart) =1— 2 i L -en-107t gnon — 1)ma,. (3.179)
(ot 2n—1

We note also that

e High frequency modes decay rapidly.

e Low frequency modes decay slowly.

e All modes decay to zero leaving the long time solution 7}, = 1.

The slowest decaying mode has n = 1, for which the approximate solution is at ¢, — oo,
4 —2t :
T, ~1——e ™ "™ sinma,. (3.180)
T

The time constant of decay of the slowest mode is 7 and is by inspection
T=—. (3.181)

The dimensional decay time 74 is thus

(3.182)

T4 = Tte = oy
Thus rapid decay is induced by short length scales L and high diffusivity a. A plot of the solutions is
shown in Fig. Here we have incorporated the original dimensional variables into the scaled axes of
Fig.
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0.2

0.0 at/L?

Figure 3.8: Response T'(z,t) for a solution to the heat equation with suddenly imposed
inhomogeneous boundary condition.

3.2.5 Heat equation: homogeneous Robin boundary conditions

I
Example 3.6
Consider the heat equation with a general initial condition and general homogeneous boundary
conditions (i.e. Robin boundary conditions):

oTr o0*T
= = T (3.183)
T(z,0) = [f(z), (3.184)
or
T(0,t) +as5-(0.) = 0, (3.185)
or
BT(LY) + (1) = 0. (3.186)
Find a general expression for T'(z,t).
Let us take
T(z,t) = A(x)B(1). (3.187)
Thus
dB d*A
1 dB 1 24,
- T = T =)\ 1
B dt Aw) daz = (3.189)
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This yields

d?A
— +XNA = 0 3.190
S+ , (3.190)
dB
— +XB = 0. 3.191
pras ( )
The first has general solution
A(z) = Cp cos A\x + Cysin Ax. (3.192)
We also see
dA .
ol —Chi A sin Az + Co )\ cos \x. (3.193)

Enforcing the boundary conditions at x = 0 and z = 1 gives

a1Cr +asACy = 0, (3194)
C1(B1cos A — Parsin\) + Co(Brsin A+ BadcosA) = 0. (3.195)

In matrix form, this becomes

(e75] 042)\ Cl - 0
(ﬁlCOS)‘_BMSin)\ B Sin)\—i-ﬁz)\cos)\) (Cg) - (0) (3.196)

For a nontrivial solution, the determinant of the coeflicient matrix must be zero, yielding
a1(B1sin A + BaAdcos A) — aaA(B1 cos A — SaAsin A) = 0. (3.197)

Assuming aq # 0 and 7 # 0, we can scale to get

aq 1

<sin)\ + %)\cos /\) ~ 22y (cos)\ - %)\sin /\) =0. (3.198)
1

In general, for a given as/a; and f2/f:1, this is a transcendental equation which must be solved
numerically for . In special cases, there is an exact solution. For the Dirichlet conditions found when
as = P2 =0, we get sin A = 0, yielding A = nr, and A(z) = Cy sin(nmz). For the Neumann conditions
when a; = 81 = 0, we get A2sin A = 0. This gives A\ = nm and A(x) = O cosnmz. For the Robin
conditions, we must find a numerical solution, and we still expect an infinite number of eigenvalues .
Consider the case when a; = 81 = 82 = 1 and as = 0. Thus our Robin conditions are

T(0,t) = 0, (3.199)
T(1,t)+g—§(1,t) = 0. (3.200)

Our expression for the eigenvalues, Eq. (3198) reduces to

sin A+ AcosA = 0, (3.201)
tan A = =\ (3.202)

To understand how the roots are distributed, we plot A and tan A in Fig. Numerical solution reveals
the eigenvalues are given by

A = {0,+2.02876, +4.91318, £7.97867, .. .} (3.203)
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Figure 3.9: Curves whose intersection gives roots of tan A = —\, eigenvalues of a problem
with Robin boundary conditions.
For our purposes, it suffices to only consider the nonzero positive eigenvalues so we take
A = {2.02876,4.91318,7.97867, .. .} (3.204)
For large |)|, the eigenvalues are given where tan \ is singular, which is where cos A = 0:
1
NS <n + 5) . (3.205)
For this problem, the boundary condition T'(0,¢) = 0 gives us C; = 0, so A(x) = Cysin Ax. We solve
for B to get
B(t) = Cexp (—\*t). (3.206)
Then forming linear combinations of the solutions, we have as a general solution
T(w,t) =Y Cpe Mtsin,a. (3.207)
n=0
At t =0, we have
fl@) = Cpsin,a. (3.208)
n=1

Our eigenfunctions, sin A\, x, are guaranteed orthogonal, but are not orthonormal. Let us use orthogo-

nality to find C,, for a given f(z):

f(z)sin Az = ZCnsin)\mxsin)\nx, (3.209)
n=1
1 o0 1
/ f(x)sin \px de = ZC”/ sin A,z sin A\, x dx, (3.210)
0 ot 0
1
= Cm/ sin Ay, sin A, dx, (3.211)
0

fol f(x)sin A,z dz

T - .
fo sin A\ sin Ao dz

(3.212)
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For other problems, we may need a more general Fourier expansion of the form

x) = Z C,, cos \px + By, sin A\, x. (3.213)
n=0

Calculation of the Fourier coefficients C,, and B,, is aided greatly by the orthogonality of the eigen-
functions; details can be found in Powers and Se

3.2.6 Poisson equation

I
Example 3.7
Consider a Poisson equation, first introduced in Eq. (ZI52). Recall that it is an inhomogeneous

version of Laplace’s equation:
o*T  0°T
==+ === . 214

Solve if f(x,y) = 100H (x — 1/2)H(y — 1/2), T'(2,0) = T'(x,1) =T(0,y) = T(1,y) = 0.

Here the boundary conditions are homogeneous, but there is an inhomogeneous source term. Phys-
ically, this might represent a heat transfer problem in a two-dimensional unit square plate whose
boundaries are held at fixed temperature and whose interior is heated in a spatially inhomogeneous
fashion. In this case, with H as the Heaviside step function, the unit square is heated in its upper
quarter square; its other three quarters are unheated.

Let us make an intuitive guess for the solution based on our experience with Laplace’s equation.
Guess a separation of variables solution of the type

=22 ComXa(@)Yu(y). (3.215)

n=1m=1

We have not yet specified the functional form of X,,(z) or Y;,,(y), but will soon do so by making useful
choices. Now substitute our guess, Eq. (3215) into our Poisson equation, Eq. (3214) to get

_ (Z Z Cnmd; You(y) + Z Z Crom X d Ym ) = f(z,y), (3.216)

n=1m=1 n=1m=1
n=1m=1 n=1m=1

For convenience, let us insist now that X, (z) and Y,,(y) be eigenfunctions of the positive definite linear
operators —d?/dx? and —d?/dy?, respectively and that each satisfy homogeneous boundary conditions
consistent with those of our Poisson equation:

PX,

T a2 A X (), Xn(0) = Xn(1) =0, (3.218)
d?Y,,

g = HmYm(y), Yu(0) =Ya(1)=0. (3.219)

8J. M. Powers and M. Sen, Mathematical Methods in Engineering, Cambridge University Press, New
York, 2015. See Section 6.5.
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We have studied this problem before and know it is satisfied iff \,, = nn, ., = mm, where n and m
must be integers. Thus, we have

—d;‘zi =n?1 X, (z), X,(0) = X,(1) =0, (3.220)
Yy,
g 212V (y), Y,(0) = Y, (1) = 0. (3.221)

The eigenfunctions, which are guaranteed to be orthogonal, are
X, (x) = Cy sinnme, Yo (y) = Cosinmmy, n=123,..., m=1,2,3,... (3.222)

We note that X, (z = 0) = X,,(z = 1) = 0 for all integer values of n and that Y,,,(y =0) =Y,,,(y = 1) =
0 for all integer values of m; thus, the homogeneous boundary conditions will be identically satisfied.
If we select C; = Cy = /2, the eigenfunctions will be

X, (z) = V2sinnnz, Y, (y) = V2sinmry, n=123,..., m=1,2,3,..., (3.223)

and they will be orthonormal in their respective domains:

/ Xn(2)Xp(x) dx = 2/ sinnrzsinkrr dr = 5%, (3.224)

1
/ Yon ( y) dy = 2/ sinmmysin jry dy = G- (3.225)
0

We next substitute our Eqs. (3220, B.22T)) into our Poisson equation, Eq. (32I1), to get

N3 Com (272X (@)Y () + M2 X 0 (2) Vi () = f(2,1). (3.226)

n=1m=1

Now multiply both sides by Xy (z), integrate over the domain x € [0, 1], and take advantage of or-
thonormality to get

SN Coum /O (N7 X (2) Xi (2) Vi (y) + M7 X3 (2) X (2) Y () d = / f(z,y) Xp(2) do, (3.227)

n=1m=1
Z Z Chm, (n2ﬂ'25nkYm( )+m 71'25nkY / flx,y) Xk (x) dx, (3.228)
n=1m=1
Z Crm (K*7°Yi (y) + m* Yo ( / f(z,y) Xy (z) dv. (3.229)
m=1

Now multiply both sides by Y;(y) and integrate over the domain y € [0,1] and take advantage of
orthonormality to get

1 1
chm / (K222Y;(5) Yon () + m272Y; (5) Yon () dly = / / ) Xu(@)Y; () dr dy,  (3.230)
ZC’“” (K*128jm + m>7%6, ) //fxka Y;(y) dz dy, (3.231)
Cyj (K7 + j%7°) / / (2, y) X5 (2)Y;(y) do dy.  (3.232)
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Now trade k for n and j for m to get

1 1 1
o = g /0 /0 F (@, 9) X (@) Yo ) da dy. (3.233)

n2q2 + m2m2

In terms of the orthonormal eigenfunctions, we get then

9 1 1
Cpm = m/@ /0 f(z,y) sinnresinmry dx dy. (3.234)

And for general f(x,y), we get the solution on the unit square to be from Eq. (8:2IH)

oo oo

T(z,y) =2 Z Z Chm sin nma sin my. (3.235)

n=1m=1

Fully substituting for C,,,, we could say

oo 0o ) 1 1
T(z,y) =2 _ 2 y)sinnrz’ sinmmy’ dx’ dy’ ) sinnrzsinmry.  (3.236
w0 =230 5 (Camrgmm | ) S sl simny’ ! ) smnrsinony. (230
For our function f(z,y) = 100H (x — 1/2)H (y — 1/2), we get
200 Lot
Com = W/ / sin nra sinmmy dx dy. (3.237)
0 ™ J1/2J1/2

This is easily evaluated. Doing so and substituting into Eq. [2I3]), we find the first few terms are

200sinmrsinmy  80sin2wzsin7my 80 sinma sin 27y + 50 sin 27z sin 27y

T(x,y) = 1 I 1 1 (3.238)

T s s s

A high accuracy plot of isotherms and adiabats, obtained with q = —VT', using 20 x 20 = 400 terms
of the solution is shown in Fig. [3.10

3.2.7 Method of manufactured solutions

|
Ezxample 3.8
Find the Poisson equation along with boundary conditions on the unit square with vertices (z,y) =
(0,0),(1,0),(1,1),(0,1) whose solution is T'(z,y) = sin wa sin y.

This is an example of the so-called method of manufactured solutionsf The method is useful
in generating easy-to-code exact solutions that can be used to verify discrete computational solution
methods. The essence of the method is to find the source term that renders the solution to be an exact

9Roache, P. J., 1998, Verification and Validation in Computational Science and Engineering, Hermosa.
10berkampf, W. L., and Roy, C. J., 2025, Verification, Validation and Uncertainty Quantification in
Scientific Computing, Second Edition, Cambridge.
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Figure 3.10: Solution contours for 7'(z,y) using 20 x 20 = 400 terms of an eigenfunction
expansion for a two-dimensional Poisson equation with homogeneous boundary conditions

and f(z,y) = 100H (z — 1/2)H(y — 1/2).

solution. Here we apply it to a linear equation. Its value is much greater for nonlinear problems for
which exact solutions usually do not exist; see the upcoming Sec. .34

First, by inspection, we see our T'(z,y) = sin 7z sin 7y satisfies homogeneous boundary conditions
on the given unit square:

T(x,0) =T (x,1) =T(0,y) =T(1,y) = 0. (3.239)
Now let us find the appropriate source term f(x,y) for the Poisson equation
- (% + (227121) = f(x,y). (3.240)
Direct substitution shows that
— (=m*sinwzsinmy — 7 sinwzsinmy) = f(z,y). (3.241)
So
f(z,y) = 272 sin wa sin 7y. (3.242)

A plot of the solution is shown in Fig.[B.11l Note it is easy to generate multiscale solutions. For example
the solution

T(x,y) = sindnx sin 47y, (3.243)
is induced by the source term
f(z,y) = 32n% sin 47 sin 47y. (3.244)
A plot of the solution is shown in Fig.
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Figure 3.11: Manufactured solution contours for T'(x, y) for a two-dimensional Poisson equa-
tion with homogeneous boundary conditions and f(z,y) = 272 sin 7z sin 7y.

3.3 Non-Cartesian geometries

Let us consider some common partial differential equations in non-Cartesian coordinate
systems.

3.3.1 Cylindrical

One can transform from the Cartesian system with (z,y, z) as coordinates to the cylindrical
system with (r, 0, 2) as coordinates via

= rcosb, (3.245)
= rsind, (3.246)
o= 2 (3.247)

A sketch of the geometry is shown in Fig. We will consider the domain r € [0, c0),
0 € [0,27], 2 € (—00,00). Then, with the exception of the origin (z,y,z) = (0,0,0), every
(x,y, z) will map to a unique (r,0, 2).

The Jacobian of the transformation is

oz, y, z)
J = —2=2 7 3.248
A(r,0,2)’ ( )
or  Or Ox
~ (% s 5 (3.249)
or o0 0z
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Figure 3.12: Manufactured solution contours for T'(z,y) for a two-dimensional Poisson equa-
tion with homogeneous boundary conditions and f(z,y) = 3272 sin 47z sin 47y.

cosf —rsinf 0
= | sinf rcosf 0 ]. (3.250)
0 0 1

We have J = |J| = r, so the transformation is singular and thus nonunique when r = 0. It is
orientation-preserving for > 0, and it is volume preserving only for r = 1; thus, in general
it does not preserve volume.

The metric tensor G is

G = J'.J, (3.251)
cos 0 sinfd 0 cos —rsinf 0
= | —rsinf rcosf 0 sinf rcosf 0], (3.252)
0 0 1 0 0 1
1 0 0
— 0o »2 0. (3.253)
0 0 1

Because G is diagonal, the new coordinates axes are also orthogonal.
Now it can be shown that the gradient operator in the Cartesian system is related to
that of the cylindrical system via

0 9
£ 9
¥ B )
v=|2 | = @O % , (3.254)
2 9z
0z z
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Figure 3.13: Cylindrical coordinate geometry.
cosf —snl aﬁ
3 COSTG 5
= sing = 0 w | (3.255)
0 0 1 PE
cos L — snf o
I S Y
= | sinf5. + =75 | . (3.256)
0
EE
Consider then the Laplacian operator, V2 = V7 . V, which is
v: = VvI.v, (3.257)
. cos «9% — Si;‘g%
= (cosfZ — 50 gingl 4 csb 0 D | gingl ;r csb &) (3.258)
0z
Detailed expansion followed by extensive use of trigonometric identities reveals that this
reduces to
10 0 1 0 0?
Vi.v=Vi=—-_"(r=— ——+ —. 3.259
r or (ﬂ%) e T oz (3.259)
|
Example 3.9

Consider the heat equation 9T /0t = V2T which governs the distribution of 7 within a cylinder of
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unit radius. Assume there is no variation of 7" with respect to § or 2. Thus, we have T'= T'(r,t). Take
T(r,0) = f(r), T(1,t) = 0, and T(0,t) < co. Generate T'(r,t) if f(r) =r*(1 —r).

Drawing upon Eq. (3:259) in the limits of this problem, our heat equation reduces to

oT 10 oT
= = = (yp== 2
ot r or <T or > ’ (3.260)
o*T 10T
_ ittty 261
or?2  ror (3.261)
Let us separate variables and see if we can find a solution. Take
T(r,t) = A(r)B(t). (3.262)
Then we get
dB d*A  B(t)dA
Alr)— = Blt)oz +——— (3.263)
1 dB 1 d?A 1 dA
= = - T - T )2, 3.264
B(t) dt A(r) dr? rA(r) dr ( )
This yields two ordinary differential equations:
dB
o +MB = 0, (3.265)
d’A 144
—+ —— A = 0. 2
dr? + rdr A 0 (3.266)

Note that Eq. ([3266) can be rewritten in Sturm-Liouville form as —(1/r)d/dr(rdA/dr) = \?A, and
the self-adjoint positive definite Sturm-Liouville operator is Ly = —(1/7)d/dr(rd/dr). The solution to

Eq. (3264 is of the form
A(r) = CrJo(Ar) + C2Yo (Ar). (3.267)

Here Jy is a Besse function of order zero, and Yy is a Neumann function of order zero. The Neumann
function is singular at r = 0; thus, we insist that Cy = 0 to keep T bounded. Thus

A(T) = Cljo()\T). (3268)
We need A(1) to be zero to satisfy the Dirichlet condition T'(1,¢) = 0. This gives
A1) =0=CiJo(N). (3.269)

For a nontrivial solution, we must select A such that Jy(A) = 0. These zeros must be found numerically.
We get an idea of their distribution by plotting Jy(A) in Fig. B.I4l The first four are given by

A = {2.40483, 5.52008, 8.65373,11.7915, . . .} . (3.270)
Each of these eigenvalues is associated with an eigenfunction. The first four are
J(2.40483r), Jo(5.52008r), Jo(8.65373r), Jo(11.79157). (3.271)

We map these back to a Cartesian coordinate system and plot the first four eigenfunctions in Fig. B.15]

WEriedrich Bessel, 1784-1846, German astronomer and mathematician.
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Jo(N)
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Figure 3.14: Plot of Jy(A).

Figure 3.15: Plot of the first four eigenfunctions, Jo(A,r), n = 1,2,3,4, projected onto a
Cartesian space.

Knowing A, we can now integrate Eq. ([3.263) to get

B(t) = Csexp (—A°t) . (3.272)
Combining with Eq. (32268) and forming arbitrary linear combinations, we can say
T(rt) =Y Cue ™ Jo(Anr). (3.273)
n=1
Here ), is the n'" term of Eq. (32270). We use the initial condition to find the C,, values. Doing so we
get
T(r,0) = f(r) =Y _ Codo(Anr). (3.274)

We thus need to expand f(r) in a Fourier-Bessel series. We do so via the following steps.

rloAmm)f(r) = Y Cordo(Amr)Jo(Anr), (3.275)

n=1
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T -0.5 %
-1.0

Figure 3.16: Solution T'(r,t) to heat equation within a cylindrical geometry with 7'(r,0) =
r?(1 — r) along with T'(z,y,t = 0).

1 0o 1
/ rJomr) f(r) dr = > C, / rJoAmr) Jo(Ant) dr. (3.276)
0 n=1 0
Now the orthogonality of the Bessel functions is such that one can show

/0 rJo o) Jo (At dr = %(Jl(/\n))zémn. (3.277)

Therefore, we have

1 fe%e]
[ rhOnn)) e = 32 Cug (i), (3.278)
0 n=1
= %(Jl(km))Q, (3.279)
2 1
cC, = ——— Jo(An dr. 3.280
G |, ) dr (3.280)
Thus,
S 2 ! A2t
T(r,t) = —_— FJo( A7) f(7) dr ) e " Jo(A,r). 3.281
0 =3 (e [, RS @) e (3.281)
If f(r) = r%(1 —r), we calculate that
Cp = {0.164131,—0.19501, 0.0504623, —0.0273625, 0.0138598, .. .} . (3.282)

For this f(r), a plot of T'(r,t) along with T(x,y,t = 0) is shown in Fig. BI60l We see the initial
distribution loses some of its structure, then the entire solution relaxes to zero at t advances.

I
Ezxample 53.10
Consider the wave equation 92¢/0t> = a?V?¢ which governs the distribution of ¢ within a two-
dimensional circular domain with radius of unity. Assume there is no variation of ¢ with respect to 6
or 2. Thus we have ¢ = ¢(r,t). Take 9¢/0t(r,0) = 0, ¢(r,0) = f(r), ¢(1,t) = 0, and ¢(0,t) < oo.
Generate ¢(r,t) if f(r)=1—H(r —1/4) and a = 1.
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Again drawing upon Eq. (8:2259) in the limits of our problem, our wave equation reduces to

1
a2

Let us separate variables:

9?%¢ a? o ( 8¢>)

o2~ ror\or
% _ 0% 104
otz or2  ror

¢(r;t) = A(r)B(t).

Then we get
A(r) &B B(t)dQ_A B(t) dA
a? dt? dr? rodr’
L @#B 1 &A1 dA
a’B(t) dt2 A(r) dr2  rA(r) dr
This yields
£B
— +d°\°B 0
dt? * ’
d*A 144
Laa A =
dr? + r dr A 0

As before, the solution to Eq. (3:289) is

A(T) = Cljo()\T) + 02}/0()\7"),

and we choose Cy = 0 to retain a bounded solution at r = 0, so

A(T) = Cl JO ()\T)

(3.283)

(3.284)

(3.285)

(3.286)

(3.287)

(3.288)

(3.289)

(3.290)

(3.291)

And as before in order that ¢(1,t) = 0, we must select A so that Jo(\) = 0 giving, as from Eq. B270),

A = {2.40483,5.52008, 8.65373,11.7915, .. .} . (3.292)
Knowing A, we can integrate Eq. (3288) to get
B(t) = C3sinat + Cy cos alt. (3.293)
Now to satisfy the initial condition that d¢/dt(r,0) = 0, we must set dB/dt(0) = 0:
dB

i aXCs cos alt — aACy sinalt, (3.294)
B = a\C3 = 0. (3.295)
dt |,_q
Thus C'5 = 0 and we get
B(t) = Cycosat. (3.296)

So our general solution is a linear combination of the various modes, yielding

o(r,t) = i C,, cos(ahnt) Jo(Anr). (3.297)

n=1
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10 -10

Figure 3.17: Solution ¢(r,t) to wave equation within a cylindrical geometry with ¢(r,0) =
1—H(r—1/4) with a = 1 along with ¢(z,y.t = 1/2).

The ratio of the frequencies of oscillation of the various modes do not come in integer multiples because
of the nature of the cylindrical geometry. At the initial state, we require ¢(r,0) = f(r), yielding, as

before,
Cp = ﬁ /0 Jo O () dr (3.208)
For f(r) =1 — H(r —1/4), we get
Cn = {0.221578,0.421112, 0.439822, 0.281122, .. .} . (3.299)
Thus
oo ) ;
Br,t) =Y (m /O FJo(Anf) f(7) df) cos(arnt)Jo(Anr). (3.300)

n=1

For this f(r), a plot of ¢(r, t) along with ¢(x,y,t = 1/2) is shown in Fig. BT7 A plot of ¢ in r —¢ space
is shown in Fig. From this figure, we see that all disturbances propagate with speed of unity.

One feature of particular interest is the early time behavior of the wave form. The initial jump
breaks into two jumps. One moves in the direction of increasing r; the other moves towards r = 0.
The state between the two jumps varies with ». When the jump moving towards the center reaches the
center, there is a reflection.

I
Ezxample 5.11
Find the two-dimensional field 7" which satisfies V2T = 0 with boundary conditions of 7' = T} on
the upper half of a circle of radius @ and T" = T, on the lower half of the circle.

While we could do this problem in Cartesian coordinates, the specification of the boundary con-
ditions on the circle renders the cylindrical coordinate system to be of greater utility. In general, we

@© 28 March 2025. J. M. Powers.



90

CHAPTER 3. SEPARATION OF VARIABLES
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Figure 3.18: Solution ¢(r,t) to wave equation within a cylindrical geometry with ¢(r,0) =
1—H(r—1/4) with a = 1.

can expect T = T'(r,0,2). But due to the nature of the problem statement, we expect no variation
in 2, and one can consider a variation of T'(r,#), which implies a polar coordinate system. For this
two-dimensional polar geometry, V27T = 0 is written as

10 aT 1 0°T
We take as boundary conditions
o Ty, RS [0,7’(’],
T(a,0) = { Ty, 6¢[r,2n]. (3.302)

Often we can simplify analysis by scaling the equations in a convenient fashion. Scaling choices are not
unique. We adopt the following guidelines to aid our choices:

e Try to render quantities to lie between zero and unity.
e Try to induce and take advantage of natural symmetry.
e Try to remove inhomogeneities, so as to have as many things be zero as possible.

Here we have some useful choices. Let us take

==
_|_

: (3.303)

T-T,
T =Ty

Tx

T

(3.304)
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With this choice the domain r € [0,a] is mapped to r,. € [0,1]. And when T' = T3, T, = 1; when
T = T5, T, = —1. This choice does introduce both +1 into T, but it introduces an anti-symmetry
about § = 0 and # = 7. By the chain rule, we see that

o dr. 0 10

o = dr Or. — aor. (3:30)

So Eq. (3301)) becomes

1 9 (ar 19 ((Tl—Tg)(T*—1)+T1>)+ 1 & ((TI_TQ)(T*_1)+T1) ~ 0. (3.306)

rea? Or, *a Or, 2 r.2a2 002 2

This and the boundary conditions reduce to

1 0 oT, 1 0T, 1, 6#€][0,n],
Let us now separate variables and assume
T.(r,0) = A(r.)B(0). (3.308)
Our Laplace’s equation then becomes
B(9) d dA A(r.) d*’B B
. dT* (T* d’l”*) + T*2 W - O, (3309)
re d dA 1 d°B
— (== —— = 0, 3.310
Alry) drs (T dr*> *Bo) 102 (3:310)
T d dA 1 d°B
S (el = ——— =2 3.311
Alry) drs (T dr*> B(9) d6? (3:311)
This gives us two ordinary differential equations
d dA 9
d’B 9
— B = 0. 31
102 + A 0 (3.313)
The second of these has solution
B(0) = Cysin A + C5 cos A0. (3.314)

Now we expect both T and its spatial derivative to be periodic in 6. So we expect B(0) = B(27) and
dB/df(0) = dB/d(2x). The condition B(0) = B(27) gives

Cy = Cysin(27A) + Cy cos(2mN). (3.315)
The condition dB/df(0) = dB/df(27) gives
ACy = AC cos(2m\) — ACy sin(27 ). (3.316)

We write this as a linear system of equations as
sin 27w\ cos2mA —1 Ci\y (0
<COS27T/\— 1 —sin2wA\ ) (C’z) o <O) ' (3.317)
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For nontrivial C; and C5, we must require the determinant of the coefficient matrix be zero, giving

—sin? 27\ — (cos 27\ — 1)°
—sin? 27\ — cos? 27\ +2 cos 27\ — 1

=1

2 cos 2w\

cos 2T
This can only be achieved if we select
A=n, n=20,1,2,....
Thus,
B(0) = Cy sinnf 4+ Cy cosnd.
Then Eq. (3312) reduces to

d?A dA
2 A aa o,
Ty a2 +T*dr* n“A=0.

(3.318)
(3.319)

(3.320)
(3.321)

(3.322)

(3.323)

(3.324)

This is a second order ordinary differential equation with variable coefficients. It is known as Euler'd?

equation. If n = 0, it reduces to

LA A
*dr2 dr,
With A" = dA/dr,, this becomes
dA" A
dr. Ty
ar
A T
InA" = C—lInr,,
P
Te
Here ' = ¢€. Continue then to find
A C
dr. )
A(r,) = C+Clr,, n=0.

(3.325)

(3.326)

(3.327)
(3.328)

(3.329)

(3.330)

(3.331)

For n # 0, we can find solutions by assuming solutions of the form A(r,) = r.’. Substituting, we find

r2b(b — )72 4 b — n2rb

bb—1)+b—n* = 0,
b2—n2 —
b = =+£n,

12Leonhard Euler, 1707-1783, Swiss mathematician.
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Thus
A(ry) = Car™ + Cyr ™" (3.336)
Combining, we find
T.(rs,0) = (C +Cn T*) (C2) n=0, (3.337)
(Csr ™ + Cyry, ") (Crsinnb + Cacosnf), n=12,...

Now, we seek a bounded T, at r, = 0. To achieve this, we will insist that both C=0Cy= 0, so that

Cb n=>0

T(re,0) = { Ty (C’l sinnd + Cs cos n@) , n=1,2,... (3.338)

Here we have taken Cp = C'Cg, C = C3C1, and C'g = (3C5. We can in fact form linear combinations
of the various modes; doing this, and segregating the n = 0 term, defining the terms Cy, C,, and B,
for convenience, and rearranging, we can say

T.(r.,0) = Co+ Y Curlcosnf + »  Burlsinnf. (3.339)

n=1 n=1

Now when r, = 1, we have

T(1,0) = f(0) = —1+2H(r —0) = Co+ » _Cncosnf + »_ Bysinnd. (3.340)

n=1 n=1

The following orthogonality properties are easily verified for nonnegative integers n and m:

o 2r n=m=20,
/ cosnfcosmb df = T n=m#0, (3.341)
0 0 n #m,
o 0 n=m=0,
/ sinnfsinmb df = T n=m%#0, (3.342)
0 0 n # m.

Let us see how to find B,,. Let us operate on Eq. (3340) first by multiplying by sin m#:

f(@)sinmf = Cysinmb + Z C), cosnfsinméb + Z B,, sinnf sinmé, (3.343)
n=1 n=1
2 2m S 2
/ f(@)sinmb dd = Cy / sinm6 df + Z Ch / cosnf sinmé do
0 0 1 0
=0 =0
oo 27
+ Z B, / sinnf sinm db, (3.344)
n=1 0
=T 0mn
n=1
= 7B, (3.346)
1 2m
- / f(@)sinnd d0 = B,. (3.347)
T Jo
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Then, one could used the same procedure to find Cy and C,. The general trigonometric Fourier
coefficients for f(f) are easily shown to be

1 2T
Cy = /. 1(0) de, (3.348)
1 27
C, = = f(6) cosnb db, n=12,... (3.349)
T Jo
1 2m
B, = - [ [f(6)smnbds, n=1,2,... (3.350)
T Jo
We find then for f(0) = -1+ 2H(m — ) from Eq. (3301) that
Co = 0, (3.351)
C, = {0,0,0,0,...}, (3.352)
4 4 4
B, — {;,0,37,0,5—#,...}. (3.353)

Only odd powers of n have value in B,,. Recognizing this we can thus write the solution compactly as

R dr,sin®  4r,®sin30  4r,%sin50
L(r,0) = = 3 s sin((2n — 1)) = ——— + — 4

™

(3.354)

T 3 51

With 2, = z/a and y. = y/a, surface and contour plots of T, composed from 25 nonzero terms is
shown in Fig. B.19 Also shown is the heat flux vector field q = —VT,. We note there is no particular

NPT
N\ \\\\H

Figure 3.19: Plots of T, which satisfy V2T, = 0 with T, = —1 on the lower circular boundary
and T, = 1 on the upper circular boundary: a) surface plot, b) contour plot along with heat
flux vector field.

difficulty in T at the origin . = 0. However T is nonunique at (r.,0) = (1,0) and (1, 7), the locations
of the jumps in 7.
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N

L33

T O

Figure 3.20: Spherical coordinate geometry.

3.3.2 Spherical

One can transform from the Cartesian system with (x,y, z) as coordinates to the spherical
system with (r, ¢, 0) as coordinates via

r = rcosfsing, (3.355)

= rsinfsin ¢, (3.356)

Z = TCcos¢. (3.357)
[0,

A sketch of the geometry is shown in Fig. We will consider the domain r € [0, c0),
¢ € [0,7], @ € [0,27]. Then, with the exception of the z-axis, (x,y,z) = (0,0, z) every
(x,y, z) will map to a unique (7, ¢, ).

The Jacobian of the transformation is

Nz, y,2)
J 3.358
Ar,0,0)’ ( )
oz Or  oa
= 8—?7{ a—g a—z , (3.359)
ar 96 90
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cosfsing rcosfcos¢p —rsinfsing

= sinfsin¢g rcos¢gsinf rcosfsing | . (3.360)
cos ¢ —rsin ¢ 0
We have J = |J| = 7?sin¢, so the transformation is singular and thus nonunique when

either r = 0, ¢ = 0, or ¢ = m. It is orientation-preserving for r > 0, ¢ € [0, 7] and it is
volume-preserving only for 72 sin ¢ = 1; thus, in general it does not preserve volume.
The metric tensor G is

G = J'.J, (3.361)
cos @ sin ¢ sin # sin ¢ cos ¢ cosflsing rcosfcos¢p —rsinfsing
= rcosfcos¢ rcosgsinf —rsing sinflsing rcos¢sinf rcosfsing ,
—rsinfcos¢ rcosfsing 0 cos ¢ —rsin ¢ 0
(3.362)
1 0 0
= 0 r? 0 ) (3.363)
0 0 7%sin?¢

Because G is diagonal, the new coordinates axes are also orthogonal.
The gradient operator in the Cartesian system is related to that of the spherical system
via

9 Xik
il Y
T\—1
V=13 = (J) 7 | (3.364)
9 Xik
0 o0
F1 cos 9 sin ¢ cos Grcos(j) __¢csc d)TSine %
— sin @ sin ¢ cos ¢;sm9 cos GTCSC(z) ) ’ (3365)
cos ¢ —%‘1’ 0 2z
COSGSil’lQﬁ% + Cosﬁrcos¢% . cscqiﬂsin@%
= | sinfsingg + =l cosboco B (3.366)
0 sing 0
cos ¢E — %

We then have the Laplacian operator, V2 = V7 - V. which is, following extensive reduction

10 0 1 0 1 9 0
V2o vT. v — 2 :
B r2 or (T 87’) - 72 sin? ¢ 062 * r2s8in ¢ 0¢ (sm¢ ) ’ (3:367)

|
Ezxample 5.12
Find the distribution of 7' within a sphere of radius a which satisfies V2T = 0 with boundary
conditions of T =T} on the upper half of the sphere and 7" = T5 on the lower half.
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In general, we could expect T' = T'(r, ¢, 0). However, we notice symmetry in the boundary conditions
such that we are motivated to seek solutions T' = T'(r, ¢); that is, we will neglect any variation in 6.
Our governing equation and boundary conditions then reduce to

0 [ ,0T 1 0 /. 0T T, ¢€l0,Z

— — _— — | =0 T = ’ 240 3.368

ar (T 8T)+sin¢8¢ (Sln¢a¢> ’ (a) { T, ¢€ (3.7, (3.368)
Similar to the related example in polar coordinates we select scaled variables r. = r/a, and T, =
14 2(T —T1)/(Ty — T3). The problem is then expressed as

o [ 0T, 1 0 (. 0T\ B T (1, éelo,1],
r. <T* 3r*)+81n¢5_¢<sm¢3¢>_0’ T*(1’¢)__1+2H(5_¢)_{ -1, ¢€£%7ﬂ-

Let us separate variables and see if this leads to a solution. We can try
Ti(rs, @) = A(ry)B(9). (3.370)

Substituting this assumption into Eq. (3369) yields

(3.369)

B(¢) di (mzsﬁ) + ‘:i(rf;) % (singbill—i) = 0, (3.371)
ﬁdi Gﬁj—i) = —m% (sin¢ill—i) = A\ (3.372)
This yields two ordinary differential equations:
di* <r*232> a4 = 0, (3.373)
% (sin¢%) +Asing B = 0. (3.374)

Let us operate further on Eq. (3374), performing some non-obvious transformations to render it into
a standard form. First let us change the independent variable from ¢ to s via the transformation

§ = cos ¢. (3.375)

With this transformation, we find from the chain rule that

d ds d . d
Then Eq. (B3T4) is rewritten as
d dB
—sing— ( —sin® p— | + Asing B = 0. (3.377)
ds ds

Now we recognize that sin® ¢ = 1 — cos? ¢ = 1 — 52, and we scale by sin ¢, taking care that ¢ € (0,7),
so as to get

% <(1 - 52)2—13 +AB = 0, (3.378)
—d% ((1 — 32)6%> B = \B. (3.379)
L
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Here L is the well known positive definite Sturm-Liouville operator whose eigenvalues A = n(n + 1),
with n =0,1,2,... and eigenfunctions are the Legendr polynomials, P, (s):

1 dn 2 n
The first few eigenfunctions and eigenvalues are

Py(s) = 1, A =0, (3.381)

Pi(s) = s, A =2 (3.382)
1

Py(s) = 5(—1 + 35?), =6, (3.383)
1

Py(s) = 5s(=3+ 5s%),  A=12, (3.384)
1

Py(s) = 3B~ 30s* 4+ 35s%), A =20, (3.385)

It can be shown by direct substitution of the eigenvalues and their corresponding eigenfunctions that
Eq. 379) is satisfied. Just as the Sturm-Liouville operator —d?/ds? has two families of eigenfunctions
(sin and cos), so does the Legendre Sturm-Liouville operator. The other set of complementary functions
are known as @, (s) and have logarithmic singularities at s = +1. Because we desire a bounded solution,
we will select the constant modulating @,,(s) to be zero, and thus consider it no further.

We thus take

B, (¢) = Py(cos ¢). (3.386)
Thus,
By(¢) = 1, A=0, (3.387)
Bi(¢p) = coso, A =2, (3.388)
By(¢) = %(—1 + 3 cos? ¢), A\ =6, (3.389)

Now return to consider Eq. 3373). With A=n(n+1),n=0,1,2,... it is

d [ ,dA -
o <T* dr*> —n(n+1)A=0. (3.390)

This is an Euler equation. We can assume solutions of the type A(r.) = Cr.’. With this assumption,

Eq. (3390) becomes

d 2 d b b _
- (r* - (Cr. )) n(n+1)Cr.” = 0, (3.391)
di(br*b+1)—n(n+1)r*b = 0, (3.392)
T
b+ ). —nn+1r.b = o0, (3.393)
bb+1)—n(n+1) = 0. (3.394)

13 Adrien-Marie Legendre, 1752-1833, French mathematician.
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Solving this quadratic equation for b, we find two solutions: b =n and b = —(n + 1), thus
A(r,) = O 4 Cyr, ~(0FD), n=0,1,2,... (3.395)
To suppress unbounded 7T, when 7, = 0, we set Cy = 0 so that
A(ry) = Cyr", n=20,1,2,... (3.396)

We can then combine our solutions for B(¢) and A(r.) in terms of arbitrary linear combinations to get
Tu(re, @) = i Chri" Pp(cos ). (3.397)
n=0
To determine the constants C,,, we can apply the boundary condition at r. = 1 from Eq. ([8.369):
T.(1,¢) = f(¢) = i C,, P, (cos ¢). (3.398)

n=0

This amounts to expressing f(¢) in terms of a Fourier-Legendre series, where the basis functions are the
Legendre polynomials. To aid in this, let us again employ the transformation of Eq. (3370, s = cos ¢.
Let us also define g such that

g(cos @) = f(9). (3.399)

For example, if f(¢) = ¢, then g(cos¢) = arccos(cos ¢); so g is the inverse cosine function. Then in
terms of s, we seek the Fourier-Legendre expansion for

g(s) = Z CrPn(s). (3.400)
n=0
Now the Legendre polynomials are orthogonal on the domain s € [—1,1] with it being easy to show
that
! 2
Po(8)P(s) ds = dmpn—— 3.401
| PAPu(s) ds = by (3.401)

Note that when s = 1, ¢ = 0 and when s = —1, ¢ = 7, so the domain s € [—1, 1] sweeps through the

3

entire sphere. Let us use the orthogonality property while operating on Eq. (3:400):
9(8)Pm(s) = > CoPu(s)Pu(s), (3.402)
n=0

1 o0 1
/g(s)Pm(s) ds = ch/ Po(s)P(s) ds, (3.403)
n=0 —1

—26,m /(2n41)
! > 26
[ oOPats) a5 = 3oz (3.104)
1
20,
1
C, = 2”2“ / 9(5)Pa(s) ds. (3.406)
1
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Now our two-parted domain transforms as follows. With s = cos ¢, we see that ¢ € [0, 7/2] maps to
s € [1,0]; moreover, ¢ € (7/2, 7] maps to s € (0,—1]. So we can say that g(s) is expressed as

_ _ /1 selL0]
o) =120 ={ 1 250 (3.407)
With this g(s), evaluation of Eq. (3:400]) gives
3 7 11 75
n — 1Yy oY T LAYy T T gt (0 = a172a"' A4
C, {020 80160 198 } n=>0 (3.408)

Very detailed analysis reveals there is a general form for the C), for arbitrary n, allowing one to write
the solution compactly as

o0

T.0r016) = 3 Gt R 2 Py (o). (3.409)

m=0

The first two nonzero terms of the series are

3 7
Ti(re,9) = 5r*Pl (cos ) — gT*Bpg(COS o)+ ..., (3.410)
_ 2
_ %r* cos ¢ — gmcow( 3;5“’8 9. . (3.411)

With z. = 2/a, z. = z/a, and considering only the plane on which y = 0, surface and contour plots of
T, composed from 10 nonzero terms of Eq. (8:409) are shown in Fig. B22Il Again, there is no particular

Figure 3.21: Plots from the plane y, = 0 of T, which satisfy V*T, = 0 with 7, = 1 on an
upper hemispherical boundary and 7, = —1 on a lower hemispherical boundary: a) surface
plot, b) contour plot and heat flux vector field.

difficulty in T, at the origin r, = 0. However T, is nonunique at (r.,¢) = (1, 7/2), the locations of the

jump in T,. The plots of Fig. B21] are very similar to those of the cylindrical analog of Fig. BI9 the
small differences can be attributed to spherical versus cylindrical geometry.
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3.4 Usage in a stability problem

Separation of variables is often an important component of problems of larger scope. Often
when one wants to determine the stability of some solution of a nonlinear equation, one
employs local linearization techniques so as to generate a linear problem which may be solved
via separation of variables. As an example, let us consider an idealized problem motivated
by combustion. The general problem is nonlinear, with a linear heat equation subjected
to a nonlinear combustion source term. We shall determine a steady state solution from
solving numerically a nonlinear problem, then determine its linear stability via separation
of variables. We close by briefly examining its full nonlinear transient solution. Further
physical and mathematical details are given by Powers[]

The domain is modeled to be a slab of infinite extent in the y and z directions and has
length two in the x direction, with = € [—1,1]. The temperature at z = £1 is held fixed at
T = 0. The slab is initially unreacted. Exothermic conversion of material from reactants to
products will generate an elevated temperature within the slab 7" > 0, for z € [—1, 1]. If the
thermal energy generated diffuses rapidly enough, the temperature within the slab will be
T ~ 0, and the reaction rate will be low. If the energy generated by local reaction diffuses
slowly, it will accumulate in the interior, accelerate the local reaction rate, and induce rapid
energy release and high temperature.

We take our model equations to be

oT 1 0°T -0
T(-1,t) = 0, T(1,t)=0, T(x,0)=0. (3.413)

Here, the equations are dimensionless. Three dimensionless parameters appear, 1) O, the
so-called dimensionless activation energy, motivated by so-called Arrhenius kinetics. In the
Arrhenius kinetics model, reactions are suppressed at low temperature. At high temperature
they are fully activated. The value of © plays a large role in determining at what temperature
the transition from slow to fast occurs, 2) @), the dimensionless heat release parameter which
quantifies the exothermic nature of the reaction, and 3) ©, the Damkéhle number, which
gives the ratio of the time scales of energy diffusion to the time scales of chemical reaction.
Note that the initial and boundary conditions are homogeneous. The only inhomogeneity
lives in the exothermic reaction source term, which is nonlinear due to the exp(—1/T") term.

UPowers, J. M., 2024, [Lecture Notes on Fundamentals of Combustion, University of Notre Dame; also see
Powers, J. M., 2016, Combustion Thermodynamics and Dynamics, Cambridge University Press, New York.
15Gerhard Damkohler, 1908-1944, German chemist.
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As an aside, let us consider the evolution of total energy within the domain. To do so we
integrate Eq. (8.412) through the entire domain.

Lar L1 o?T ! -0
/_ﬁdfc = /_15Wd$+/_1(1_T)eXp<1+QT) dz,  (3414)
d 1

1 0T 1 0T ! -6
— Td = — — - = = 1-T d
at ) - Dor|,_, D &nﬁ53+/¥( >eXp<1+QT) ’
SN— (. ~ >z - ~
thermal energy change boundary heat flux internal conversion

(3.415)

The total thermal energy in our domain changes due to two reasons: 1) diffusive energy flux
at the isothermal boundaries, 2) internal conversion of chemical energy to thermal energy.

3.4.1 Spatially homogeneous solutions

For ® — oo diffusion becomes unimportant in Eq. (8:412), and we recover a balance between
unsteady effects and reaction:

ar

E;:a—Tmm< —©

1+ QT

), T(0) = 0. (3.416)

Solutions 7T'(t) are independent of x and are considered spatially homogeneous. An asymp-
totic theory valid in the limit of large © predicts significant acceleration of reaction when

e
t— 06 (3.417)
For © = 15, @ = 1, we plot a numerical solution of T'(¢) in Fig. For these parameters,
T
1.0}
0.8}
0.6
0.4
0.2 3
217934
100‘000 200‘000 300‘000 400‘000 ¢

Figure 3.22: Plot of T'(t) for © =15, Q =1, ® — oc.

Eq. (3.4I7) estimates a blow-up phenomena at ¢t = 217934. The results of Fig. 3.22] indicate
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our estimate is good. Physically, the exothermic heat release from initially slow reaction
accumulates inducing a slow temperature increase. At a critical temperature, the extreme
sensitivity of reaction rates induces a rapid rise of temperature to its final value of T' =1,
where the material is completely reacted.

3.4.2 Steady solutions

Let us examine solutions to Eq. (8:412) in the steady state limit for which 9/0t =0 :

1 d*T -0
0 = T(-1)=T(). (3.419)
Rearrange to get
d*T -0
prclii —D(1—-T)exp (1 n QT) , (3.420)
A QOexp(-0©) . -0
= Q—Q@exp(—(%) (1 —T)exp 707 (3.421)
Now, defining for convenience
0 =DQOexp(—0), (3.422)
we get
T exp(0) -0
ol -0 06 (1 =T)exp (1 n QT) , (3.423)
T(-1) = T(1)=0. (3.424)

Equations (3.4233.424)) can be solved by a numerical trial and error method for which
we take T'(—1) = 0 and guess dT'/dx|,—_1. We keep guessing until we have satisfied the
boundary condition of 7'(1) = 0.

When we do this with § = 0.4, © =15, Q = 1 (so ® = §¢°/Q/O = 87173.8), we find
three steady solutions. For each we find a maximum temperature, 7", at x = 0. One is
at low temperature with 7™ = 0.016. We find a second intermediate temperature solution
with 7 = 0.417. And we find a high temperature solution with 7" = 0.987. Plots of T'(x)
for high, low, and intermediate temperature solutions are given in Fig

We can use a one-term collocation approximation to estimate the relationship between o
and T™. Let us estimate that

T.(z) = c1(1 — 2%). (3.425)
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X

10 05 E 1.0

Figure 3.23: Plots of high, low, and intermediate temperature distributions 7'(x) for § = 0.4,
Q=1 6=15.

This estimate certainly satisfies the boundary conditions. Substituting our choice into
Eq. 3423), we get a residual of

o © 2
r(z) = —2¢ + 06 exp (@ TTra00- x2)) (1 —c(1—27)). (3.426)

We choose a one term collocation method with ¢ (z) = dp (). Then, setting f_ll Uy (z)r(x)de =
0 gives

J ©
r(0) = —2¢; + ®exp (@ 17 ClQ) (1—-1¢1)=0. (3.427)

We solve for ¢ and get

2¢; QO ©
§ = = . 42
1—c e® eXp<1+le) (3.428)

The maximum temperature of the approximation is given by 7" = ¢; and occurs at z = 0.
A plot of T)™ versus ¢ is given in Fig[3.24l For § < 6., ~ 0.2, one low temperature solution
exists. For 0. < 0 < 0.0 ~ 0.84, three solutions exist. For § > .o, one high temperature
solution exists.

3.4.3 Unsteady solutions

Let us now study the effects of time-dependency on our problem. Let us begin with

Eq. (8412).
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7"

1.0p

08}

02|

0.2 0.4 0.6 0.8 1.0 1.2 14 4

Figure 3.24: Plots of 1" versus 0, with () = 1, © = 15 from a one-term collocation approx-
imate solution.

3.4.3.1 Linear stability

We will first consider small deviations from the steady solutions found earlier and see if those
deviations grow or decay with time. This will allow us to make a definitive statement about
the linear stability of those steady solutions.

3.4.3.1.1 Formulation First, recall that we have independently determined three exact
numerical steady solutions to the time-independent version of Eq. ([3:412). Let us call any
of these T.(x). Note that by construction T.(x) satisfies the boundary conditions on 7.

Let us subject a steady solution to a small perturbation and consider that to be our
initial condition for an unsteady calculation. Take then

T(x,0) =T.(z) + €A(z), A(—1) = A(1) =0, (3.429)
A(z) = O(1), 0<ex 1. (3.430)

Here, A(z) is some function which satisfies the same boundary conditions as T'(x, ).
Now, let us assume that

T(x,t) =T.(x) + T’ (x,t). (3.431)
with
T'(x,0) = A(x). (3.432)
Here, T" is an O(1) quantity. We then substitute our Eq. (3:431)) into Eq. (3:412) to get

0 1 o

5 (Le@) + (@) = Zo (Telw) + €I'(, 1))
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, -0
+ (1 =T, (x) — €T’ (z,t)) exp (1 AR QeT’(x,t)) :
(3.433)

From here on we will understand that T, is T.(x) and 7" is T"(x,t). Now, consider the

exponential term:
-0 1
) , (3.434)
T/

)
(S = e
Xp<1+QTe+QeT’) Pl on Ty 2

~ exp (1 ;gTe (1 -3 +QQTE eT’)) , (3.435)
(
(

- )(H%T’). (3.437)

~ exp

1+ QT
So, our Eq. (B:433) can be rewritten as

9, 1 0?
E(Te—i-eT') = 5W(Te+eT’)
e o ,
+(1_Te_€T/)eXp<1—|—QT) <1+ﬁT>,
1 0? ,
= 5@(T5+6T)
e) , €©0Q .,
+exp <1+QT5) (1-T,—€T") <1+ 7(1+QT6)2T> :
1 0? ,
= 5@(T5+6T)
-0 1-T,)©
+ exp <71 —I—QTE> <(1 —T.) + €T’ <—1 + 7((1 +Q;—‘e)?) + 0(62)> :

682T’+ 182Te+ -0 (1-1T))
— J— R — X - —
D02 Do P\110m ¢

o) (o (- 5558) o).

Now, we recognize the bracketed term as zero because T,(z) is constructed to satisfy the
steady state equation. We also recognize that 97T, (z)/0t = 0. So, our equation reduces to,
neglecting O(€?) terms, and canceling e

or 1 PT 6 (1-T.)00\ .,
1 g L 1)ORN 4y 4
B~ Do TP (1+QT6) ( Y aTony ) r (3.439)

(3.438)
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Equation ([8:439) is a linear partial differential equation for T"(x,t). It is of the form

o1’ 1 02T ,
A R (3.440)
with
e -0 B (1-"T.(x))OQ
B(zx) = exp <71 " QTe(x)) ( 1+ 0T OT.(2) ) ) (3.441)

3.4.3.1.2 Separation of variables Let us use the standard technique of separation of
variables to solve Eq. (3.440). We first assume that

(2, 1) = H(z)K(t). (3.442)
So, Eq. (3:440) becomes
H(:c)d[;t(t) _ %K(t)digx)JrB(:c)H(:c)K(t), (3.443)
1 dK() 1 1 @H(@) -
) L ) - (3.444)

Because the left side is a function of £ and the right side is a function of x, the only way the
two can be equal is if they are both the same constant. We will call that constant .
Now, Eq. (8444)) really contains two equations, the first of which is

dK (t
A + AK(t) = 0. (3.445)
dt
This has solution
K(t) = Cexp(—At), (3.446)

where C' is some arbitrary constant. Clearly if A > 0, this solution is stable, with time
constant of relaxation 7 = 1/\.
The second differential equation contained within Eq. (3.444) is

_ <id_; +B(z)> H(z) = MH(z). (3.447)

This is of the classical eigenvalue form for a linear operator £; that is L(H(x)) = \H (x).
We also must have

H(—1) = H(1) =0, (3.448)

to satisfy the spatially homogeneous boundary conditions on 7"(x, t).
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This eigenvalue problem is difficult to solve because of the complicated nature of B(z).
Let us see how the solution would proceed in the limiting case of B as a constant. We will
generalize later.

If B is a constant, we have

d*H

el +(B+NDH =0, H(-1)=H(1) =0. (3.449)
The following mapping simplifies the problem somewhat:
1
y=". (3.450)
This takes our domain of x € [—1,1] to y € [0,1]. By the chain rule
aH _didy _ 1dH
der  dydxr 2dy’
So
d*H 1d2H
dz? 4 dy?’
So, our eigenvalue problem transforms to
d*H
e +4D(B+ \)H =0, H(0)=H(1)=0. (3.451)

This has solution

H(y) = Cycos (VID(B+ ) )y) + Cosin (VDB + 1) ). (3.452)

At y = 0 we have then

H(0) =0=Cy(1) + Cy(0), (3.453)
so C7 = 0. Thus,
H(y) = Cysin ((\/m) y) . (3.454)
At y = 1, we have the other boundary condition:
H(1) =0 = Cysin ((\/m)) . (3.455)
Because C5 # 0 to avoid a trivial solution, we must require that
sin (( 1D(B + A))) — 0. (3.456)
For this to occur, the argument of the sin function must be an integer multiple of 7:
VAD(B+N) =nm, n=123,... (3.457)
Thus,
A= ”42;2 ~ B. (3.458)

We need A > 0 for stability. For large n and ® > 0, we have stability. Depending on the
value of B, low n, which corresponds to low frequency modes, could be unstable.
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3.4.3.1.3 Numerical eigenvalue solution Let us return to the full problem where
B = B(x). Let us solve the eigenvalue problem via the method of finite differences. Let us
take our domain = € [—1, 1] and discretize into N points with

2 .
Note that when ¢ = 1, x; = —1, and when ¢ = N, 2; = 1. Let us define B(x;) = B; and
We can rewrite Eq. (8.447) as
d*H
dx(f) L O(B(x) + VH(x) =0,  H(—1)= H(1) =0. (3.460)

Now, let us apply an appropriate equation at each node. At ¢ = 1, we must satisfy the
boundary condition so

H, =0. (3.461)
At i = 2, we discretize Eq. (8.460) with a second order central difference to obtain

H, —2Hy + H;
Az?

We get a similar equation at a general interior node i:

+D(By + A H, = 0. (3.462)

Hiy —2H; + Hi4

B, +\H,; =0. 4
A2 +9(B;+ \) 0 (3.463)
At the i = N — 1 node, we have
Hy o—2HNn 1+ H
N2 N1 TN L D(By-1 + A)Hy_1 =0. (3.464)

Ax?
At the i = N node, we have the boundary condition

Hy = 0. (3.465)

These represent a linear tridiagonal system of equations of the form

DAz? DAz? 3 DAz? to H3 H3
0 — 5A : :
o8 A o =a] | (3466)
0 0 e NN Hy 1/
T h h
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Figure 3.25: Plots of first, second, and third harmonic modes of eigenfunctions versus =,
with 6 = 0.4, Q@ =1, © = 15, low temperature steady solution T, (x).

This is of the classical linear algebraic eigenvalue form L -h = Ah. All one need do is
discretize and find the eigenvalues of the matrix L. These will be good approximations to the
eigenvalues of the differential operator £. The eigenvectors of L will be good approximations
of the eigenfunctions of L. To get a better approximation, one need only reduce Az.

Note because the matrix L is symmetric, the eigenvalues are guaranteed real, and the
eigenvectors are guaranteed orthogonal. This is actually a consequence of the original prob-
lem being in Sturm-Liouville form, which is guaranteed to be self-adjoint with real eigenvalues
and orthogonal eigenfunctions.

Low temperature transients For our case of § = 04, Q = 1, © = 15 (so ©® =
87173.8), we can calculate the stability of the low temperature solution. Choosing N = 101
points to discretize the domain, we find a set of eigenvalues. They are all positive, so the
solution is stable. The first few are

A = 0.0000232705, 0.000108289, 0.000249682, 0.000447414, . . .. (3.467)

The first few eigenvalues can be approximated by inert theory with B(x) = 0, see Eq. (B.458)):

n?m?

A~ o 0.0000283044, 0.000113218, 0.00025474, 0.00045287, . . .. (3.468)

The first eigenvalue is associated with the longest time scale 7 = 1/0.0000232705 =
42972.9 and a low frequency mode, whose shape is given by the associated eigenvector,
plotted in Fig. B28 This represents the fundamental mode, also known as the first harmonic
mode. Shown also in Fig. are the second and third harmonic modes. Note that harmonic
modes are not closely related to harmonic functions that were defined in Sec. [2.2.3as solutions
to Laplace’s equation.

Intermediate temperature transients For the intermediate temperature solution
with 7™ = 0.417, we find the first few eigenvalues to be

A = —0.0000383311, 0.0000668221, 0.000209943, . . . (3.469)
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Except for the first, all the eigenvalues are positive. The first eigenvalue of A = —0.0000383311
is associated with an unstable fundamental mode. This mode is also known as the first har-
monic mode. We plot the first three harmonic modes in Fig. [3.26]

0101

0.051

-0.10F

Figure 3.26: Plot of first, second, and third harmonic modes of eigenfunctions versus x, with
d =04, Q =1, 0 =15, intermediate temperature steady solution T,(z).

High temperature transients
we find the first few eigenvalues to be

A = 0.000146419, 0.00014954, 0.000517724, . . .

For the high temperature solution with 7™ = 0.987,

(3.470)

All the eigenvalues are positive, so all modes are stable. We plot the first three modes in

Fig. B.21

3.4.3.2

Full transient solution

We can get a full transient solution to Eq. (8:412)) with numerical methods. We omit details
of such numerical methods, which can be found in standard texts.

3.4.3.2.1 Low temperature solution For our case of § = 0.4, Q@ = 1, © = 15 (so
D = 87173.8), we show a plot of the full transient solution in Fig. B28 Also seen in

0.15F

0.10F

0.05F

-1.0

~0.05F

-0.10F

—0.151

0.5 v/.n

Figure 3.27: Plot of first, second, and third harmonic modes of eigenfunctions versus x, with
d =04, Q =1, © =15, high temperature steady solution T,(x).
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Figure 3.28: Plot of T'(x, t) and plot of T'(0, t) along with the long time exact low temperature
centerline solution, 7,(0), with 6 = 0.4, Q =1, © = 15.

Fig. B.28is that the centerline temperature 7°(0, ) relaxes to the long time value predicted
by the low temperature steady solution:

lim 7°(0, ¢) = 0.016. (3.471)

t—o00

3.4.3.2.2 High temperature solution We next select a value of 6 = 1.2 > ¢§.. This
should induce transition to a high temperature solution. We maintain © = 15, ) = 1. We
get D = §e°/0/Q = 261521. The full transient solution is shown in Fig. B.29. Also shown

15x10° T
e~ 1.0

N
RN\
SN

S

AN N\

0.8

=
=
—

=

==

0.6 |-

N
A

04}

0.2}

I I I I L L L
10 4 x10° 8 x10° 12 x10° t

Figure 3.29: Plot of T'(x, t) and plot of T'(0, t) along with the long time exact low temperature
centerline solution, 7,(0), with 6 = 1.2, Q =1, © = 15.

in Fig. B29 is the centerline temperature 7(0,¢). We see it relaxes to the long time value
predicted by the high temperature steady solution:

lim 7'(0,¢) = 0.9999185. (3.472)

t—o00
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It is clearly seen that there is a rapid acceleration of the reaction for t ~ 10°. This compares
with the prediction of the induction time from the infinite Damkohler number, ® — oo,
thermal explosion theory of explosion to occur when

69 615

t— = = 2.17934 x 10°. 3.473
Qe M 347
The estimate under-predicts the value by a factor of five. This is likely due to 1) cooling

of the domain due to the low temperature boundaries at * = +1, and 2) effects of finite
activation energy.

3.5 Nonlinear separation of variables

We adopt here some presentation and an example first given by Powers and Sen['d We close
this chapter by extending the notion of separation of variables to nonlinear systems. This
will allow us to illustrate some important principles:

e Solution of a partial differential equation can always be cast in terms of solving an
infinite set of ordinary differential equations.

e Approximate solution of a partial differential equation can be cast in terms of solving
a finite set of ordinary differential equations.

e A linear partial differential equation induces an uncoupled system of linear ordinary
differential equations.

e A nonlinear partial differential equation induces a coupled set of nonlinear ordinary
differential equations.

There are many viable methods to represent a partial differential equation as system of ordi-
nary differential equations. Among them are methods in which one or more dependent and
independent variables are discretized; important examples are the finite difference and finite
element methods, which will not be considered here. Another key method involves projecting
the dependent variable onto a set of basis functions and truncating this infinite series. We
will illustrate such a process here with an example involving a projection incorporating the
method of weighted residuals.

[
Ezxample 53.13

Convert the nonlinear partial differential equation, initial and boundary conditions

%—7; = a% ((1 + eT)g—Z) : T(x,0) =2 —2% T(0,t)=T(1,t)=0, (3.474)

16J. M. Powers and M. Sen, Mathematical Methods in Engineering, Cambridge University Press, New
York, 2015. See Section 9.10.
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to a system of ordinary differential equations using a Galerkin"] projection method and find a two-term
approximation.

Equation ([3.474) is an extension of the heat equation, Eq. (L&), when one modifies Fourier’s law,
Eq. (IL77), to allow for a variation of thermal conductivity k with temperature 7. Omitting details, it
can be shown to describe the time-evolution of a spatial temperature field in a one-dimensional geometry
with material properties which have weak temperature-dependency when 0 < € < 1. The boundary
conditions are homogeneous, and the initial condition is symmetric about 2z = 1/2. We can think of
T as temperature, x as distance, and ¢t as time, all of which have been suitably scaled. For ¢ = 0,
the material properties are constant, and the equation is linear; otherwise, the material properties are
temperature-dependent, and the equation is nonlinear due to the product T90T/0xz. We can use the
product rule to rewrite Eq. (B474) as

27 2 2
or _oT  np2T .. <‘9T> (3.475)

o "o T e\ e

Now let us assume that T'(z,¢) can be approximated in an N-term series by

N
t) = Z an(t)(pn(x)' (3476)

This amounts to a separation of variables, which we note does not require that our system be linear.
We presume the exact solution is approached as N — oco. We can consider a,,(t) to be a set of N
time-dependent amplitudes which modulate each spatial basis function, ¢, (x). For convenience, we
will insist that the spatial basis functions satisfy the spatial boundary conditions ¢, (0) = ¢, (1) = 0 as
well as an orthonormality condition for z € [0, 1]:

<</7na ‘pm> = Onm. (3477)

At the initial state, we have

T(x,0) =2 — 2% = 0)en (). (3.478)

-
Q

The terms o, (0) are simply the constants in the Fourier series expansion of z — z?:

an(0) = (on, (z — 2?)). (3.479)

The partial differential equation expands as

B = En e (Smomo) (B (Sots)

T /ot 92T/ 02 T 92T )92 (8T /0x)?

(3.480)

We change one of the dummy indices in each of the nonlinear terms from n to m and rearrange to find

N da <p d?p dpn dp
at ” ZO‘ +ZZO‘ Jo <¢()dx2+d:c dw) (3.481)

n=1 n=1m=1

1"Boris Grigoryevich Galerkin, 1871-1945, Soviet engineer and mathematician.
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Next, for the Galerkin procedure, one selects the weighting functions ;(z) to be the basis functions
¢i(x) and takes the inner product of the equation with the weighting functions, yielding

N o N o N N 2
<(Pl(1')7 Z %g@n(fﬂ)> = <90l(.%'), Z an(t)dd;’;n + EZ Z an(t)am(t) (‘pn(x)ddf;n + dd%d;’%>> ’

n=1 n=1m=1
(3.482)
N N N N
dozn d2<ﬂn d2<Pm don dom
- = n(t n(t)o, (t " _ .
2 i (p1(2), pn(2)) <(pl(x),21a (1) a2 +€Zl Zla (t)er ()<<P (z) dx? + dr dz >
- Oin " A
(3.483)

Because of the orthonormality of the basis functions, the left side has obvious simplifications, yielding

N N N o
df! - < Z dIQ +ed ) an(t)am(t) (son(:v) d df;” + dﬂ%dc%) > (3.484)

n=1 n=1m=1

The right side can also be simplified via a complicated set of integration by parts and application of
boundary conditions. If we further select ¢, (z) to be an eigenfunction of d?/dx?, the first term on the
right side will simplify considerably, though this choice is not required. Let us here take that choice,
thus requiring

%cpn(:v) = \pon(2). (3.485)

Then we expand Eq. (3484) as follows
N N N
daoy o, oy dop dem,
I Z o (t) <<Pl($)a W> + GZ Z o () (1) <90l($)= <90n($) a2 " dr de ;
(3.486)
d Pm  don dom
da:2 dr dx ’

N N N 2()0 d(ﬂ dtp
= > Man()im +e> Z o (t < < Tt W» (3.487)
a2y

N N
- )\lal(t)+fzZ%(t)am(t)<eﬁl(17),< o) T2 1 o dm ), (3.459)

Clnm

N N
= M)+ €YD Cluman(t)am(t). (3.489)

Here Cy, is set of constants obtained after forming the various integrals of the basis functions and
their derivatives. Note that for the limit in which nonlinear effects are negligible, ¢ — 0, we get a
set of N uncoupled linear ordinary differential equations for the time-dependent amplitudes. Thus for
the linear limit, the time-evolution of each mode is independent of the other modes. In contrast, for
€ # 0, the system of N ordinary differential equations for amplitude time-evolution is fully coupled and
nonlinear.
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In any case, this all serves to remove the explicit dependency on x, thus yielding a system of N
ordinary differential equations of the classical form of a nonlinear dynamical system:

do
dt
where o is a vector of length N, and f is in general a nonlinear function of . We summarize some
important ideas for this equations of this type. For further background, one can consult Powers and

Sen

= f(a). (3.490)

e The system, Eq. (8490), is in equilibrium when
f(a) = 0. (3.491)

This constitutes a system of nonlinear algebraic equations. Because the system is nonlinear, existence
and uniqueness of equilibria is not guaranteed. Thus, we could expect to find no roots, one root, or
multiple roots, depending on f(a). Equilibrium point are also known as critical points or fized points.
We distinguish an equilibrium point from a general point by an overline, thus, taking equilibrium
points to be @ = @, and requiring that

f(a) = 0. (3.492)

e Stability of each equilibrium can be ascertained by a local linear analysis in the neighborhood of
each equilibrium. Local Tayloi] series analysis of Eq. (390) in such a neighborhood allows it to be
rewritten as

do of
— = f(a)+ — . —@)+.... 4
G RGN (3.493)
0
Take the constant Jacobian of f evaluated at & as J:
of
J=— (3.494)
3(1 -

Use this and the fact that @ is a constant to rewrite Eq. (8.493)) as

d _ —
E(Q_Q)ZJ.(Q_Q)' (3.495)

e With ¢ as an arbitrary constant, this linear system has an exact solution in terms of the matrix
exponential:

a—a=c-el. (3.496)

With S as the matrix whose columns are populated by the eigenvectors of J and A as the diagonal
matrix whose diagonal is populated by the eigenvalues of J, taking care to ensure the order is such
that the correct eigenvalues correspond to the correct eigenvectors, the solution can be recast as

a-a@=c-S Mg (3.497)

18], M. Powers and M. Sen, Mathematical Methods in Engineering, Cambridge University Press, New
York, 2015. See Sections 9.3-9.6.

19Brook Taylor, 1685-1731, English mathematician and artist, Cambridge-educated, published on capillary
action, magnetism, and thermometers, adjudicated the dispute between Newton and Leibniz over priority
in developing calculus, contributed to the method of finite differences, invented integration by parts, name
ascribed to Taylor series of which variants were earlier discovered by Gregory, Newton, Leibniz, Johann
Bernoulli, and de Moivre.
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Obviously, the eigenvalues of J determine that stability of each equilibrium. For stability, the real
parts of each eigenvalue cannot be positive. A source has all real parts positive. A sink has all real
parts negative. A center has all eigenvalues purely imaginary. A saddle has some real parts positive
and some negative.

Returning to our problem, we select our orthonormal basis functions as the eigenfunctions of d?/dz?
that also satisfy the appropriate boundary conditions,

on(z) = V2sin((2n — 1)7z), n=1,...,N. (3.498)

Because of the symmetry of our system about = 1/2, it can be shown that only odd multiples of 7z
are present in the trigonometric sin approximation. Had we chosen an initial condition without such
symmetry, we would have required both even and odd powers. We then apply the necessary Fourier
expansion to find «,, (0), perform a detailed analysis of all of the necessary inner products, select N = 2,
and arrive at the following nonlinear system of ordinary differential equations for the evolution of the
time-dependent amplitudes:

day 4 8 36 42
W = —7T2a1 + \/571’6 (—gaf + Bagal - gag) , aq (O) = ?, (3499)
oz _ —9n2ay + V/2me 1—2a2 - %a oy — 4 a(0) = 4—\/5 (3.500)
e g 500 35t 2T 97 '
The system is in equilibrium at all points (a1, as) where
4 8 36
filar,a) = —72aq + V2me ——aj + —asa; — —a3 ) =0, (3.501)
3 15 35
12 648
falar,a0) = —972%ay + V2re (ga% — gagal — 4a§> =0. (3.502)

The general form of the Jacobian matrix J is

9h  9fh 8 8 8 72
J= (6a11 9as ) — ( —m? —V2me (Fo1 — f502) V2me (fo1 — Fas) ) : (3.503)

9fr 9fp V2me (25—4a1 — %OQ) —972 — \/2me (%al + 8a2)

6(11 80[2
For e = 1/5, we find four sets of equilibria, (a1, as), and their eigenvalues, (A1, \2), associated with
local values of their Jacobian matrix, J, all given as follows

(a1,00) = (0,0), (A1, Xo) = (=72, —97?),  sink, (3.504)
(a1, 2) (—4.53,—6.04), (A1,A\2) =(—17.4,44.2), saddle, (3.505)
(a1,2) = (—8.78,-2.54), (A1, 2) = (9.70,73.7), source, (3.506)
(a1,00) = (=5.15,3.46),  (A1,A2) = (—43.3,18.6),  saddle. (3.507)

When € = 0, and because we selected our basis functions to be the eigenfunctions of d?/dz?, we see
the system is linear and uncoupled with exact solution

44/2
ai(t) = —{e*“%, (3.508)
T
W2
as(t) = ge o (3.509)
Thus, for € = 0 the two-term approximation is
8 —72t 8 972t .
T(z,t) =~ —e sin(mx) + 573¢ sin(37mx). (3.510)
T ™
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Figure 3.30: Phase plane dynamics of N = 2 amplitudes of spatial modes of solution to a
weakly nonlinear heat equation.

For € # 0, numerical solution is required. We do so for ¢ = 1/5 and plot the phase plane dynamics
in Fig. for arbitrary initial conditions. Many initial conditions lead one to the finite sink at (0, 0).
It is likely that the dynamics are also influenced by equilibria at infinity, not shown here. One can show
that the solutions in the neighborhood of the sink are the most relevant to the underlying physical
problem.

We plot results of «q(t), as(t) for our initial conditions in Fig. B3Il We see the first mode has
significantly more amplitude than the second mode. Both modes are decaying rapidly to the sink at
(0,0). The N = 2 solution with full time and space dependency is

T(x,t) ~ o1 (t)V2sin(rz) + oo (t)V2sin(37z), (3.511)

and is plotted in Fig. [3.32]

Problems
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Figure 3.31: Evolution of N = 2 amplitudes of spatial modes of solution to a weakly nonlinear

heat equation.

Figure 3.32: T'(z,t) from N = 2 term Galerkin projection for a weakly nonlinear heat

equation.
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Chapter 4

One-dimensional waves

see Mei, Chapters 1, 3.

Here we consider further aspects of one-dimensional wave propagation. We build on notions
explored in Sec. [Tl We will not focus on those one-dimensional waves which propagate in
two modes, left and right, such as studied in Secs. 2221 3.2

4.1 One-dimensional conservation laws

As described by LeVequeEl the proper way to arrive at differential equations arising from
physical conservation principles is to use a more primitive form of the conservation laws,
expressed in terms of integrals of conservative form quantities balanced by fluxes and source
terms of those quantities. From such primitive forms, we shall often deduce continuum
differential equations; in certain cases, we will admit discontinuous solutions.

4.1.1 Multiple conserved variables

Consider the scenario of Fig. 1l In both Fig. [£Ih.b, we have a volume bounded in the
x direction by x; and x5. If q is a set of variables representing some quantity which is
conserved, and f(q) is the flux of q (e.g. for mass conservation, density p is a conserved
variable and pu is the mass flux), and s(q) is an internal source term, then the primitive
form of the conservation law can be written as

% ; a(z,t) dx:f((l(%t))—f(q(:c2,t))+/m2 s(q(z,t)) da. (4.1)

Here, we have considered flow into and out of a one-dimensional box for x € [x1,25]. In
Fig. [4.Ih, the state variables q are allowed to have discontinuous jumps, while in Fig. [£.Ib,
the state variables q are continuous. For problems with embedded discontinuous jumps, the

IR. J. LeVeque, Numerical Methods for Conservation Laws, Birkhiuser, Basel, 1992.
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Figure 4.1: Schematic of general flux f into and out of finite volume in which general variable
q evolves.

mean value theorem does not work because a local value of q depends on how one lets x;
approach z,. Because of this, we cannot use the limiting process employed in Sec. [[.T] to
arrive at a partial differential equation. One cannot replace the mean value of q by its local
value, and one cannot cast the conservation law in terms of a partial differential equation
when there are embedded discontinuous jumps. If we assume there is a discontinuity in the
region = € [x1, z5] propagating at speed U, we can find the Cauchyﬁ principal value of the
integral by splitting it into the form

L qwn s [T g
— q(z,t) doe + — q(z,t) dz
dt 1 dt I1+Ut+

T2
= f(a(o,0) ~ flates.t) + [ sae.1) de (4.2)
x1
Here, x; + Ut~ lies just before the discontinuity and x; + Ut™ lies just past the discontinuity.
Using Leibniz’s rule, we get

T2

x1+Ut™ q aq
q(z1 + Ut t)U — 0+/ — dx +0—q(z; + Ut+,t)U+/ 5 de  (4.3)

8t 1 +UtT

= f(q(z1,t)) — f(q(ze,t)) + /m2 s(q(x,t)) dx.

1

1

Now, if we assume that xo—x; — 0 and that on either side of the discontinuity the volume of
integration is sufficiently small so that the time and space variation of q is negligibly small,
we get

q(z)U = q(z2)U = f(q(z1)) — £(q(x2)), :
Ula(z1) —a(zz)) = f(a(z1)) — f(a(z2)). (4.5)

ZAugustin-Louis Cauchyl 1789-1857, French mechanician.
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Note that the contribution of the source term s is negligible as x5 — x1 — 0. Defining next
the notation for a jump as

[a(z)] = a(z2) — q(z1), (4.6)
the jump conditions are rewritten as
Ula(@)] = [f(a(x)]- (4.7)

If U =0, as is the case when we transform to the frame where the wave is at rest, we
simply recover

0 = f(q(z1)) —f(a(z2)), (4.8)
fla(z1)) = fla(z2)), (4.9)
[f(a(z))] = o. (4.10)

That is, the fluxes on either side of the discontinuity are equal. We also get a more general
result for U # 0, which is the well-known

 f(a(e) - fa@)  [Fla@)]
U= ) —a@) @] (4.11)

In contrast, if there is no discontinuity, Eq. (A1) reduces to a partial differential equation
describing a continuum. We achieve this by rewriting Eq. (L)) as

(% / xz@l(az,t) da:)+(f(Q(x2,t))—f(<l(x1,t))) = / xzs(q(x,t)) de.  (4.12)

1 1

Now, if we assume continuity of all fluxes and variables, we can use Taylor series expansion
and Leibniz’s rule to say

T gty dr ) + ((flaler )+ (e —w) + )~ fate)) = [ staten) de
(.

x1

(4.13)
We let x5 — 1 and get
2.0 of 2
([ gatna)« (Fw-a)) = [“sta@oya @
20 2 of 2
( 5 aq(x,t) dz) + 5 B dr = /xl s(q(z,t)) dz. (4.15)
(4.16)
Combining all terms under a single integral, we get
2 (0q Of B
/gﬂ1 (EjLa_x_S)dx_O' (4.17)
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Now, this integral must be zero for an arbitrary z; and x,, so the integrand itself must be
zero, and we get our partial differential equation:

oq of
aq(zj t) + %f(q(l’, t)) = S(q(:):’, t))a (419)

which applies away from jumps.

4.1.2 Single conserved variable

Let us consider a simple and important form in which there is a single conserved variable
and no source term. For such a case, we study Eq. (@I9) with q = u, f(q) = f(u), s = 0.
Then, we have the conservative form

du n 0

ot Ox
Assuming no discontinuities, Eq. ([Z20) may be rewritten using the chain rule in characteristic
form as

(u) = 0. (4.20)

Ou df ou
e + quor 0. (4.21)

Here the local speed of propagation of waves is df /du.

The function f(u) may be convex or non-convex. A function is convex if its epigraph, the
set of points on or above the graph of the function, form a convex set. It is easy to show that
a function is convex iff its second derivative is non-negative over its whole domain. Plots of
examples of convex (f(u) = 1/2+u?) and non-convex (f(u) = 3/2 —wu?) functions are shown
in Fig. @21 Note that the example convex function has d*f/du®* = 2 > 0 and the example
non-convex function has d?f/du? = —2 < 0.

I
Example 4.1

Find the jump equations for the simple wave propagation of Sec. [[L1]

We start with Eq. (ILI0Q), replacing 21 + Ax by z9 and otherwise using the notation of Sec. [LT

dm

prl (pl,, Aa — pl,, Aa), (4.22)
d [*
Adt s pdr = (p|12 Aa — pl,, Aa), (4.23)
d [*?
o | pde = —(ply,a= sl a). (4.24)
z1

Here our vector q has one entry q = (p). And our flux vector f also has one entry f = (pa). And there
is no source of mass, so the vector s = 0 = (0).
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f(u) f(u)

2.0 2.0

non-convex
region

convex
region

-1.0 -05 0.0 0.5 1.0 -10 -05 0.0 0.5 1.0

Figure 4.2: Convex function, f = 1/2 + u?, and non-convex function, f = 3/2 — u?.

Equation (£I1)) tells us that discontinuous jumps propagate at speed

o @)l _ [pal _ pra—pa
[a(z)] [l p2—p
And for steady jumps for which U = 0, we simply have no jump in p: p2 = p1. And for situations
where there is no jumps, we recover from Eq. (£I9]) the continuous partial differential equation

ap op
n + g = 0. (4.26)

We note as an aside that here u = p and f(u) = f(p) = ap. Thus d*f/dp?> = 0. Because it is
non-negative, the flux function is convex.

=a. (4.25)

|
Example 4.2
If the conserved variable is u(z,t) and the flux of u is given by f(u) = u?/2, find appropriate jump
equations and the appropriate partial differential equation for continuous values of u. Evaluate the
possibles jumps admitted through in a steady wave for which u in the far field as © — —oo takes on
the value uy.

Equation ([{I1)) tells us that discontinuous jumps propagate at speed

U = %, (4.27)
| s
- ﬁ (4.29)
_ 5(“2 _;‘21)_(1314”1), (4.30)
- “2“2”“. (4.31)
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The jump propagates at the average value of u over the jump.
Then Eq. (II9) gives us, if u is continuous,

ou 0 [ u?
n + o (7) =0. (4.32)

This can be expanded by the rules of calculus to get the so-called inviscid Batemarﬁ—Burgers’H equa-
timﬁ, usually known as the inviscid Burgers’ equation:

ou , on
ot u(?:z:

If the wave is steady, 9/0t = 0, and Eq. ([@32]) reduces to the ordinary differential equation

= 0. (4.33)

;%(g):q u( — —00) = uy. (4.34)

Integrating, we obtain

— =C. (4.35)

To satisfy the far-field boundary condition, we need C' = u?/2, giving

u? u?

— = — 4.36
a4 (4.36)
u = Zu. (4.37)

Note that
e Only one of the solutions matches the boundary condition in the far field, but

e There is nothing preventing the existence of a stationary discontinuity with U = 0 sitting at any

finite x where the solution jumps from v = u; to u = —uj. Such a solution will satisfy the governing
differential equations and boundary condition. Additionally, it will satisfy the jump equations at the
discontinuity.

e The flux function here f(u) = u?/2 is convex because d*f/du®* =1 > 0.

For u; = 1, we give a plot of u(x) with a discontinuity located at z = 1 in Fig. Obviously U = 0
because via Eq. @31), U = (u1 + u2)/2 = (ug —u1)/2 = 0.

If we had w1 = 0 and us = 2, a solution would exist with a discontinuity linking the two states.
However, the discontinuity would be propagating at U = (0 + 2)/2 = 1. If we had transformed to the

frame where the wave were stationary, « = u — U = u — 1, we would have 4; = —1 and 4, = 1. For
general u; and ug, we could transform via & = u — U = u — (u; + u2)/2. Then 41 = (u; — u2)/2 and
ﬁg = (UQ — ul)/2 = —ﬁl.

JHarry Bateman, 1882-1946, English mathematician.

4Johannes Martinus Burgers, 1895-1981, Dutch physicist.

®The viscous version of the model equation, Ou/dt + u Ou/0x = v 0?u/dx?, is widely known as Burgers’
equation and is often cited as originating from J. M. Burgers, 1948, A mathematical model illustrating the
theory of turbulence, Advances in Applied Mathematics, 1: 171-199. However, the viscous version was given
earlier by H. Bateman, 1915, Some recent researches in the motion of fluids, Monthly Weather Review, 43(4):
163-170.
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H

Figure 4.3: Solution to du/ot + 9/0x(u?/2) with u(z — —oc) = —1. A stationary disconti-
nuity (thus U = 0) is arbitrarily located at x = 1.

Remarkably, if we incorrectly take as our starting point a continuous partial differential
equation such as Eq. (£33)), it is possible to be led to an incorrect jump equation as illustrated
by the following example.

I
Ezample 4.3
Show by multiplying Eq. (@33) by w that one can be led to infer a jump condition which is
inconsistent with Eq. (Z31)).

We perform the multiplication to get
u— +u"— = 0. (4.38)
The ordinary rules of calculus suggest then that we can say
a9 (u? 9 [(u?
== — | =) =0. 4.39
ot ( 2 ) + Ox ( 3 ) (4.39)

So our jump condition might be expected to be

ki
U 52 7 (4.40)
[+1
2u3 —ud
_ 2 4.41
3u3 —u?’ | )
2 (up—w)(ud +ugus +1d) (4.42)
3 (ug — up)(ug + uq) 7 '
_ 2uitumntu (4.43)
3 Uz + Uy , '
ug + uq L(uz—ur\?
_ e _ 4.44
: <+3<u2+u1)> (4.41)
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Had we done the same analysis with the continuous equivalent Ou /9t + 9/0x(u?/2) = 0, we would have
arrived at a different result: U = (u2 + u1)/2, as seen in Eq. (£31)). Clearly we cannot perform ad
hoc operations on continuous equations and expect to infer a consistent expression for the propagation
speed of a discontinuity. It is thus essential to infer propagation speeds of discontinuities from the more
fundamental integral form of the conservation equations such as that of Eq. ([@IJ).

4.2 Inviscid Burgers’ equation

Let us analyze the inviscid Burgers’ equation, Eq. ([4.33), in the context of coordinate trans-
formations that have the general form

x = x(& 1), (4.45)
t = t& ). (4.46)

We assume the transformation to be unique and invertible. The Jacobian matrix of the
transformation is

oz Oa
J:<§ %_t) (4.47)
¢ or
And we have
Oxr ot Ox Ot

Now

BN e (BY_L( B BB _1( Rh-gd
B (B)-3G HEOACER)
ot or or o€ or or 0¢ o¢ Or

With these transformation rules, Eq (4.33]) is rewritten as

1(_0zou Orduy 1 (0tou 0tdu) (4.50)
J\ O0rof O O0r J\oro¢ ocor) '
8u78t 8u78x
Now by assumption, J # 0, so we can multiply by J to get
0v0u Onou otdu  otou_ .
or 06 OE Or or 0¢ oEor ’
Let us now restrict our transformation to satisfy the following requirements:
Ox ot
5 = Uo 4.52
&) = T (4.53)
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The first says that if we insist that £ is held fixed, that the ratio of the change in = to
the change in t will be wu; this is equivalent to the more standard statement that on a
characteristic line we have dz/dt = u. The second is a convenience simply equating 7 to t.
Applying the second restriction to the first, we can also say

ox

With these restrictions, our inviscid Burgers’ equation becomes

_ 0z Ou_ O0zOu O Ou_ O Ou _ (4.55)
IO DEor afag agaf— ’ ‘

01' 0u

ox 8u

—— = 0. 4.57
o€ ot (4:57)
Let us further require that dx/0¢ # 0. Then we have
ou
— =0 4.58
Moo (4.58)
u = f(e). (4.59)
Here f is an arbitrary function. Substitute this into Eq. ([L52]) to get
Ox ot
— = —. 4.
= )5 (4.60)

We can integrate Eq. ([{60) to get

z = f(E)t+9(5). (4.61)

Here ¢(&) is an arbitrary function. Note the coordinate transformation can be chosen for
our convenience. To this end, remove ¢ in favor of 7 and set g(§) = £ so that x maps to £
when t =7 = 0 giving

z(§,7) = f(ET+& (4.62)

We can then state the solution to the inviscid Burgers’ equation, Eq. (£33]), parametrically
as

u(g, ) = f(&), (4.63)
(& 1) = fEOT+E (4.64)
t&,r) = T (4.65)
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For this transformation, we have from Eq. (£47T) that

J:(1+%T f(g)). (4.66)

0 1
Thus
df
J =detJ +d§T (4.67)

We have a singularity in the coordinate transformation whenever J = 0, implying a difficulty
when

1
dé
I
Ezample 4.4
Solve the inviscid Burgers’ equation, du/dt + u du/dx = 0, Eq. [E33), if
u(z,0) =1+ sinwz, z €10,1] (4.69)

Let us not be concerned with that portion of u which at t = 0 has < 0 or x > 1. The analysis is
easily modified to address this.

We know the solution is given in general by Eqs. ([LG3HL6H). At ¢ = 0, we have 7 = 0, and thus
x =&, And we have

f(&) =1+sin7€. (4.70)

Thus we can say by inspection that the solution is

u(&,7) 1+ sin7g, (4.71)
x(& 1) = (1+sinwg)T+E, (4.72)
t&r) = T (4.73)

Results are plotted in Fig. [£4l One notes the following:
e The signal propagates to the right; this is a consequence of v > 0 in the domain we consider.
e Portions of the signal with higher u propagate faster.
e The signal distorts as ¢ increases.

e The wave appears to “break” at t = t,, where 1/4 < t, < 1/2. For t > tg, it is possible to find
multiple values of u at a given x and ¢. If u were a physical variable, we would not expect to see such
multivaluedness in nature.

e Because of the convexity of the flux function, the right side of the wave form steepens, and the left
side of the wave form becomes more shallow.
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Figure 4.4: Solution to Ou/0t + udu/0x with u(x,0) = 1 + sinwz.

1.5 2.0 2.5 3.0

Figure 4.5: Sketch of response of w which satisfies the inviscid Burgers’ equation du/dt +
udu/Ox with u(x,0) =1+ sin7wx.
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ST
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Figure 4.6: Curves where J = 0 and of constant z and ¢ in the (£, 7) plane for our coordinate
transformation.

The sketch of Fig. shows how one can envision the portion of the initial sine wave with > 1/2
steepening, while that portion with x < 1/2 flattens. We place arrows whose magnitude is proportional
to the local value of u on the plot itself.

For our value of f(£), we have from from Eq. ([LG1) that

J =1+ rn7rcosmt. (4.74)

Clearly, there exist values of (£, 7) for which J = 0. At such points, we can expect difficulties in our
solution. In Fig. @G, we plot a portion of the locus of points for which J = 0 in the (&, 7) plane. We
also see portions of this plane where the transformation is orientation-preserving, for which J > 0, and
orientation-reversing, for which J < 0. Also shown in Fig. are contours of constant x and ¢. Clearly
when J = 0, the contours of constant x are parallel to those of constant ¢, and there are not enough
linearly independent vectors to form a basis.

From Eq. (£68), we can expect a singular coordinate transformation when

1 1

T=——=— .
df
= mcosmE

(4.75)

We then substitute this into Eqs. (£72] E73) to get a parametric curve for when the transformation is
singular, z5(§),ts(§):

B 1+ sin7€
zs(§) = Er—— +¢, (4.76)
1
ts(§) = T roosmE’ (4.77)

A portion of this curve for where the transformation is singular is shown in Fig. 7l Figure [£.7h plots
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Figure 4.7: Plots indicating where the coordinate transformation of Eqs. (L T2AT3) is sin-
gular: a) x4(¢) from Eq. (LT0), b) t,(¢) from Eq. [ETT), ¢) representation of the curve of
singularity in (z,t) space.

x5(§) from Eq. (£76). Figure @7b plots t4(&) from Eq. (@T1). We see a parametric plot of the same
quantities in Fig. ETk. At early time the system is free of singularities. It is easily shown that both
x5(€) and t4(€) have a local minimum at £ = 1, at which point, we have

+ =, (4.78)

N= =
5=

(4.79)

Examining Fig.[£4] this appears to be the point at which the solution becomes multivalued. Examining
Fig. €6l this is the point on the curve J = 0 that is a local minimum. So while z; and s are well-
behaved as functions of € for the domain considered, when the curves are projected into the (x, t) plane,
there is a cusp at (z,t) = (z5(1),ts(1)) = (1 + 1/, 1 /7).

4.3 Viscous Burgers’ equation

Our predictions of u(z,t) change dramatically when diffusion is introduced. Consider the
viscous Burgers’ equation:

ou ou 0%y

4.3.1 Comparison to inviscid solution

When we simulate the same problem whose diffusion-free solution is plotted in Fig. [£.4] for
which w(z,0) = 1 + sinwx, we obtain the results plotted in Fig. for four different values
of v =1/1000, 1/100, 1/10, and 1. While we will soon outline a method to obtain an exact
solution to the viscous Burgers’ equation, in practice, it is complicated. It is often easier to
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=0 ¢=1/8 - -
20l /8 t=1/4  t-1/2

1.8F

v = 1/1000

20l =0 t=1/8 t=1/4 1/2

v =1/100

Figure 4.8: Solution to the viscous Burgers’ equation du/dt + udu/Ox = vd*u/dz* with
u(z,0) = 1+ sin 7z and various values of v: a) 1/1000, b) 1/100, ¢) 1/10, d) 1.
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0.8f
0.6f
0.4

0.2

0.0f
L,

Figure 4.9: z — t diagram for solution to the viscous Burgers’ equation du/0t + udu/0x =
vd?u/0x* with u(x,0) =1+ sin7z, v = 1/100.

obtain results by numerical discretization, and that is what we did here. The scheme used
was sufficiently resolved to capture the thin zones present when v was small. For the case
where v = 1/100, we plot the = — t diagram, where the shading is proportional to the local
value of u, in Fig.

We note:

e We restricted our study to positive values of v, which can be shown to be necessary
for a stable solution as t — oo.

o If v =0, our viscous Burgers’ equation reduces to the inviscid Burgers’ equation.

e Asv — 0, solutions to the viscous Burgers’ equation seem to relax to a solution with an
infinitely thin discontinuity; they do not relax to those solutions displayed in Fig. [4.4l

e For all values of v, the solution u(x,t) at a given time has a single value of u for a
single value of z, in contrast to multi-valued solutions exhibited by the diffusion-free
analog.

e As v — 0, the peaks retain a larger magnitude. Thus one can conclude that enhancing
v smears peaks.

e At early time the solutions to the viscous Burgers’ equation resemble those of the
inviscid Burgers’ equation.

Let us try to understand this behavior. Fundamentally, it will be seen that in many cases,
nonlinearity, manifested in u du/dzx can serve to steepen a waveform. If that steepening is
unchecked by diffusion, either a formal discontinuity is admitted, or multi-valued solutions.
Now diffusion acts most strongly when gradients are steep, that is when du/dz has large
magnitude. As a wave steepens due to nonlinear effects, diffusion, which many have been
initially unimportant, can reassert its importance and serve to suppress the growth due to
the nonlinearity.

© 28 March 2025. J. M. Powers.



136 CHAPTER 4. ONE-DIMENSIONAL WAVES

4.3.2 Steadily propagating waves

Let us examine solutions to Eq. (A80) that can link a constant state where u(—oo,t) = uy
to a second constant state where u(oo,t) = uy. We shall see that this can be achieved by
what is known as a steadily propagating wave solution. For such solutions a waveform is
maintained as the wave translates with a given velocity.

We can employ both a coordinate transformation and a change of variables. Let us take
as new coordinates

§ = x—at, (4.81)
= ¢ (4.82)

Here a is a constant which we will see fit to specify later. From this, we get in matrix form
§Y (1 —a x
<7‘ ={o 1 E (4.83)
———
The inverse transformation is

(f):@(f) (4.84)

Here the Jacobian matrix is related, but not identical, to that defined in previous analysis,
see Sec. [T} moreover J = det J = 1. Similar to our analysis of Sec. [[LT], we get

() (1) ()

Thus, we see

0 0
% = o (4.86)
0 o 0
- = =4 = 4.
ot “9¢ T or (4.87)
We apply this coordinate transformation to Eq. (L30) to get
ou Ou  Ou 0%u
AL A 4.
“or Tor T TV o (4.88)
—_—— ~—
ou ou 0u
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This form suggests we will realize further simplification by defining
w=1u-—a. (4.90)

In physics, this is known as a Galilearld transformation, with w being the relative velocity.
Doing so, we get

g(w+a)+wg(w+a) = 1/8—2(w+a) (4.91)
or o< e ' )
ow ow 0*w

Remarkably, Eq. (£92)) has precisely the same form as Eq. ([L80), with w standing in for u.
Leaving aside for now any concerns about initial and boundary conditions, we say that our
Galilean transformation, which transforms both the dependent and independent variables,
has mapped Eq. ([80) into itself. It is analogous to certain geometrical transformations.
For example, if we rotate a square through an angle of 7/4, it appears askew relative to its
original orientation. But if we rotate a square through the angles +nm /2, where n an integer,
one cannot detect a difference between the transformed square and the original square. The
form of the square is thus invariant to rotation through angles of £nm/2. It has a particular
type of symmetry. The geometric form circle is invariant under rotations through any angle.
It has a different type of symmetry. Idealized snowflakes may thought to be invariant under
rotations of £nm /3. Our Burgers’ equation too has a symmetry in that its form is invariant
under a Galilean transformation. Mathematical models that transform under a mapping
into themselves are also known as self-similar and are one of the key features of what is
known as group theory. A further discussion of similarity will be given in Ch. [6l
Our boundary conditions transform to

w(—o00,T) = u; —a=w, (4.93)
w(oo,T) = Uy —a = ws. (4.94)
We shall see there is an additional requirement for a for symmetry, to be determined.
We trivially note that if we seek solutions that are independent of £, Eq. (£92) reduces
to dw/dr = 0, which gives us w = C. The boundary conditions are only satisfied in the

special case when w; = ws, giving w = w;. This is not particularly useful. We find nontrivial
results when we seek solutions that are independent of 7; that is we seek w = w(§). Then

Eq. ({£92) reduces to

dw d*w
d [ w? d?w
d—g(?) = Vg (4.96)
2
d
%Jrc - I/d—?. (4.97)

6Galileo di Vincenzo Bonaiuti de’ Galilei, 1564-1642, Florentine polymath.
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Now as & — —o0, we expect w — w; and dw/d§ — 0. Thus,

2

% +C o= 0, (4.98)
2
c = -4 (4.99)
2
Thus,
dw 1, , 9
I/d—£ = 2(w wy), (4.100)
duw de
= — 4.101
wi — w? 2v° (4.101)
1
~ tanh™! <3> - _S.¢ (4.102)
wy w1 2v
w(€) = w tanh (—%g + Cwl) . (4.103)
Examination of this solution reveals that limg, o w(§) = wy and limg_,o w(§) = —w; and

w(&) = 0 when & = 2vC'. Let us make the convenient assumption that C' = 0 to place the
somewhat arbitrary zero-crossing at & = 0. Other choices would simply translate the zero-
crossing and not otherwise affect the solution. Now we see we have satisfied the boundary
condition at & — —oo but not at £ = +o00. We can satisfy both boundary conditions at oo
by making the correct choice of the as of yet unspecified wave speed a. We thus would like
to choose a such that

—wWp = Wy. (4104)
Using our definitions, Eqs. (Z93I1.94]), we get
—(u—a) = uz—a, (4.105)
20 = uy + uy, (4.106)
o = Wttt (4.107)
2
Then
w o= u—a= 2 3 42 (4.108)
wy = Us—a= - ;u2 = —w;. (4.109)
Our solution is then
Uy — Uy Uy — Uz
= tanh | — . 4.11
wle) = M5 b (-1 (1,110
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In terms of our untransformed variables, we have

u(zx,t) = il _g i ; %2 tanh (—ul;juz <x _ o ;uzt)) . (4.111)

It is easy to verify by direct calculation that Eq. (£I11]) satisfies the viscous Burgers’ equa-
tion, Eq. (A80). Additionally, it satisfies both boundary conditions at z = +oo. By in-
spection of the solution, the thickness ¢ of the zone were u adjusts from u; to uy is given
by

4v

Uy — Uz

0=

(4.112)

In the limit as v — 0, we see £ — 0, and u(z,t) suffers a jump from v = u; to u = uy
at * = (u; + ug)t/2. This is fully consistent with our inviscid jump analysis given in
Eq. (£31]). Because our independent analysis of the viscous Burgers’ equation revealed that
the propagation speed is (uj + uy)/2, we conclude that the appropriate form of the inviscid
Burgers’ equation is that of Eq. (£32)), and not one of the many others, such as Eq. ([@39).
Results are plotted in Fig. for three different values of v = 1/1000, 1/100, and 1/10 for
u; = 3/2, us = 1/2 and t = 2. Clearly, all solutions relax at +oo to the correct values of
u; and us. The only effect of v is the thickness of the zone where u relaxes from u; to us.
Also the propagation speed a = (u; + ug)/2 = 1. Because the wave was centered at z = 0
at t = 0, we see at t = 2 its “center” has propagated to x = 2.

4.3.3 Cole-Hopf transformation

For more general conditions than those of a steadily propagating wave, the viscous Burgers’
equation’s analysis is simplified by a so-called Cold}Hopf transformation. Let us redefine
u in terms of a new variable ¢(z,t) via

u=—2v——. (4.113)
Then Eq. (L80) becomes
0 ( 106\ 1000 ( o 108\ _ & [ 10
p < 2V¢8x) 2V¢85L’ p. < 2V¢8x) = V5 2V¢8x , (4.114)

0 (106 106 0 (106\ 0 (10¢
a(a%)‘%%%(m) = Vo <¢a—) (4.115)

(4.116)

TJulian David Cole, 1925-1999, American mathematician.
8Eberhart Hopf, 1902-1983, Austrian-American mathematician and astronomer.
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u u
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Figure 4.10: Propagating steady wave solution at ¢ = 2 to the viscous Burgers’ equation
Ou/ot + u Ou/Ox = v 0*u/0x* with u(—oo,t) = u; = 3/2, u(co,t) = uy = 1/2 and various
values of v: a) 1/1000, b) 1/100, ¢) 1/10 d) 1.
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Detailed calculation verifies that this reduces to

0 (10¢\ 0 (10%@
Regrouping, we can say
o (1[0 D*¢
1 (09 o\
op  9%¢
o = Vo T Of (D). (4.120)
It suffices to take f(t) = 0, leaving us to solve a heat equation:
op  9%¢

If u(x,0) = g(z), then it can be shown that

(e, t) ——21/3 1n<\/m exp( %ﬁ—%/org(s) ds) dr). (4.122)

I
Ezample 4.5
Find u(x,t) for solutions to the viscous Burgers’ equation, Eq. [@Z0) if

u(z,0) = UZ' (4.123)

Direct substitution into Eq. (Z122) gives

w(z,t) = —2V31n<\/;? mexp<—(x;/:2—2iy/< ) ) 7’>, (4.124)
1 Ur

8 x—r)?
= —2V (\/m exp ( P ZE) dr) . (4.125)

Symbolic computational software reveals the answer to be simply

X

u(w,t) = U+ fﬂ. (4.126)
L

It is easily verified that both the initial condition as well as Eq. (£.80) are satisfied. Because the solution
is linear in z, it does not depend on the coefficient v. Thus, it is also a solution to the inviscid Burgers’
equation. For U = 1, L = 1, we plot the solution in Fig. LTIl Note for large ¢, more specifically for
Ut/L > 1, our solution reduces to

, x
tli)ngo u(x,t) = T (4.127)

It is easily seen that u = x/t satisfies the viscous Burgers’ equation by direct substitution.
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Figure 4.11: Solution to the viscous Burgers’ equation du/ot + udu/dx = vd*u/0x* with
u(z,0) =Uzx/L withU =1, L =1.

As an aside, we note that the previous example showed u = x/t satisfied Burgers’ equa-
tion. In fact, direct substitution verifies that

_rz+C
= —
where C' is any constant satisfies the Burgers’ equation. This and a large family of exact
solutions are described by Ozig and Aslanl) Exact solutions are obtained by first identifying
appropriate transformations, then recasting the partial differential equation typically as a
nonlinear ordinary differential equation that can be solved. For the limit when v = 1, one
can verify that the solutions given next each satisfy Burgers’ equation:

u(z,t) C e R, (4.128)

1 _9e—(a+t)?/(at)
u(z,t) = — -1 CeR, (4.129)

t\ C+ rerf (%)
T+t 2e(Tt)?/(41)

Vi C + rmerfi (;‘—%)

-1 CeR}, (4.130)

) 3/2
t2 J_2/3< (.T—t—%—i‘C) >
u(z,t) = 1+t—\/2<:v—t——+0> ,

2 Jl/g( (l’—t—%+0)3/2>
C eR. (4.131)

9T. Ouzis and 1. Aslan, 2017, Similarity solutions to Burgers’ equation in terms of special functions of
mathematical physics, Acta Physica Polonica B, 48(7): 1349-1369.

u(z,t) =

Sl =

“[$

“[$
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4.3.4 Method of manufactured solutions

Let us use the method of manufactured solutions, introduced in Sec. B.2.7 to generate a
source term for the viscous Burgers’ equation, taking v = 1. We thus pose the viscous
Burgers’ equation with a source term as

ou ou  O%*u

Let us pose a simple, but non-trivial u(z,t) and find the source term with which it is
consistent. Such a solution is useful for verifying numerical methods intended to solve the
Burgers’ equation. One such simple solution is

u(z,t) = 2%t (4.133)

We substitute this into Eq. (EI32) to get

2 2 _ _
x° 4+ (z°t) (2xt) — 2t = f(x,t). (4.134)

So
f(z,t) = 2% + 223 — 2t. (4.135)

Thus, we can say the manufactured solution u = 2t satisfies the partial differential equation,
initial, and boundary conditions given by

ou  ou  Pu
= - 2032 — 9 = = 1.t) =t. 4.1
5 +u0:)§ 927 +a° 4 22°t t, wu(x,0)=0, u(0,t)=0, u(l,t)=t (4.136)

A plot of the solution is given in Fig. [A.12]

4.4 Traffic low model

One of the more straightforward and intuitive applications of the notions of this chapter
comes in the study of ordinary traffic flow; see Fig. .13l Most students are familiar with
suddenly and surprisingly coming to a halt in what was freely flowing traffic as a consequence
of a red light or other constriction far upstream. One can imagine this as a discontinuity
in vehicle density, and it propagates backwards from the site of the traffic blockage. Such
a discontinuity is sometimes called a shock wave. In this scenario it propagates to the left.
Most students are also familiar with the gradual decrease in vehicle density that accompanies
a traffic light turning green. This decrease in density is known as a rarefaction wave. It is
depicted as propagating to the left as well, though it could be moving to the left or the right.

Now let us develop a simple model for traffic flow. Let us take p as the vehicle density.
For very light traffic density, we might imagine that a doubling of the vehicle density would
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Figure 4.12: Plot of manufactured solution u(z,t) = x*t that satisfies viscous Burgers’
equation with source term and associated initial and boundary conditions, Eq. (4130).

shock
Wave p—
p(,t)
[ = > oS> S S S s QI-T-I
p(z,t) rarefaction
....................................... wave
S S S S D S S S S oSy oS> [ —— [

Figure 4.13: Sketch of vehicle traffic density response p(z,t) to stop and go signals.
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Figure 4.14: Plot of traffic flux f as a function of scaled traffic density p/p,, for simple
quadratic flux model.

double the vehicle flux f(p). Certainly when the road becomes too crowded, drivers slow
down, so that one might imagine there to be a vehicle density where the flux attains its
maximum value f,,. As we increase the density, the traffic begins to jam, and the flux goes
down. At a maximum density, p,,, we can expect our road to resemble a parking lot: there
will be no flux of vehicles, f(p,) = 0. Let us take a simple quadratic model for the flux of
vehicles:

7(p) = puo (1 - pﬁm) el (4.137)

Note that our flux function is slightly different than that of Mei’s found on his p. 45; ours
retains more analogs with the notation and precepts of fluid mechanics, and is easier to
justify on dimensional grounds. We restrict density appropriately. Here uq is a constant,
which we interpret as a characteristic velocity with ug > 0. A plot of f/(pnug) as a function
of p/pm is given in Fig. 14

Clearly when p = p,,, the flux is zero: f = 0. Also when p is small, the flux linearly
increases with increasing p. We have

df 2p
- = j— 4.1
dp uo( pm)’ (4.138)
d2f 2’&0

_ _Zto 4.1
dp? Pm (4.139)

As the second derivative is strictly negative, any critical point must be a maximum. Impor-
tantly, the flux function f for this problem is non-convex. And when df /dp = 0, we must
have

p=Pr. (4.140)

Thus, the maximum flux is

f (p—m> = fm = 20 (4.141)
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For conservation of vehicle density, we specialize Eq. (£19) with q = p, f = f, and s = 0,
thus giving

dp 0
— 4+ — = 4.142
5 T ) = 0, (4.142)
dp 0 p
— + = 1—— = 0. 4.14
S (1)) =0 4143
for the inviscid limit. Expanding the derivative, we find
dp p\ 9p
— 1—-2— ) —=0. 4.144
ot T ( pm) Oz 0 ( )
Note that the characteristic curves are given by curves whose slope is
dx p
— = 1—2— 4.14
a0 ( pm) ’ (4.145)

The slope of the curve may be positive or negative and gives velocity of small disturbances;
thus small disturbances may propagate to either the left or the right. The speed is depen-
dent on the local value of p. Specializing Eq. (1) to find the speed of propagation of
discontinuous jumps U, we get

v - 0] <p2“°< _5%)_”1”0 <1_5_’;>) (4.146)

[r] P2 — p1 ’
= u (1 - M) . (4.147)
Pm
We can postulate a viscous version of Eq. (£143): Expanding the derivative, we find
dp p\op  Pp
— 1-2— ) —=v—s3. 4.148
ot T ( pm) or 9z ( )

If we now define the transformed dependent variable as
_ P
w = g (1 - 2—) , (4.149)
Pm
we find Eq. (£148) transforms to the Burgers’ equation,

ou w0
ot wax_”ax2‘

Note that from Eq. (£I45), w gives the speed of propagation of small disturbances. The
inverse transformation gives

(4.150)

p= %m (1 - 3) . (4.151)

Ug
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Figure 4.15: Plot of vehicle density p as a function of = at various ¢ in a traffic snarl.

I
Example 4.6
Consider a traffic flow solution where p,, = 1, up = 1, and v = 1/1000. At ¢ = 0, the traffic density
is low, except for a small region where it jumps to a significant fraction of the maximum density, then
returns to the same low value. Specifically, we take

p(x,0) = lio—i-% (H(x—1)— H(z — 2)). (4.152)

We can think of this as a small traffic snarl. Find the behavior of the traffic density for ¢ € [0, 4].

With p,, =1, ug = 1, we have

flp) = p(1-0p), (4.153)
o = i (4.154)
w = 1-2p, (4.155)
p = %(1—111). (4.156)

We solve the Burgers’ equation numerically and perform the appropriate transformations to generate
p(x,t) A plot of the solution is given in Fig. We clearly see a shock and rarefaction, both
propagating to the right in the direction of increasing x. As vehicles approach from the right in
the region where density is low, they suddenly encounter a steep jump. Vehicles on the downstream
side of the snarl gradually decrease their density until they recover the freestream value of 1/10. In
contrast to problems with a convex flux function, for this non-convex flux function, the head of the
right-propagating wave is a rarefaction and the tail is a shock.

Specializing Eq. (£I47) for the parameters of this problem, we can expect jumps to propagate at
speed

1, 6
U= (1) <1 - 1074{10) _ 1_30 (4.157)
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Figure 4.16: x —t diagram of vehicle density p in a traffic snarl.

We see by examining Fig. that the shock discontinuity at x = 1 at ¢ = 0 has moved to z = 1.3 at
t = 1, consistent with our theory of discontinuity propagation velocity.

Small disturbances propagate at w =1 — 2p. A small disturbance in the low density region of the
flow where p = 1/10 propagates at speed w =1 —2/10 = 4/5. A small disturbance in the high density
region of the flow where p = 3/5 propagates at speed w = 1 — 2(3/5) = —1/5. There is a continuum
of speeds for small disturbances that originate near the jump in p where p € [1/10,3/5]. These speeds
range from w = [4/5,—1/5].

The = — t diagram of Fig. summarizes many important concepts. Clearly at early time there
is a nearly discontinuous shock propagating to the right at velocity U = 3/10. Simultaneously there
is a continuous rarefaction, centered at (z,t) = (2,0). The tail of this rarefaction propagates in the
negative z direction, with speed —1/5. Around ¢ = 1.6, the infinitesimal tail of the rarefaction intersects
with the shock, and modulates it. This modulation continues as more infinitesimal rarefaction waves
intersect with the shock. Though it is difficult to discern from the plot, we have also sketched reflected
waves after the rarefaction strikes the shock. The head of the rarefaction propagates to the right at
speed w = 4/5.

4.5 Linear dispersive waves

Certainly the inviscid and viscous Burgers’ equations we have studied have displayed the
feature that their wave form distorts, sometimes dramatically, as time advances. Some of
that is an inviscid effect, such as shown in Fig. [£4} some is a viscous effect, such as shown
in Fig. .8 The nonlinearity of the Burgers’ equation makes closed form analysis difficult.
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Let us study these distortions in the context of a simple linear model system,

ou ou 0%u Pu
ot ox ox ox
~~ S~ —— ~—
evolution  advection diffusion  dispersion

The new term here is 3 93u/0x®. We will not provide a physical derivation, but note

e the term is known as a dispersive term as it will be seen to induce wave forms to
disperse and thus lose their integrity,

e it can arise in a variety of physical scenarios such as in shallow water wave theory,

e it is a useful construct in evaluating higher order errors in various numerical approxi-
mations to partial differential equations.

To aid in our analysis, let us assume that we can separate variables so that
u(z,t) = A(t)e™. (4.159)

We have separated u(z,t) into a time-dependent amplitude A(¢) and a single Fourier spatial
mode with assumed wave number k. Here we use the term e*** as a convenience for analysis.
It does introduce the imaginary number i; if real valued solutions are desired, they can
always be achieved by suitably defining complex constants within A(¢). Also note that we
are really assuming a spatially periodic solution in z with Euler’s formula, see Sec. B.3.1]
giving

e** = cos ka + i sin k. (4.160)

Recall from Eq. (375) the wave number is £ = 27 /), where \ is the wavelength. Let us
further imagine that we are in a doubly infinite domain, thus z € (—o00, 00). The consequence
of this is that there is a continuous spectrum of k admitted as solutions in contrast to
equations on a finite domain, where discrete spectra, such as displayed in Fig. B4l are the
only types admitted.

Necessary derivatives of Eq. (LI59) are

ou dA

— = e 4.161
ot at < (4.161)
% = ikAe™**, (4.162)
0*u b

o —k?Ae, (4.163)
3

% = kP Aette. (4.164)
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With these, we see that Eq. (EI58) reduces to

dA . . .
T kAP = VKA — ik° AT, (4.165)
dA
= = (aik‘ +vk? + 5@'1{:3) A, (4.166)
A(t) _ A06_(Vk2+i(ak+6k3))t, (4167)
— Aoe_ythe_i(ak+Bk3)t. (4168)

Here Ay is the constant initial value of the amplitude of the Fourier mode. The term e—vht

tells us that A(t) has a decaying amplitude for v > 0 and for all k. Moreover the time scale
of amplitude decay is 7 = 1/(vk?): rapid decay is induced by high wave number k and large
diffusion coefficient v. The term e~ @0kt ig purely oscillatory and does not decay with
time. We recombine to form u(x,t) as

U(ZL', t) _ Aoe—uk2t6—i(ak+ﬁk3)t6ikx’ (4169)
— A0€_Vk2t€ik(x_(a+6k2)t) ) (4170)

Now considering the oscillatory part of u(z,t), if 2 — at — 8k*t is fixed, a point on the
propagating wave is fixed. Let us call that the phase, ¢:

¢ =1z — (a+ BE*)t. (4.171)

The phase has a velocity. If we hold ¢ fixed and differentiate with respect to time we get

d dx
=6 = - (a + BE?), (4.172)
=0

d

d—”f —c = a+ Bk (4.173)

We note, importantly,

e For 5 # 0, the phase speed of the Fourier mode depends on the wave number k. Fourier
modes with different k travel at different speeds. This induces dispersion of an initial
waveform.

e For $ > 0, high frequency modes, that is those with large k, move rapidly, and are
attenuated rapidly.

e For 5 > 0, low frequency modes move slowly and are attenuated slowly.
e If 5 =0, all modes travel at the same speed a. Such waves are non-dispersive.

e The phase speed is independent of the diffusion coefficient v.
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So positive v induces amplitude decay but not dispersion; nonzero § induces dispersion but
no amplitude decay.
We can rewrite the oscillatory portion as

(e tBR0 - —  axp (i(kx — (ka + BE)t) (4.174)
exp (i(kx — wt)), (4.175)
if we take
w = ka + Bk (4.176)
In general, the relation
w=w(k), (4.177)

is known as the dispersion relation. We refer to Whitham for details, where it is seen to be
common to define the phase speed c(k) as

c(k) = — (4.178)

This is consistent with our Eq. (EIT3) for which we have ¢ = a + Bk>.
Leaving out details which are provided by Whitham, it is also common to define what is
known as the group velocity C'(k) as

_dw
Cdk
While individual Fourier modes propagate with individual phase speeds, it can be shown

that the integrated energy of a signal in fact propagates with the group velocity. For our
system, differentiating Eq. ([IT0) shows the group velocity to be

C(k) (4.179)

C(k) = a + 3Bk (4.180)

[
Ezample 4.7

Consider a solution to

ou ou 0%u 3u

— — =V —. 4.181
o e o T o (4.181)

Consider an initial condition of a top hat function:
u(z,0)=H(z—1) — H(z —2), (4.182)

and four different parameter sets: i) a = 1, v =0, 8 =0,1i) a = 1, v = 1/100, § = 0, iii) a = 1,
v =1/100, 8 = 1/1000, and iv) a = 1, v = 1/1000, 8 = 1/1000.
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Figure 4.17: Solutions to Eq. (£I58)) under conditions indicated.
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Figure 4.18: = — ¢ diagrams for solutions to Eq. ([AI58) under conditions complementary to
those of Fig. A11

An individual Fourier mode, in terms of ordinary trigonometric functions, could be specialized from

Eq. (£I70) to take the form
u(z,t) = Age ¥t sin (k(z — (a+ BE*)E)). (4.183)

Omitting details of how to sum the various Fourier modes so as to match the initial conditions, we
simply plot results in Fig. EI7l For a = 1, v = 0, § = 0, the initial top hat advects to the right and
the waveform is otherwise unchanged. For a = 1, v = 1/100, 3 = 0, the waveform advects to the right
at the same rate, but the diffusion decays the amplitude of the high frequency modes near the sharp
interface, smoothing the solution. The wave is advection and diffusing, but not dispersing. For a = 1,
v = 1/100, § = 1/1000, we see some additional high frequency modes moving in front of the initial
wave form. This is consistent with the notion that the phase speed for large k is large. This wave is
advecting, diffusing, and dispersing. The dispersive effect is more apparent when diffusion is lowered
so that a = 1, v = 1/1000, 8 = 1/1000.

We show complementary = — t diagrams in Fig.

4.6 Stokes’ second problem

Let us consider what amounts to Stokes’ second problem. It is a problem in one spatial
dimension, so it is certainly “one-dimensional.” As the governing equation is parabolic
and not hyperbolic, it is not a traditional “wave.” But in that it has a sinusoidally forced
boundary condition, it does have wave-like features in that information from the boundary is
propagated into the domain. The propagation mechanism is diffusion rather than advection.
Stoke@ addressed it in his original work which developed the Navier-Stokes equations in
the mid-nineteenth century He addressed it in the context of momentum diffusion; here,

10George Gabriel Stokes, 1819-1903, Anglo-Irish mathematician and physicist.
WStokes, G. G., 1851, “On the effect of the internal friction of fluids on the motion of pendulums,” Trans-
actions of the Cambridge Philosophical Society, 9(2): 8-106.
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we shall study its analog in the context of energy diffusion. We shall consider Stokes’ first
problem later in Sec.

Consider then the one-dimensional unsteady heat equation, Eq. (L8]] along with initial
and boundary conditions as shown,

oT O*T

T(x,0) = 0, T(0,t)=TosinQt, T(o0,t) < o0. (4.185)

We can imagine this problem physically as one in which a semi-infinite slab is subjected to
an oscillatory temperature field at its boundary at « = 0. Such might be the case for the
surface of the earth during a night-day cycle.

We may recall Euler’s formula, Eq. (8:39), derived in Sec.

"M = cos Ot + i sin Q. (4.186)
We also recall the real part is defined as
R (e’m) = cos (2, (4.187)
and the imaginary part is defined as
S (€) = sin Q. (4.188)

Let us define a related auxiliary problem, with T defined as a complex variable whose imag-
inary part is 7 (T) = T. We then take our extended problem to be

oT o*T
T(z,0) = 0, T(0,t) = Tpe™™, |T(oo,t)| < oo. (4.190)

Next let us seek a solution which is valid at long time. That is to say, we will not require
our solution to satisfy any initial condition but will require it to satisfy the partial differential
equation and boundary conditions at = 0 and x — co. We will gain many useful insights
even though we will not capture the initial condition, which, with extra effort, we could.

Let us separate variables in the following fashion. Assume that

T(x,t) = f(x)e™, (4.191)

where f(z) is a function to be determined. Ultimately we will only be concerned with the
imaginary portion of this solution, which is the portion we will need to match the boundary
condition. With this assumption, we find formulae for the various partial derivatives to be

‘Z_I = iQf(z)e™, (4.192)
or df o
& = ™ (4.193)
T Pf o
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Then Eq. (ZI89) becomes

iOfH = a%ﬁ, (4.195)
iQf = a%. (4.196)

Now assume that f(z) = Ae*, giving

iNAe™” = Ad’ae™, (4.197)
i = a2%. (4.198)
Now in a polar representation, we note that
i= ™2 (4.199)
More generally, we could say
i =l m/2H2m) oy —0,1,2, ... (4.200)

Thus, Eq. ([AI98) can be re-expressed as

pilr/2mm)  _ 2& (4.201)

Q.
(=T — g (4.202)
«

Using Euler’s formula, Eq. (839]), we could then say
= \/9( (5 +nm) +isin (5 +nr)) (4.203)
a = [~ (cos(+nm)+isin( +nr)), :
Q[ 1 1
= (e ), 4.204
a (ﬁ ﬁ) 4200

= + %(1+z’). (4.205)

When n is even, we have the “plus” root; when odd, we have the “minus” root. For each
root, we can have a solution; thus, we form linear combinations to get

f(z) = Ajexp (\/g(l + z)x) + Asexp (—\/g(l + Z)SL’) . (4.206)

Now because we take Q > 0, a > 0 and x > 0, we will need A; = 0 in order to keep |T|
bounded as © — co. So we have

f(z) = Asexp (—\/g(l + Z)SL’) . (4.207)
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Then recombining, we find that

T(z,t) = Ay exp (—\/g(l + z)x) exp(iQt). (4.208)

Now at z = 0, we must have
Ty exp(iQt) = Ay exp(if2t). (4.209)

We thus need to take Ay = Tj giving

T(z,t) = Toexp (—\/%(1 + z)x) exp(iQt). (4.210)

We then find T" by considering only the imaginary portion of T, giving

Q
T(x,t) = S (Toexp | —4/ ﬂ(l +z)x> exp(iQt)) : (4.211)
Q
[ Q | Q)

NN AT ONA) o

By inspection, the boundary condition is satisfied. Direct substitution reveals the solution
also satisfies the heat equation. And clearly as x — oo, T — 0.

Now the amplitude of this wave-like solution has decayed to roughly T;/100 at a point
where

—r = 45, (4.215)

2a
r = 4’5“6’ (4.216)

Thus the penetration depth of the wave into the domain is enhanced by high « and low €.
And below this depth, the material is ambivalent to the disturbance at the boundary. With
regards to the oscillatory portion of the solution, we see the angular frequency is €2 and the

wave number is k = 1/Q/(2a).

The phase of the wave is given by

Q
¢ =Qt — \/%:c (4.217)
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0
0246810

X

Figure 4.19: Solution to Stokes’ second problem with a =1, T, =1, Q = 1.

Let us get the phase speed. If the phase itself is constant, we differentiate to get

dp Q da
= =0 = Q- /== (4.218)
dx

Fora=1,Ty,=1,Q =1, we plot T'(z,t) in Fig. LI9 Clearly, for x ~ 4.5,/(2)(1)/1 =
6.4, the effect of the sinusoidal temperature variation at x = 0 has small effect.

Problems

© 28 March 2025. J. M. Powers.



158 CHAPTER 4. ONE-DIMENSIONAL WAVES

@© 28 March 2025. J. M. Powers.



Chapter 5

Two-dimensional waves

see Mei, Chapters 8, 10.

Here we consider aspects of two-dimensional wave propagation.

5.1 Helmholtz equation
Consider the multidimensional extension of the wave equation, Eq. (2.15]):

2
% = a’V?¢. (5.1)

Here we have exchanged ¢ for y as we may wish to use y for a coordinate. With x = (z,y, 2)¥
representing three-dimensional spatial coordinates, we can separate variables as follows

o(x,t) = u(t)v(x). (5.2)
With this assumption, Eq. (51I) becomes
d2
vd—;; = a*uV?v, (5.3)
1 v 1, 1
R p— —_ pu— —_— . 5-4
a?u dt? vv v A2 (54)

Our choice of the constant to be —1/)? is non-traditional, but will have an improved physical
interpretation. This induces the equations

1
Vzv—i-ﬁv = 0, (5.5)

%+(%)2u = 0. (5.6)
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Equation (B.3]) is known as a Helmholtﬂ equation. It is a linear elliptic partial differential
equation. Because of its linearity, its solution can be decomposed into various eigenmodes.
The appropriate eigenfunctions will depend on the particular geometry.
Equation (5.6) has solution
at

at
u(t) = Cy smx + Cy cos . (5.7)

We note that if @ has the units of velocity, and ¢ time, then at has units of length, and so
must .

5.2 Square domain

Let us consider Eq. (5.3)) in a two-dimensional Cartesian geometry with x = (z,y)7, on the
square = € [0, L], y € [0,L]. Let us insist that ¢(z,0,t) = 0, ¢(z, L, t) = 0, ¢(L,y,t) =

0. We will allow an 1nh0m0geneous Dirichlet boundary condition at ¢(0,y,t) = f (y,t).
Equation (5.5) becomes

5 tapt =0 (5.8)

Let us separate variables again by assuming

v(z,y) = w(x)z(y). (5.9)
Substituting, we get
d*w d*z 1
d2+wd2 B = 0, (5.10)
1d?w 1d%2 1
- = A1
wd:c2+zdy +>\ 0 (5.11)
2 2
td _ ddw 11 (5.12)
z dy? wdz? N\ 2
This induces
d*z 1
d*w 1 1
W_I— (E—E)’w = 0. (514)
We find
Ly y
2(y) = C} sin m + C5 cos s (5.15)

'Herman Ludwig Ferdinand von Helmholtz, 1821-1894, German physician and physicist.
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To satisfy the homogeneous Dirichlet boundary conditions, we must have Cy = 0 and 1/p =
nm/L. Thus

nmy

2(y) :C'lsinT, n=12.... (5.16)

And

d*w 1 n2r?

@—f‘(ﬁ— 12 )w = 0. (517)
For A < L/(nm), the solution is oscillatory; while for A > L/(n), the solution will have an
exponential character. In physics, the eigenfunctions for the oscillatory case are characterized
as “bound states.” In terms of the operator —d?/dz* — 1/\* + n?n?/L?, we see that it

is positive definite for A > L/(nm). Thus all its eigenvalues are positive. However for
A < L/(nr), some of the eigenvalues may be negative, inducing the bound states. The

solution is
L? L?
('3 cosh (\/n%r? — F%) + Cy sinh (\/n%r? - F%) ., A> L/(nm),
(5.18)
| L? L?
Cs cos ( v n27r2%) + Cysin < SVl n27r2%) A< L/(nm).

One simple solution is

2.2 _ L=

at\ . /nry . % tanh( n2mw ,\L)
C cos Y sm(—L )cosh n?m “ VI 1— =
2

A > L/(nm),

(5.19)
L2 2 2z
C cos a_t sin (@> cos L—2 — n27r2£ 1-— o ( S L)
A A 2 -

w(z) =

(

o(x,y,t) =

L

A< L/(nm).

\

It satisfies the partial differential equation, the boundary conditions at y = L, and = = L.
And it admits the inhomogeneous boundary condition at x = 0 of

nmy

at\ .
¢(0,y,t) = Ccos (X) sin (T) : (5.20)
= % (sin (% — %t) + sin (% + %t)) ) (5.21)

(T (o)) e (T (L))

@© 28 March 2025. J. M. Powers.



162 CHAPTER 5. TWO-DIMENSIONAL WAVES

Figure 5.1: Plots of solution to the two-dimensional wave equation within a square domain
for various values of A with n = 1.

This boundary condition holds for all A and n. We note the phase speed of the time-
dependent boundary condition here is aL/(Anm). More general boundary conditions could
be addressed with Fourier series expansions and use of the principle of superposition. A
well-posed problem requires two initial conditions, and those can be deduced easily from our
solution by examining ¢(z,y,0) and d¢/0t(x,y,0). This analysis is not shown here.

We next consider some relevant plots for particular parameter values. In all plots we will
take C' =1, a =1, L = 1. We will study the effect of variable A and variable n, which
enter in the specification of the inhomogeneous boundary condition. We first fix n = 1 and
present results at ¢ = 0 for A\ = 10/7, 1/7, 1/(107), and 1/(207) in Fig. GBI We note
that all figures display a matching of the various boundary conditions. We must envision
the left boundary at x = 0 oscillating and propagating disturbances into the domain. With
animation available with modern software, this can be visualized. We note for large A\ that
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A=10/7

Figure 5.2: Plots of solution to the two-dimensional wave equation within a square domain
for various values of A with n = 4.

there is a simple decay of the boundary disturbance to zero at the other three boundaries.
As X increases, the essential behavior does not change until A crosses below the threshold
of L/(nm) = 1/7. Below this threshold, we find resonant structures oscillating within the
domain. As A decreases, we find the wavelength of those structures decreases, and the
amplitude of the oscillations increases.

Let us next examine initial disturbances with higher wave number. We take n = 4 and
present results at ¢ = 0 for A = 10/7, 1/(4x), 1/(107), and 1/(207) in Fig. 521 We see
interesting phenomena here. First we note that large A gives rise to a suppression of the
signal penetration into the domain. For A — oo, we see that the solution goes as cosh(nmwz/L)
and thus the penetration depth goes like L/(n7). So high wave number disturbances are
not felt in the interior. For a critical value of A = L/(nm) = 1/(47) for us, the signal is felt
through the entire domain, but it decays moderately to zero at the x = 1 boundary. For
smaller )\, resonance patterns emerge and become the dominant structures.
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5.3 Circular domain

Let us now consider Eq. (5.5) in a two-dimensional polar geometry with x = (r,6)?, within
the domain bounded by r € [0, R], 6 € [0, 27]. Drawing upon Eq. ([3.259]), we specialize our
earlier results for V2 in cylindrical coordinates to the plane polar case and find Eq. (5.5)

expands as
10 [ ov 102 1
Let us separate variables once more:
v(r,0) = w(r)z(0). (5.24)
Substituting, we get
10 0 1 02 1
o (7"5 (wz)) T 250 (wz) + zv: = 0 (5.25)
zd [ dw wd?z 1
S (S — -4 = 2
" dr (r dr) g e = 0 (5:26)
rd { dw 1d?z  r?
R b o = 2
w dr <T r)+zd6’2+)\2 0 (5:27)
r d dw r? 1d%z 9
- [ B = —_——— = . 2
wdr <Tdr) by PP (5:28)
This induces two ordinary differential equations:
d*z 9
W +a'z = O, (529)
d dw r? 9
Solution to Eq. (5.29) is seen to be
2(0) = Cy sinab + Cy cos ab. (5.31)

Now we would like both ¢ and its derivatives to be periodic in f. As done earlier in Sec. 3.3.1],
we can achieve this by requiring z(0) = z(27) and dz/df(0) = dz/df(2x). The two conditions
are

Cy = C)sin2ra+ Cycos2ma, (5.32)

aC; = aC)cos2ra — aCysin 2mar. 5.33)

We write this as a linear system,
sin2ma cos2ma — 1 iy _ (0
(cos27ra—1 —sin 2o ) (Cg)_(O)' (5.34)
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For a nontrivial solution, we insist the determinant of the coefficient matrix be zero, giving

—sin? 27 — (cos2ma — 1)? = 0, (5.35)
—sin? 2ra — (cos® 2ra — 2cos 2t + 1) = 0, (5.36)
—sin® 2o — cos® 21 +2 cos 2t — 1 = 0, (5.37)
el
2co82rac = 2, (5.38)
cos2ra = 1. (5.39)
For this, we require that
a=n, n=20,1,2,.... (5.40)
So, Eq. (B.31]) reduces to
2(0) = Cy sinnf + Cy cosnb, n=20,1,2,... (5.41)
With this, Eq. (5.30) becomes
d dw r? 9
— == - — = 42
Td?”<rd7‘)+()\2 n)w 0, (5.42)
that has solution
w(r) = CsJ, (5> +CLY, (C> : (5.43)
A A
As lim, ¢ Y, (r/\) = —oo, we take Cy = 0 to keep ¢ bounded.
We can compose a single mode of a solution as
o(r,0,t) = u(t)w(r)z(0), (5.44)

at T
= Ccos|— | Jy (—) cos (nd) . (5.45)

A A
Of course, we could expand to include the sin component in both ¢ and 6, and we could
sum modes so as to match some specified initial condition. Realizing that is possible, let us
simply study this simple solution, Eq. (545]). Similar to the solution in the square domain of

Sec. 0.2 let us restrict attention to C' =1, R =1, and a = 1. So we have a special solution
of

t r
o(r,0,t) = cos (X) In (X) cos(nb). (5.46)
At t = 0, this solution takes the form
r
&(r,0,0) = J, (X) cos(nf). (5.47)
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1.0

Figure 5.3: Plots at t = 0 of solution to the two-dimensional wave equation within a circular
domain for various values of A with n = 0.
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We will study the effect of varying n and A\. We first fix n = 0 and present results at t = 0
for A =10/, 1/7, 1/(107) and 1/(207) in Fig. For large A, ¢ has little variation with
space, and simply oscillates between £1 at a frequency dictated by A\. As A decreases, more
and more eigenmodes are bound within the domain. This is consistent with the results of
Sec. .2 For solutions with n = 0, there is no variation with 6. In this section, we may
imagine that ¢ at r = 1 is controlled; thus, the entire boundary of the circular domain may
be nontrivial. This contrasts Sec. [5.2] where three of the boundaries were homogeneous and
one was controlled.

While there appears to be a singularity at » = 0 for smaller values of A\, one can show
that in fact the solution is finite for finite A. In fact for n = 0, a Taylor series of ¢ taken in
the limit of small r and small ¢ gives

¢~C<1—T—2—ﬁ+...). (5.48)

Certainly ¢ ~ C' as r — 0 and t — 0. But we might expect some interesting behavior for
small .

We next fix n = 4 and present results at ¢t = 0 for A = 10/7, 1/7, 1/(107) and 1/(207) in
Fig. 5.4l For large A, the ¢ again has little variation with space. As A\ decreases, more and
more eigenmodes are bound within the domain. For solutions with n = 4, there is variation
with 6.

Problems
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A=10/m A=1/n

1.0

Figure 5.4: Plots of solution at t = 0 to the two-dimensional wave equation within a circular
domain for various values of A with n = 4.
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Chapter 6

Self-similar solutions

see Cantwell.

Here we consider self-similar solutions. We will consider problems which can be addressed by
what is known as a similarity transformation. The problems themselves will be fundamental
ones which have variation in either time and one spatial coordinate, or with two spatial coor-
dinates. Because two coordinates are involved, we must resort to solving partial differential
equations. The similarity transformation actually reveals a hidden symmetry of the partial
differential equations by defining a new independent variable, which is a grouping of the
original independent variables, under which the partial differential equations transform into
ordinary differential equations. We then solve the resulting ordinary differential equations
by standard techniques.

6.1 Stokes’ first problem

The first problem we will consider which uses a similarity transformation is known as Stokes’
first problem. As with Stokes’ second problem, Sec. [1.6] Stokes addressed it in his original
work which developed the Navier-Stokes equations in the mid-nineteenth century The
problem is described as follows, and is sketched in Figure [6.Il Consider a flat plate of
infinite extent lying at rest for ¢ < 0 on the y = 0 plane in x — y — 2z space. In the volume
described by y > 0 exists a fluid of semi-infinite extent which is at rest at time ¢ < 0. At
t = 0, the flat plate is suddenly accelerated to a constant velocity of U, entirely in the x
direction. Because the no-slip condition is satisfied for the viscous flow, this induces the fluid
at the plate surface to acquire an instantaneous velocity of u(x = 0,¢t > 0) = U. Because
of diffusion of linear x momentum via tangential viscous shear forces, the fluid in the region
above the plate begins to acquire a positive velocity in the z direction as well.

IStokes, G. G., 1851, “On the effect of the internal friction of fluids on the motion of pendulums,” Trans-
actions of the Cambridge Philosophical Society, 9(2): 8-106.
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A\

u

Figure 6.1: Schematic for Stokes’ first problem of a suddenly accelerated plate diffusing
linear momentum into a fluid at rest.

Using standard assumptions, the linear momentum principle reduces to

ou 0*u
ou _ 6.1
"ot "o o
~~ S~
(mass) (acceleration) shear force

Employing the momentum diffusivity definition v = 11/p, we get the following partial differ-
ential equation, initial and boundary conditions:

ou 0%u
E = I/a—y2, (62)
u(y,0) = 0, u(0,t) = U, u(oo,t) = 0. (6.3)

We note that Eq. (6.2)) which describes the diffusion of linear momentum is mathematically
identical to the heat equation, Eq. (L81]) which describes the diffusion of energyﬁ
Now let us scale the equations. Choose

Uy =

— te= —, .= . 6.4
U’ te S (6.4)

We have yet to choose characteristic length, (y.), and time, (¢.), scales. The equations
become

U Ou, vU 9%u,

ou, vt, 0,

2The analog to temperature T is velocity u. The analog to Fourier’s law, Eq. (LT17), ¢. = —k 0T /0w is
that of a Newtonian fluid, which in one dimension reduces to 7 = p du/0x, where 7 is the viscous shear
stress. The analog to the energy equation, Eq. (LT0), p de/0t = —0q,/Ox is Newton’s second law, which
reduces to p Ou/0t = p 07 /dx. The analog to thermal diffusivity oo = k/pc is momentum diffusivity v = p/p.
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We choose
v
== = —. 6.7
V=70 (6.7)
Noting the SI units, we see p/(pU) has units of length: N—Sm—;% = kif%m—gi = m. With
this choice, we get
t. wvtU*  tU?
Ple _ e _1e? (6.8)
ve v v
This suggests we choose
v
With all of these choices, the complete system can be written as
Ou, 0%u,
— 6.10
(Y, 0) =0, us(0,t,) = 1, Uy (00, t,) = 0. (6.11)

Now for self-similarity, we seek transformation which reduce this partial differential equation,
as well as its initial and boundary conditions, into an ordinary differential equation with
suitable boundary conditions. If this transformation does not exist, no similarity solution
exists. In this, but not all cases, the transformation does exist.

Let us first consider a general transformation from a ., t, coordinate system to a new
Ny, t,. coordinate system. We assume then a general transformation

N = (Y bs), (6.12)
t, = t.(y.,ts). (6.13)

We assume then that a general variable ), which is a function of y, and ¢, also has the same

~

value at the transformed point 7, t,:

Uy (Yar t2) = 1y (e, 1. (6.14)
The chain rule then gives expressions for derivatives:
O, _ o, | On. o, | Ot (6.15)
Ot ” On, i Ot ” ot. e Ot ”
oY, _ o, |  On, O, Ot (6.16)
ay* ta an* ta ay* ta at* N ay* ty
Now we will restrict ourselves to the transformation
t, =t., (6.17)
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so we have gi* =1 and % = 0, so our rules for differentiation reduce to
* Yx * tx

o, O, |  On, o,

L I M/ it (6.18)
at* Y an* ta at* Ys 8t* N

o, O, | On.

Ge) 0% Ol (6.19)
0y |, O |z, Oys |,

The next assumption is key for a similarity solution to exist. We restrict ourselves to
transformations for which ¢, = v.(n.). That is we allow no dependence of 1, on t,. Hence

we must require that % = 0. Moreover, partial derivatives of 1, become total derivatives,

*

giving us a final form of transformations for the derivatives

|, = a el o

R AR o2
In terms of operators we can say

a%y* _ g?: y*din*’ (6.22)

8%* - gZ: s (6.23)

Now returning to Stokes’ first problem, let us assume that a similarity solution exists of
the form . (Y., t.) = u.(n.). It is not always possible to find a similarity variable 7,. One of
the more robust ways to find a similarity variable, if it exists, comes from group theory}l and

3Group theory has a long history in mathematics and physics. Its complicated origins generally include
attribution to [Evariste Galois, 1811-1832, a somewhat romantic figure, as well as Niels Henrick Abel, 1802-
1829, the Norwegian mathematician. Critical developments were formalized by Marius Sophus Lie, 1842-
1899, another Norwegian mathematician, in what today is known as Lie group theory. A modern variant,
known as “renormalization group” (RNG) theory is an area for active research. The 1982 Nobel prize in
physics went to Kenneth Geddes Wilson, 1936-, of Cornell University and The Ohio State University, for use
of RNG in studying phase transitions, first done in the 1970s. The award citation refers to the possibilities
of using RNG in studying the great unsolved problem of turbulence, a modern area of research in which
Steven Alan Orszag, 1943-2011, made many contributions.

Quoting from the wuseful Eric Weisstein’s World of Mathematics, available online at
https://mathworld.wolfram.com/Group.html, “A group G is a finite or infinite set of elements
together with a binary operation which together satisfy the four fundamental properties of closure,
associativity, the identity property, and the inverse property. The operation with respect to which a group is
defined is often called the ‘group operation,” and a set is said to be a group ‘under’ this operation. Elements
A, B, C,... with binary operations A and B denoted AB form a group if

1. Closure: If A and B are two elements in G, then the product AB is also in G.
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is explained in detail by Cantwell. Group theory, which is too detailed to explicate in full
here, relies on a generalized symmetry of equations to find simpler forms. In the same sense
that a snowflake, subjected to rotations of /3, 27 /3, m, 47 /3, 57 /3, or 2w, is transformed
into a form which is indistinguishable from its original form, we seek transformations of
the variables in our partial differential equation which map the equation into a form which
is indistinguishable from the original. When systems are subject to such transformations,
known as group operators, they are said to exhibit symmetry.

Let us subject our governing partial differential equation along with initial and boundary
conditions to a particularly simple type of transformation, a simple stretching of space, time,
and velocity:

t = e,, j = eby,, o = e“u,. (6.24)

Here the “~” variables are stretched variables, and a, b, and ¢ are constant parameters. The
exponential will be seen to be a convenience, which is not absolutely necessary. Note that
for a € (—00,00), b € (—00,0), ¢ € (—00,00), that e € (0,00), € € (0,00), e € (0,00).
So the stretching does not change the direction of the variable; that is it is not a reflecting
transformation. We note that with this stretching, the domain of the problem remains
unchanged; that is ¢, € [0,00) maps into ¢ € [0,00); y. € [0,00) maps into § € [0, 00).
The range is also unchanged if we allow u, € [0,00), which maps into @ € [0,00). Direct
substitution of the transformation shows that in the stretched space, the system becomes

— a'&/ 20— 0212
ae = e 6.25
o~ o (6.25)
e “u(y,0) = 0, e “u(0,t) = 1, e “li(0o,t) = 0. (6.26)

In order that the stretching transformation map the system into a form indistinguishable
from the original, that is for the transformation to exhibit symmetry, we must take

c=0, a = 2b. (6.27)
So our symmetry transformation is

t=e?t,, 7§ = ey, U= u,, (6.28)

2. Associativity: The defined multiplication is associative, i.e. for all A, B,C € G, (AB)C = A(BC).

3. Identity: There is an identity element I (a.k.a. 1, E, or e) such that TA = AT = A for every element
AeG.

4. Inverse: There must be an inverse or reciprocal of each element. Therefore, the set must contain an
element B = A~! such that AA~! = A1 A = I for each element of G.

..., A map between two groups which preserves the identity and the group operation is called a homomor-
phism. If a homomorphism has an inverse which is also a homomorphism, then it is called an isomorphism
and the two groups are called isomorphic. Two groups which are isomorphic to each other are considered to
be ‘the same’ when viewed as abstract groups.” For example, the group of 90 degree rotations of a square
are isomorphic.
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giving in transformed space

ot 0*a
— = 6.29
a(g,0) = 0, w(0,t) = 1, (00, ) = 0. (6.30)

Now both the original and transformed systems are the same, and the remaining stretching
parameter b does not enter directly into either formulation, so we cannot expect it in the
solution of either form. That is we expect a solution to be independent of the stretching
parameter b. This can be achieved if we take both u, and 4 to be functions of special
combinations of the independent variables, combinations that are formed such that b does
not appear. Eliminating b via

b Y
el =—, 6.31
v (6:31)
we get
¢ 7\
— == 6.32
- (1), (6.32)
or after rearrangement .
Y _ Y (6.33)

Vie Vi
We thus expect u, = u, (y* / \/E) or equivalently @ = @ (gj/ Vi ) This form also allows
Uy = Uy (5y* [Vt ), where [ is any constant. Let us then define our similarity variable 7, as

Ys

Here the factor of 1/2 is simply a convenience adopted so that the solution takes on a
traditional form. We would find that any constant in the similarity transformation would
induce a self-similar result.

Let us rewrite the differential equation, boundary, and initial conditions (Qu,/0t, =
0u, /0y?, uy(ys,0) = 0, u.(0,t,) = 1, u,(0o,t,) = 0) in terms of the similarity variable ,.
We first must use the chain rule to get expressions for the derivatives. Applying the general
results just developed, we get

(6.34)

e Oty Ly gpde T du (6.35)
ot, Ot, dn, 22 dn, 2t, dn.
o, On, du, 1 du,

Y 0y dn). B 2—\/Ed—77*’
o2, 9 (8u*) _ 0 ( 1 du*) (6.37)
dy? Ay \ Oys dy. \ 2yt dn. )’ '
= Li (%) — 1 ( 1 d2u*) — i@ (6 38)
2/t Oy, \ dn. 2/t \ 24/t dn? 4t, dn? ’
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Thus, applying these rules to our governing equation, Eq. (G.I0), we recover

Ny du, 1 d?u,
— = —_— 6.39
2t, dn, 4t, dn?’ (6.39)
d?u, du,
d;g +277*% = 0. (6.40)

Note our governing equation has a singularity at ¢, = 0. As it appears on both sides of

the equation, we cancel it on both sides, but we shall see that this point is associated with

special behavior of the similarity solution. The important result is that the reduced equation

has dependency on 7, only. If this did not occur, we could not have a similarity solution.
Now consider the initial and boundary conditions. They transform as follows:

g = 0,=>n. =0, (6.41)
Yo — 00,== 1 — 00, (6.42)
t. — 0,= n. — 0. (6.43)

Note that the three important points for ¢, and v, collapse into two corresponding points in
7.. This is also necessary for the similarity solution to exist. Consequently, our conditions
in 7, space reduce to

u(0) = 1, surface condition, (6.44)
us(00) = 0, initial and far-field. (6.45)

We solve the second order differential equation by the method of reduction of order, noticing
that it is really two first order equations in disguise:

di* (f;) +2m, <Z—:::) ~ 0. (6.46)
Multiply by the integrating factor e to get
& df]* (le) + 21, (f;;) - 0. (6.47)
df]* <e’73 ;h;) — 0, (6.48)
6773% = A, (6.49)
f;;: = Ae ™, (6.50)
u, = B+ A/On* e ds. (6.51)
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Now applying the condition u, =1 at n, = 0 gives

0
| = B+A/eﬂﬂm (6.52)
<L
-0

B = 1. (6.53)

So we have

e,
Uy = 1—|—A/ e ds. (6.54)
0

Now applying the condition u, = 0 at n, — co, we get

[e.e]

0 = 1+A/ e ds, (6.55)
<
= Vr/2
0 = 1+A§, (6.56)
2
A= - .
NG (6.57)

Though not immediately obvious, it can be shown by a simple variable transformation to
a polar coordinate system that the above integral from 0 to co has a finite value of /7 /2.
It is not surprising that this integral has finite value over the semi-infinite domain as the
integrand is bounded between zero and one, and decays rapidly to zero as s — oo.

Let us divert to evaluate this integral. To do so, consider the related integral I, defined
over the first quadrant in s — ¢ space, where

/ / e~ ds dt, (6.58)

0 0

:t/e#/jfﬁwﬁ, (6.59)

0 0

- ( / e’ ds) ( / et dt), (6.60)
0 0
o0 2

- (/ e ds), (6.61)
0

VI = / e ds. (6.62)
0

Now transform to polar coordinates with s = rcosf, t = rsinf. With this, we can easily
show ds dt = r dr df and s* + t*> = r?. Substituting this into Eq. (6.58) and changing the

I
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limits of integration appropriately, we get
w/2  poo

e "r dr do, (6.63)
0
1 .\~
—e .64
( 7)o (6.64)
(1) ae (6.65)
2 ’ ’

(6.66)

I, =

I
*'>|>‘N NN

Comparing with Eq. ([6.62), we deduce

Vi = /OOO e ds = g (6.67)

With this verified, we can return to our original analysis and say that the velocity profile
can be written as

us(ne) = 1—— e ds, (6.68)

Us (Y t) = 1—— e ¥ ds, (6.69)

w (Y ts) = erfc< ) (6.70)

In the last form above, we have introduced the so-called error function complement, “erfc.”
Plots for the velocity profile in terms of both 7, and y,,t. are given in Figure We see
that in similarity space, the curve is a single curve that in which u, has a value of unity at
7. = 0 and has nearly relaxed to zero when 7, = 1. In dimensionless physical space, we see
that at early time, there is a thin momentum layer near the surface. At later time more
momentum is present in the fluid. We can say in fact that momentum is diffusing into the
fluid.

We define the momentum diffusion length as the length for which significant momentum
has diffused into the fluid. This is well estimated by taking n, = 1. In terms of physical
variables, we have

s
=1 6.71
o= = 1, (6:71)

g = V4, (6.72)
t
2 o= 2[4 (6.73)
U U2
U2
= — 74
Y U — (6.74)

y = 2Vt (6.75)
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s

1,

Figure 6.2:  Sketch of velocity field solution for Stokes’ first problem in both similarity
coordinate 7, and primitive coordinates v, t,.

We can in fact define this as a boundary layer thickness. That is to say the momentum
boundary layer thickness in Stokes’ first problem grows at a rate proportional to the square
root of momentum diffusivity and time. This class of result is a hallmark of all diffusion
processes, be it mass, momentum, or energy.

6.2 Taylor-Sedov solution

Here, we will study the TaleIH—SedOVH blast wave solution. We will follow most closely two
papers of Tayloil] from 1950. Taylor notes that the first of these was actually written in
1941, but was classified. Sedov’s complementary studyﬁ is also of interest. One may also
consult other articles by Taylor for background We shall follow Taylor’s analysis and
obtain what is known as self-similar solutions. Though there are more general approaches
which may in fact expose more details of how self-similar solutions are obtained, we will
confine ourselves to Taylor’s approach and use his notation.

4Geoffrey Ingram Taylor, 1886-1975, English physicist.

Leonid Ivanovitch Sedov, 1907-1999, Soviet physicist.

9Taylor, G. 1., 1950, “The Formation of a Blast Wave by a Very Intense Explosion. I. Theoretical Discus-
sion,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences 201(1065):
159-174.

Taylor, G. 1., 1950, “The Formation of a Blast Wave by a Very Intense Explosion. II. The Atomic
Explosion of 1945,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences, 201(1065): 175-186.

8Sedov, L. 1., 1946, “Rasprostraneniya Sil'nykh Vzryvnykh Voln,” Prikladnaya Matematika i Mekhanika
10: 241-250.

ITaylor, G. 1., 1950, “The Dynamics of the Combustion Products Behind Plane and Spherical Detonation
Fronts in Explosives,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences, 200(1061): 235-247.

OTaylor, G. 1., 1946, “The Air Wave Surrounding an Expanding Sphere,” Proceedings of the Royal Society
of London. Series A, Mathematical and Physical Sciences, 186(1006): 273-292.
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The self-similar solution will be enabled by studying the equations for the motion of
a diffusion-free ideal compressible fluid in what is known as the strong shock limit for a
spherical shock wave. Now, a shock wave will raise both the internal and kinetic energy
of the ambient fluid into which it is propagating. We would like to consider a scenario in
which the total energy, kinetic and internal, enclosed by the strong spherical shock wave is
a constant. The ambient fluid, a calorically perfect ideal gas with gas constant R and ratio
of specific heats =, is initially at rest, and a point source of energy, F, exists at r = 0. For
t > 0, this point source of energy is distributed to the mechanical and thermal energy of the
surrounding fluid.

Let us follow now Taylor’s analysis from his 1950 Part I “Theoretical Discussion” paper.
We shall

e write the governing inert one-dimensional unsteady equations in spherical coordinates,

e reduce the partial differential equations in r and ¢ to ordinary differential equations in
an appropriate similarity variable,

e solve the ordinary differential equations numerically, and

e show our transformation guarantees constant total energy in the region r € [0, R(t)],
where R(t) is the locus of the moving shock wave.

We shall also refer to specific equations in Taylor’s first 1950 paper.

6.2.1 Governing equations

The non-conservative formulation of the governing equations is as follows:

op dp ou  2pu ,

o + us + Poy = T mass conservation (6.76)
0 0 10P
8_1: + ua—;f + Do = 0, momentum conservation (6.77)
0 0 P (0 0
(8_: + ua—i) 2 (a—f + ug—f) = 0, energy conservation (6.78)
1 P . .
e = ———, caloric state equation  (6.79)
y—=1p

P = pRT. thermal state equation (6.80)

The conservative version, not shown here, can also be written in the form of Eq. (@I]). The
conservative form induces a set of shock jump equations in the form of Eq. (@I0). Taking
the subscript s to denote the shocked state and the subscript o to denote the unshocked
state, the shock velocity to be dR/dt, and the shock Mach number M, = (dR/dt)/\/7Fo/po,
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their solution gives the jump over a shock discontinuity of so-called RankinHugonio
jump conditions:

Ps v+1 2 1\!

— = —— (1 6.81
Po 7—1( +(7—1)M3 ’ (6:581)
Py 44177 441 .
dR  y+1 Py, (7+1)’

= = us+\/ a4 ) (6.83)

Let us look at the energy equation, Eq. ([CZ8) in a little more detail. We define the
material derivative as d/dt = 0/0t +u 0/0r, so Eq. (6.18) can be rewritten as

= _ . (6.84)

As an aside, we recall that the specific volume v is defined as v = 1/p. Thus, we have
dv/dt = —(1/p?)dp/dt. Thus the energy equation can be rewritten as de/dt + Pdv/dt = 0,
or de/dt = —Pdv/dt. In differential form, this is de = —P dv. This says the change in energy
is solely due to reversible work done by a pressure force. We might recall the Gibbs equation
from thermodynamics, de = T ds — P dv, where s is the entropy. For our system, we have
ds = 0; thus, the flow is isentropic, at least behind the shock. It is isentropic because away
from the shock, we have neglected all entropy-producing mechanisms like diffusion.

Let us now substitute the caloric energy equation, Eq. (6.79]), into the energy equation,

Eq. ([©34):
_%§%+ﬁ%%_§% _ 0, (6.86)
_§%+%%_(7_1)§% _ (6.87)
%%_72% _ 0, (6.88)
%_75% ~ 0, (6.89)
T e = O (6.90)
%(;) _ (6.91)

WWilliam John Macquorn Rankine, 1820-1872, Scottish engineer.
12Pierre Henri Hugoniot, 1851-1887, French mechanician.
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o (P o (P

This says that following a fluid particle, P/p? is a constant. In terms of specific volume, this
says PvY = C', which is a well-known isentropic relation for a calorically perfect ideal gas.

6.2.2 Similarity transformation

We shall next make some non-intuitive and non-obvious choices for a transformed coordinate
system and transformed dependent variables. These choices can be systematically studied
with the techniques of group theory, not discussed here.

6.2.2.1 Independent variables

Let us transform the independent variables (r,t) — (1, 7) with

1= @ (6.93)
t

T =

(6.94)

We will seek solutions such that the dependent variables are functions of 7, the distance
relative to the time-dependent shock, only. We will have little need for the transformed time
T because it is equivalent to the original time ¢.

6.2.2.2 Dependent variables

Let us also define new dependent variables as

P

7= = RTAM), (6.95)
% = ¥(n), (6.96)
u = R7372¢(n). (6.97)

These amount to definitions of a scaled pressure fi, a scaled density 1, and a scaled velocity
¢1, with the assumption that each is a function of n only. Here, Fy, and p, are constant
ambient values of pressure and density, respectively.

We also assume the shock velocity to be of the form

Ut) = Z—f = AR32, (6.98)

The constant A is to be determined.
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6.2.2.3 Derivative transformations

By the chain rule we have

o o oo

o~ oy ator
Now, by Eq. ([6.93) we get

on r dR

ot CRZdt’
n dR

R(t) dt’
_ T4 p—3/2
= ——AR
R )
An
- Rb/2

From Eq. (6.94) we simply get
or
71
ot
Thus, the chain rule, Eq. ([6.99), can be written as

) Anp 8 9

ot~ oy o
As we are insisting the 9/01 = 0, we get

g  An d

ot R2dy
In the same way, we get

0 87}2 or 0

o oron or or)
=0

_1d

~ Rdnp

6.2.3 Transformed equations

(6.99)

(6.100)
(6.101)
(6.102)

(6.103)

(6.104)

(6.105)

(6.106)

(6.107)

(6.108)

Let us now apply our rules for derivative transformation, Eqs. (GI03IG.I08), and our trans-

formed dependent variables, Eqgs. (6.95H6.97)), to the governing equations.
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6.2.3.1 Mass

First, we shall consider the mass equation, Eq. ©678). We get
An d d

_ d _ 2 _
"R (Po@b) +R 3/26251 = (Po@b) + POQ/) = (R 2¢1) = — . poty R3¢, .
%/—/ ) —u _ p =p v ~ _\,./ :Vp -
=9/t =9/0r =8/0r =2/(nRk)
(6.109)

Realizing that R(t) = R(7) is not a function of 7, canceling the common factor of py, and
eliminating r with Eq. (6.93)), we can write

An dp ¢y dy Y doy 2 P
_Wd_n + R5/2d_7] + R5/2d—7] = _5W7 (6110)
R R CR (6.111)
_Ancé—qb + ¢1d¢ + (Ci% + - qbl) = 0, mass. (6.112)

Equation (6.I12]) is number 9 in Taylor’s paper, which we will call here Eq. T(9).

6.2.3.2 Linear momentum

Now, consider the linear momentum equation, Eq. (6.77)), and apply the same transforma-
tions:

9 1 0

L (RP00) + B2y o (R‘3/2¢ )+— 57 (DR f) = 0,(6.113)
=u =u =u =P
—l/p
0 3 dR 1 0
_3/2% - §R_5/2 gb —I—R_3/2¢ (3_3/26251) + ot Or (PBR°f1) = 0,(6.114)
—u /ot
A d 3 0
R3/2 <_ 351/72) di;l _ §R_5/2 (AR—3/2) b1+ R—3/2¢1_ (R_3/2¢1)
1 0 _3
+,0—1/)(9_ (PO fl) = 0, (6~115)
And 3 A _ _ 1 0
‘ﬁ:’%‘ R (R P00) + s (RRTR) = 0,(6116)
And 3A 1 d _ 1 14d _
—deifr;— St R Pe Rdn (R3¢1) + TR (PR™*f1) = 0,(6.117)
Andg, 3 A Prdey | By 1 dfy
S — —_— = A1
R* dn 2R4¢1 R* dny * po R* dn 0,(6.118)
dpr 3 doy Py dfy
—Ap— — ZA —+——— = 0.(6.11
d77 5 ¢1+¢1d77+001/)d77 0.(6.119)
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Our final form is

d¢1) doy Poldf1
+n— | +

( ” dn S dn po ¥ dn
Equation (€120) is T(7).

6.2.3.3 Energy

=0, linear momentum. (6.120)

Let us now consider the energy equation. It is best to begin with a form in which the
equation of state has already been imposed. So, we will start by expanding Eq. (6.89) in
terms of partial derivatives:

aa—]; +u 88—]3— (gf +u gf) — 0, (6.121)
—_———
=dP/dt =dp/dt
9 -3 32, O -3
E (PR fl) +R 6251— (POR fl)
3
L ow>+R—3/2¢1 “(pov)) = 0 (6122)
0
at( 3f)+R_3/2¢ ( —3 1)
3
¢f1 <%+R_3/Q¢l%) = 0,  (6.123)
R~ ‘98]; : 3R-4@ fi +R-3/2¢13 (R f1)
3
¢f1 <8t + R3¢, w) = 0, (6.124)
d,
R <_R5/2) di; —3RART) fi + R_?’/zﬁblg (R*f1)
3
wfl <8t + R, w) = 0. (6.125)
Carrying on, we have
ATI dfl 3/2 — 1df1
R11/2d—7]_3R11/2f1+R (bR Rdn

R, A0 | o, LdOY
7 ((_R5/2)d_n “cb ) = 0, (6.126)

An_df o1 dfy fi dip w
TRZdp R11/2f1 mi gy~ Voria \Agy Tog ) = 0 (6.127)

f1 df, f1 Y AN
n 3Af1 + (bl— - w (—A’f}d—n + ¢1d_7]) = 0. (6128)
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Our final form is

A (3f1 +7]df1) + {; (—An+ ¢1) —176 — qﬁld{; =0, energy. (6.129)

Equation ([6129) is T(11), correcting for a typographical error replacing a r with .

6.2.4 Dimensionless equations

Let us now write our conservation principles in dimensionless form. We take the constant
ambient sound speed ¢y to be defined for our gas as

P,
@ =72 (6.130)
00

Note, we have used our notation for sound speed here; Taylor uses a instead.
Let us also define

_ [(C0)\?
fo= <Z) 1, (6.131)
6 = %. (6.132)

6.2.4.1 Mass
With these definitions, the mass equation, Eq. (6.112]), becomes

A d—f + A¢—w + (Ad: + Agb) — 0, (6.133)
¢ ¢@ vy (@ ¢) 0, (6.134)
¢(¢ -n) = <flf; + n¢) : (6.135)
%% - %_Lf mass.  (6.136)
Equation (GI30) is T(9a).

6.2.4.2 Linear momentum

With the same definitions, the momentum equation, Eq. (6.120) becomes

3 d¢) ) d¢ Py 1 A% df
—A(2A¢+ Ap— ) + A%p—
(2 ¢+ An ¢ powco dn

6.137
- 0. (6137)
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3 d¢ dop ~11df
- <5¢+nd_n) oa e
d¢ 3 Ldf
%(¢—U)—§¢+W% 0,
%(n —¢) = %Z—ﬁ — gqﬁ, momentum.

Equation (6.140) is T(7a).

6.2.4.3 Energy
The energy equation, Eq. (6129) becomes

A? A% dq A? d A% d
A(3—f+n f)+7i—(—An+A¢)—¢—AC—2¢d—{]
0

c? @ dn b 3 dn
d d d
3f+nd—£+v£(—n+¢)d—ﬁ—¢d—£
d 1d d
3f+nd—{]+vw—ff<—n+¢)—¢d—{]

Equation ([6.143) is T(11a).

6.2.5 Reduction to nonautonomous form

0,

energy.

Let us eliminate di)/dn and d¢/dn from Eq. (6I43) with use of Eqs. (G.I361G.140).

dn n—¢

do | 20
3f 40 4o <u> (—n+¢)—¢%

d,
3+ (-85

o
3f(77—¢)+(n—¢)2;l—{7—7f (idf g¢+% n

299

(=02 =2) L~ (=300 - 500+ 220r- 0

b 2

((n—aﬁ)Q—%)3—{]+f(3n—3¢+§7¢—27¢+

(8
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2 n
2
((n—é)z—i)%+f<3n—¢(3+%v)+2w

(6.138)
(6.139)

(6.140)

(6.141)
(6.142)

(6.143)

(6.144)

(6.145)

(6.146)

(6.147)
(6.148)
(6.149)

(6.150)
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Rearranging, we get

(m—¢f—£)§f f<%m+¢(3+%0—f@f). (6.151)

Equation (6.I51]) is T(14).
We can thus write an explicit nonautonomous ordinary differential equation for the evo-
lution of f in terms of the state variables f, 1, and ¢, as well as the independent variable

n.

df f( 3 +¢(3+37) — )
dn (=92~ 4 '
Eq. (6I52) can be directly substituted into the momentum equation, Eq. (6140) to get

(6.152)

1 d 3
T (6.153)
dn n=¢
Then, Eq. [6I53) can be substituted into Eq. (6130) to get
d¢ | 29
dw an T
_.w . 6.154
=9 (6.154)

Equations ([6.I52H6.154]) form a nonautonomous system of first order differential equations
of the form

d
d_{’] = 91(f>¢>wa77), (6155)
d
d_’?; = 92(f7¢7¢777)7 (6156)
d
T = alfea), (6.157)

They can be integrated with standard numerical software. One must of course provide
conditions of all state variables at a particular point. We apply conditions not at n = 0,
but at n = 1, the locus of the shock front. Following Taylor, the conditions are taken from
the Rankine-Hugoniot equations, Eqs. (E8IHG.83]), applied in the limit of a strong shock
(My — o0). We omit the details of this analysis. We take the subscript s to denote the
shock state at n = 1. For the density, one finds

s 1
Ps _ i’ (6.158)
Po v—1
p0¢8 v+ 1
= —, 6.159
Po 7—1 (6:159)
v+1
Yy =1(n=1) = P (6.160)
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For the pressure, leaving out details, one finds that

& _ 2t1h (6.161)
2 2y Py
AQC};_S = 72—J;1R‘3f13, (6.162)
AZg_g — 72—211%—3‘3—;];, (6.163)
1
1= % 3 (6.164)
fs=fn=1) = % (6.165)
For the velocity, leaving out details, one finds
Ug 2
@ < T (6.166)
—3/2
ZR/—;%S _ % (6.167)
—3/2
RA};_QZ’S _ % (6.168)
6. =0 =1) = —. (6.169)

Equations (6160, 6.165, E.169) form the appropriate set of initial conditions for the integra-
tion of Eqs. (6.152H6.157).
6.2.6 Numerical solution

Solutions for f(n), ¢(n) and ¥ (n) are shown for v = 7/5 in Figs. [63HE.0 respectively. So,
we now have a similarity solution for the scaled variables. We need to relate this to physical
dimensional quantities. Let us assign some initial conditions for ¢ = 0, » > 0; that is, away
from the point source. Take

u(r,0) =0, p(r,0) =po, P(r,0)=F. (6.170)
We also have from Eq. (6.80) that

700 = L _ 7y (6.171)

e(r,0) = ——— = eo. (6.172)
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Figure 6.3: Scaled pressure f versus similarity variable n for v = 7/5 in Taylor-Sedov blast
wave.
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Figure 6.4: Scaled velocity ¢ versus similarity variable 7 for v = 7/5 in Taylor-Sedov blast
wave.
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Figure 6.5: Scaled density ¢ versus similarity variable n for v = 7/5 in Taylor-Sedov blast
wave.
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6.2.6.1 Calculation of total energy

Now, as the point source expands, it will generate a strong shock wave. Material which
has not been shocked is oblivious to the presence of the shock. Material which the shock
wave has reached has been influenced by it. It stands to reason from energy conservation
principles that we want the total energy, internal plus kinetic, to be constant in the shocked
domain, r € (0, R(t)], where R(t) is the shock front location.

Let us recall some spherical geometry so this energy conservation principle can be properly
formulated. Consider a thin differential spherical shell of thickness dr located somewhere in
the shocked region: r € (0, R(t)]. The volume of the thin shell is

_ 2
dv = drr dr (6.173)
(surface area) (thickness)
The differential mass dm of this shell is
dm = pdV, (6.174)
4rr?p dr. (6.175)

Now, recall the mass-specific internal energy is e and the mass-specific kinetic energy is u?/2.
So, the total differential energy, internal plus kinetic, in the differential shell is

1
dE = <e—|—§u2> dm, (6.176)
L oY 2
= dmp e—|—§u e dr. (6.177)

Now, the total energy E within the shock is the integral through the entire sphere,

R(t) R(t) 1
E = / dE = / 47p (e + §u2) r? dr, (6.178)
0 0

R() 1 P 1
= dmp <—— + —u2) r? dr, 6.179
/0 y—1lp 2 ( )
Ar R(t) R(t)
= / Pr? dr + 27T/ pu’r? dr. (6.180)
v—1Jo o Jo P
thermal energy kinetic energy

We introduce variables from our similarity transformations next:

4 1 1
E = 1 / PyR73fi R*n* R dn 427 / pot R73¢% R?n* R dn, (6.181)
T 1 0 P 2 d 0 2 2 d
r T P u r T
dm ! 2 ! 2 9
= po— Pofin® dn+ 27 podin” dn, (6.182)
- 0 0
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4 1 p,A2 1
= 7_1/ (;2 i d77+27T/ pop A2¢*n” dn, (6.183)
0
= drA® <C2 / fn’ dn+p0/ bo*n? dn) (6.184)
0
= 47“42/)0<7 / fn? dn+ 5 / bty dn) (6.185)

-

dependent on 7 only

The term inside the parentheses is dependent on v only. So, if we consider air with v = 7/5,
we can, using our knowledge of f(n), ¥(n), and ¢(n), which only depend on 7, to calculate
once and for all the value of the integrals. For v = 7/5, we obtain via numerical quadrature

E = 4rA2p, <m(0.185194)+%(0.185168)), (6.186)

= 5.3192p, A% (6.187)

Now, from Eqs. (6.95, [6.130, 6137, 6.1I87) with v = 7/5, we get

A2
P = POR_3f—2, (6.188)
-3 PO 2
— AZ 6.189
f7P0 ( )
= R f—p0A2, (6.190)
v
E
= R°fo—0 6.191
f% 5.3192° ( )
= 0.1343R°Ef, (6.192)
Prt) = 013432 (1 (6.193)
r = : :
’ R3(t)" \ R(1)
The peak pressure occurs at n = 1, where r = R, and where
fn=1)= 2 22048 e (6.194)
T T a1 ‘
So, at 7 = 1, where r = R, we have
3 E
P =(0.1343)(1.167)R°E = 0. 1567@‘ (6.195)

The peak pressure decays at a rate proportional to 1/R? in the strong shock limit.
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Now, from Eqs. (697, 6132, G.I8T) we get for u:

u = R?A¢, (6.196)

R73/2 b, (6.197)

R

1 r
u(r,t) = 53100 R3/2(t)¢ (R(t)) : (6.198)

Let us now explicitly solve for the shock position R(t) and the shock velocity dR/dt. We

have from Eqgs. (6.98 [6.187) that

dR
— = AR™? 6.199
dt ) ( )
_ £ (6.200)
~ \/5.319p, R3/2(t)’ '
E
R¥*dR dt 6.201
531900 (6:201)
2 E
"RV = t+C. 6.202
5 53100, | (6:202)
Now, because R(0) = 0, we get C' =0, so
2 E
SR = t, 6.203
5 5.319p0 (6.203)
2 5/2 —1/2
to= SR/53190 B2, (6.204)
= 0.9225RY?pl*E~1/. (6.205)
Equation (6209 is T(38). Solving for R, we get
1
5/2 _ 12 p1/2 9
R 0.9225 7 : (6.206)
R(t) = 1.03279p, P E'/5¢2/5. (6.207)

Thus, we have a prediction for the shock location as a function of time ¢, as well as point
source energy E. If we know the position as a function of time, we can easily get the shock
velocity by direct differentiation:

ail_lj _ 0_4131p51/5E1/5t_3/5. (6.208)
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If we can make a measurement of the blast wave location R at a given known time ¢, and
we know the ambient density py, we can estimate the point source energy FE. Let us invert

Eq. ([6:207) to solve for E and get

poR°
g = P 6.209
(1.03279)5¢2” (6.209)
R5
= 0851022 (6.210)
t2

6.2.6.2 Comparison with experimental data

Now, Taylor’s Part II paper from 1950 gives data for the 19 July 1945 atomic explosion at
the Trinity site in New Mexico. We choose one point from the photographic record which
finds the shock from the blast to be located at R = 185 m when t = 62 ms. Let us assume
the ambient air has a density of py = 1.161 kg/m3. Then, we can estimate the energy of the

device by Eq. (6.210) as

(1.161 =%) (185 m)”
(0.062 s)2 ’

= 55.7x 10" J. (6.212)

E = 085102 (6.211)

Now, 1 ton of the high explosive TNTH is known to contain 4.25 x 10° J of chemical energy.
So, the estimated energy of the Trinity site device in terms of a TNT equivalent is

55.7 x 1012 J
4.25 x 109 -

ton

TNT cquivalent = =13.1 x 10® ton. (6.213)

In common parlance, the Trinity site device was a 13 kiloton bomb by this simple estimate.
Taylor provides some nuanced corrections to this estimate. Modern estimates are now around
20 kiloton.

6.2.7 Contrast with acoustic limit

We saw in Eq. (6I95]) that in the expansion associated with a strong shock, the pressure
decays as 1/R3. Let us see how that compares with the decay of pressure in the limit of a
weak shock.

Let us first rewrite the governing equations. Here, we 1) rewrite Eq. (G.70]) in a conserva-
tive form, using the chain rule to absorb the source term inside the derivative, 2) repeat the
linear momentum equation, Eq. (6.77), and 3) re-cast the energy equation for a calorically

perfect ideal gas, Eq. [689) in terms of the full partial derivatives:
dp 10
ot r2or
13More specifically, 2,4,6-trinitrotoluene, C¢Ha(NO2)3CHs, first prepared in 1863.

(rPpu) = 0, (6.214)
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ou ou 18_]3

oP oP P (0p dp
5 + UE — fy; <E + UE) 0. (6.216)

Now, let us consider the acoustic limit, which corresponds to perturbations of a fluid at
rest. Taking 0 < e < 1, we recast the dependent variables p, P, and u as

p = potepr+..., (6.217)

= P(]—'—EPl +..., (6218)

u = Uy +eu;+.... (6.219)
—

=0

Here, pyp and P, are taken to be constants. The ambient velocity uyg = 0. Strictly speaking,
we should nondimensionalize the equations before we introduce an asymptotic expansion.
However, so doing would not change the essence of the argument to be made.

We next introduce our expansions into the governing equations:

O (ot em) o (P (o ep) () = 0. (6:220)
%(eul) + (em) - (em) + Lpl % (Py+eP) = 0, (6.221)

% (Py+e€Py) + (Eul)% (Po+€P)
—7% (% (po +€p1) + (Eul)% (po + epl)) = 0. (6.222)

Now, derivatives of constants are all zero, and so at leading order the constant state satisfies
the governing equations. At O(e), the equations reduce to

8u1 1 8P1
—F+—— =0 6.224
ot £o or ’ ( )
0P, Py 0p:
22— . 22
ot ot 0 (6:225)

Now, adopt as before ¢z = vFPy/pg, so the energy equation, Eq. ([6.225]), becomes
oP, 2 3ﬂ1

— =ci—. 6.226
ot~ Vot (6.226)
Now, substitute Eq. (6226) into the mass equation, Eq. ([6223]), to get
1 0P, 10
! r?pouy) = 0. (6.227)

3o T
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We take the time derivative of Eq. ([6227) to get

il Y = .22
2 ot? + ot (7“2 or (7“ pOU1)> v (6:228)
1 02P1 1 8 2 8u1
2 o ( poa) -0 (6:229)

We next use the momentum equation, Eq. (6.224)), to eliminate du; /0t in Eq. (6.229):

19°P, 10 [, 1 0P,
Zom T < o <‘%W)) =0 (6:230)

10°P, 10 ([ ,0P,
-7 ) = 0 6.231
2 o2 r2or <T or ) ’ ( )
10°P, 10 ([ ,0P
2 = = — . 6.232
2 ot r2 or <T or ) ( )
This second-order linear partial differential equation has a well-known solution of the
d’Alembert form:
1 1
P=-g (t - 1) +h (t + L) . (6.233)
r Co r Co

Here, g and h are arbitrary functions which are chosen to match the initial conditions. Let
us check this solution for g; the procedure can easily be repeated for h.
If P, =(1/r)g(t —r/co), then

8P1 1 , r
i I 234
5 Tg ( Co)’ (6.234)

82P1 1 , r
— Z4"[t— = 6.235
ot2 rg ( Co)7 ( )

and
8P1 11 ’ r 1 r

o 22 t—— ) ——glt——1). 6.236
A Ly (e-L)- S (e- D) (6.236)

With these results, let us substitute into Eq. ([6.232)) to see if it is satisfied:
11, r 10 (, 11, r 1 r
R P I N L) PR I 6.237
2 Y < co) r2 Or (T cor’ co r2d co ’ ( )
10 (r, r r
o Gy il 6.238
r2 or <Cog ( Co) +g< CO)) ’ ( !
1 1 1
Bt e
r CH Co Co Co Co Co
1/r, r
N Ay P 6.240
Yl -
11, r
R Y 6.241
c%rg ( co) ( )
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Indeed, our form of Py(r,t) satisfies the governing partial differential equation. Moreover,
we can see by inspection of Eq. (6.233)) that the pressure decays as does 1/r in the limit of
acoustic disturbances. This is a much slower rate of decay than for the blast wave, which

goes as the inverse cube of radius.

Problems
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Chapter 7

Monoscale and multiscale features

Let us consider some simple model linear partial differential equations to consider the notion
of scales. We consider a model system motivated by combustion. The first example will
be “monoscale” in that a single state variable will be driven by a single source term. The
second example will be “multiscale” in that more than one state variable will be driven by
a more complicated linear source term, inducing evolution on more than one scale. Such
multiscale effects are endemic in nature and render the computational solution of associated
mathematical model problems to be difficult. The discussion is drawn from Powers ]

7.1 Monoscale problem

Consider the following linear advection-reaction-diffusion problem motivated by combustion:

0 0 0?

EY(L t)+ ua—xY(:)s, t) = D@Y(x, t) —a(Y(z,t) — Ye,), (7.1)
Y(x,0) =Yy, Y(0,t) =Y, g—};(oo,t) — 0, (7.2)

where the independent variables are time ¢ > 0 and distance = € (0, 00). Here, Y (z,t) > 0 is
a scalar that can be loosely considered to be a mass fraction, u > 0 is a constant advective
wave speed, D > 0 is a constant diffusion coefficient, a > 0 is the chemical consumption rate
constant, Yy > 0 is a constant, as is Y., > 0. We note that Y (z,t) = Y,, is a solution iff
Yy =Y., For Yy # Y,,, we may expect a boundary layer in which Y adjusts from its value
at v = 0 to Y4, the equilibrium value.

LJ. M. Powers, Combustion Thermodynamics and Dynamics, Cambridge University Press, New York,
2016.
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7.1.1 Spatially homogeneous solution

The spatially homogeneous version of Eqs. (ZINZ.2) is

— = =—a(Y(t) = Ye), Y], = Yo, (7.3)
that has solution
Y(t) = Yog + (Yo — Yig)e ™. (7.4)

The time scale 7 over which Y evolves is
T=1/a. (7.5)

This time scale serves as an upper bound for the required time step to capture the dynamics
in a numerical simulation. Because there is only one dependent variable in this problem,
the temporal spectrum contains only one time scale. Consequently, this formulation of the
system is not temporally stiff.

[
Example 7.1
For a spatially homogeneous solution, plot the solution Y (t) to Eq. (Z3) if a = 10% s71, Yy = 0.1,
and Y, = 0.001.

For these parameters, the solution from Eq. (74)) is
Y (t) = 0.001 + 0.099¢ (10" s~ )¢, (7.6)

The time scale of relaxation is given by Eq. (ZI) and is
T=1/a=1/(10%s"1) =10"%s. (7.7)

A plot of Y(t) is given in Fig. [l Tt is seen that for early time, ¢ < 7, that Y is near Yy. Sig-
nificant relaxation of ¥ occurs when ¢t ~ 7. For t > 7, we see Y — Y. The plot is presented
on a log-log scale that better highlights the dynamics. In particular, when examined over orders of
magnitude, the reaction event is seen in perspective as a sharp change from one state to another. Reac-
tion dynamics are typically characterized by a near constant,“frozen” state, seemingly in equilibrium.
This pseudo-equilibrium is punctuated by a reaction event, during which the system relaxes to a final
true equilibrium. The notion of “punctuated equilibrium” is also well-known in modern evolutionary
biologyld, usually for far longer time scale events, and has analog with our chemical reaction dynamics.

2N. Eldredge and S. J. Gould, 1972, Punctuated equilibria: an alternative to phyletic gradualism, in
Models in Paleobiology, T. J. M. Schopf, ed., Freeman-Cooper, San Francisco, pp. 82-115.
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Figure 7.1: Mass fraction versus time for spatially homogeneous problem with simple one-
step linear kinetics.

7.1.2 Steady solution

A simple means to determine the relevant length scales, and consequently, an upper bound for
the required spatial grid resolution, is to obtain the steady structure Y (z), that is governed
by the time-independent version of Eqs. (1)):

dy(z) Dd2Y(z) dYy

dr dr2 - a(Y(x) - qu)a Y|x:o =Yy, E — 0. (7.8)

T—00

u

Assuming solutions of the form Y(x) = Y,, + Ce™, we rewrite Eq. (Z8) as
uCre™ = DCr?e™ — aCe"™, (7.9)
and through simplification are led to a characteristic polynomial of
ur = Dr? — a, (7.10)

that has roots

U 4aD
=— | 1+4/1+—]. 7.11
" 2D < * u? ) ( )

Taking r; to denote the “plus” root, for which r; > 0, and 75 to denote the “minus” root,
for which 7 < 0, the two solutions can be linearly combined to take the form

Y(z) =Y., + Cre™* + Che™”, (7.12)
where C and Cy are constants. Taking the spatial derivative of Eq. (T.12]), we get

ay
% = Cﬂ”lerlm + 027”2€T2w. (713)
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In the limit of large positive z, the boundary condition at infinity in Eq. (.8)) requires the
derivative to vanish giving

dy
lim — = 0= lim (Cyre™® + Cyrqe™®). (7.14)

T—00 d;)j' T—00

Because 1 > 0, we must insist that C; = 0. Then, enforcing that Y (0) = Y;, we find the
solution of Eq. (8] is
V() = Yeq + (Yo — Yeg)e™", (7.15)

/ 4aD

Hence, there is one length scale in the system, ¢ = 1/|ry|; this formulation of the system is
not spatially stiff. By examining Eq. (Z.I6) in the limit aD/u® > 1, one finds that

U 4a’D a

Thus solving for the length scale ¢ in this limit, we get

EZL%\/EZ\/DT, (7.18)
|2 a

where 7 = 1/a is the time scale from spatially homogeneous reaction, Eq. ([L3). So, this
length scale ¢ reflects the inherent physics of coupled advection-reaction-diffusion. In the
limit of aD/u? < 1, one finds r, — 0, £ — oo, and Y (x) — Yj, a constant.

where

I
Example 7.2
For a steady solution, plot Y (z) if a = 10% s7%, u = 10% cm/s, D = 10! cm?/s, Yy = 107}, and
Yo = 1073,

For this system, we have from Eq. (ZI6) that

U / 4aD

2 cm 8 «—1 1 cm?
- LS)(1—¢1+4(10 (S ) (10" % )>——3.2><103<3m1- (7.20)

2 (101 @x2 102 @m)?

S

Because aD/u? = 105 > 1, ry is well estimated by Eq. (ZI7):

10° s 3 -1
Tor —3.2%x10% cm ™. (7.21)
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Figure 7.2: Mass fraction versus distance for steady advection-reaction-diffusion problem
with simple one-step linear kinetics.

Then from Eq. (IH), the solution is

Y(2) = Yog + (Yo — Yag)e™® = 0.001 + 0.099¢ ~ (3:2x10% em™H (7.22)
The length scale of reaction is estimated by Eq. (ZI8)):
1 D 2
(=1~ = =VDr= \/<101 C%) (108 8) = 3.2 x 10~ cm. (7.23)
2

A plot of Y(z) is given in Fig.

7.1.3 Spatio-temporal solution

Now, for Eq. (1)), it is possible to find a simple analytic expression for the continuous
spectrum of time scales 7 as a function of a particular linearly independent Fourier mode’s
wave number k. A Fourier mode with wave number & has wavelength A = 27/ k. Assume a

solution of the form
Y(x,t) = Y., + B(t)e™, (7.24)

where B(t) is the time-dependent amplitude of the chosen mode. Recall that ¢?** = cos kx +
isin kz. We thus see spatial oscillations are built into our assumed functional form for Y.
The fact that our chosen form also contains an imaginary part is inconsequential. It does
simplify some of the notation, and one can always confine attention to the real part of the
solution.

For this problem that considers a single Fourier mode, it does not make sense to impose
the initial condition of Eq. (T.2). Substituting Eq. (T.24)) into Eq. (1) gives

dB

%e”m +ikuBe*® = —Dk2Be* — aBet, (7.25)
B A
Oil—t vikuB = —Di*B—aB. (7.26)
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This takes the form

WO _ sB0).  BO =B, (7.27)
where X X
2 .
Bza(H%w_u), (7.28)
a a

and we have imposed By as an initial value. This has solution
B(t) = Bpe " (7.29)
The complete solution is easily shown to be
Y(x,t) = Y., + Byet@—un)-Dki—at (7.30)

The continuous time scale spectrum for amplitude growth or decay is given by

B 1 B 1
TRe@) g (14 22

T 0<keR. (7.31)

From Eq. (Z31), it is clear that for Dk?/a < 1, i.e. for sufficiently small wave numbers, the
time scales of amplitude growth or decay will be dominated by reaction:

lim7 = 1/a. (7.32)

k—0

However, for Dk? /a > 1, i.e. for sufficiently large wave numbers or small wavelengths, the
amplitude growth/decay time scales are dominated by diffusion:

1 1/ 2\?
limr=— =— (2 . .
in =5 =5 (o) (753

From Eq. (Z.31]), we see that a balance between reaction and diffusion exists for k=+/a /D.
In terms of wavelength, and recalling Eq. (ZI8)), we see the balance at

A (2n) =1/k = /D/a=VDr =1, (7.34)

where ¢ =1/ k is proportional to the wavelength.
The oscillatory behavior is of lesser importance. The continuous time scale spectrum for
oscillatory mode, 7o is given by

7o = 1/|m(8)| = 1/(ku). (7:35)

As k — 0, 70 — oo. While 7o — 0 as k— 00, it approaches at a rate ~ 1//%, in contrast
to the more demanding time scale of diffusion that approaches zero at a faster rate ~ 1/k%.
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10% b
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n
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Figure 7.3: Time scale spectrum versus length scale for the simple advection-reaction-
diffusion model.

Thus, it is clear that advection does not play a role in determining the limiting values of the
time scale spectrum; reaction and diffusion are the major players. Lastly, it is easy to show
in the absence of diffusion, that the length scale where reaction effects balance advection
effects is found at

{=u/a=ur, (7.36)

where 7 = 1/a is the time scale from spatially homogeneous chemistry.

[
Example 7.3

Examine the behavior of the time scales as a function of the length scales for the linear advective-
reactive-diffusive system characterized by a = 10% 1/s, D = 10 cm?/s, u = 10 cm/s.

These values are loosely motivated by values for gas phase kinetics of physical systems. For these
values, we find the estimate from Eq. (TI8]) for the length scale where reaction balances diffusion as

D 2
(=VDr=4/== \/(101 C%) (10-% s) = 3.16228 x 10~ cm. (7.37)

A plot of 7 versus £ = \/(27) from Eq. (Z.31)

1 1
Dkz o D
a <1 + —) a+ 2
a
is given in Fig. For long wavelengths, the time scales are determined by reaction; for fine
wavelengths, the time scale’s falloff is dictated by diffusion, and our simple formula for the critical
{ = +/Dr, illustrated as a dashed line, predicts the transition well. For small ¢, it is seen that a one
decade decrease in ¢ induces a two decade decrease in T, consistent with the prediction of Eq. (Z.33):

limg ,  (In7) ~ 2In(f) — In (D). Lastly, over the same range of ¢, the oscillatory time scales induced
by advection are orders of magnitude less demanding, and are thus not included in the plot.

T =

(7.38)
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The results of this simple analysis can be summarized as follows:

e Long wavelength spatial disturbances have time dynamics that are dominated by chem-
istry; each spatial point behaves as an isolated spatially homogeneous reactor.

e Short wavelength spatial disturbances have time dynamics that are dominated by diffu-
si0M.

o Intermediate wavelength spatial disturbances have time dynamics determined by fully
coupled combination diffusion and chemistry. The critical intermediate length scale
where this balance exists is given by £ = \/Dr.

e A so-called “Direct Numerical Simulation” (DNS) of a combustion process with advection-
reaction-diffusion requires

At <, Ax < VDr. (7.39)

Less restrictive choices will not capture time dynamics and spatial structures inherent
in the continuum model. Advection usually plays a secondary role in determining time
dynamics.

This argument is by no means new, and is effectively the same given by Landau and LifshitzE
in their chapter on combustion.

7.2 Multiscale problem

Let us next consider a multiple reaction extension to Eqs. (TIHL.2):

9 9 o
I 1) 4wV (0,1) = DY () — A (Y (0, 1) — Yoo, (7.40)
Y(2,0) = Yo, Y(0.£) =Y, %(m, £ 0. (7.41)

Here all variables are as before, except we take Y to be a vector of length N and A to be
a constant full rank matrix of dimension N x N with real and positive eigenvalues, with N
linearly independent eigenvectors , not necessarily symmetric.

7.2.1 Spatially homogeneous solution
The spatially homogeneous version of Eqs. (CAQTAT]) is

%{ — _A(Y-Y.), Y(0)=Yo (7.42)

3L. D. Landau and E. M. Lifshitz, 1959, Fluid Mechanics, Pergamon Press, London, p. 475.
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Because of the way A has been defined, it can be decomposed as

A=S.o-S

(7.43)

where S is an N x N matrix whose columns are populated by the N linearly independent

eigenvectors of A, and o is the diagonal matrix with the N positive eigenvalues, o1, ..

-»ON,

of A on its diagonal. Substitute Eq. (C43]) into Eq. (Z40), take advantage of the fact that

dY.,/dt = 0, and operate to find

d

E(Y -Y,) = -8 aA~ S (Y —Y.), (7.44)
S-t. %(Y ~Y,) = -S'-S-0-S"-(Y-Y,), (7.45)
d
5 (ST (Y-Yy) = —0-S71-(Y-Y,). (7.46)
Take now
Z=S"'(Y~-Y.), (7.47)
so that
dZ,
v e/ (7.48)
Our initial condition becomes
Z(0)=S" (Yo —Y) = Z. (7.49)
The solution is
Z(t) = e 9. Z, (7.50)
ST (Y(t)—Ye) = 7S (Yo — Yo, (7.51)
Y(t) = Yo +S-e %S (Yo—Yy). (7.52)
Expanded, one can say
Yi(t) Yie P et 00
= + Sq SN 0 . 0
Y (t) Yive S 0 0 e
Sl_l YVIO - leeq
= : (7.53)
Sy’ Yno — Yeg
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Here s;, i =1,... N, are eigenvectors of A. There are N time scales 7; = 1/0;,i=1,..., N,
on which the solution evolves. Each dependent variable Y;(¢), i = 1,..., N, can evolve on
each of the time scales.

I
Example 7.4

For a case where N = 2, examine the solution to Eqs. (T.42) if
1000000 s~*  —99000000 s~* 1072 1075
A= (—99000000 s~t 99010000 s~ ! ) » Yo= (10_1> » Yeq = (10_6) ' (7.54)
Thus, solve
dY; -1 -5 -1 -6 -2
—— = —(1000000 s Y; —1077) 4 (99000000 s Yo —1077), Y1(0) =10""7, 7.55
dt
dy:
——2 — (99000000 s~ 1)(Y; — 107%) — (99010000 s ') (Y2 — 107%), Y2(0) = 107" 7.56
dt
Straightforward calculation reveals the eigenvalues of A to be
o =10%s71, oy =101 571 (7.57)
Thus the time scales of reaction 7; = 1/0; are
7 =10"%s, T =10""s. (7.58)

Clearly the ratio of time scales is large with a stiffness ratio of 10%; thus, this is obviously a multiscale
problem. It is not easy to infer either the time scales or the stiffness ratio from simple examination of
the numerical values of A. Instead, one must perform the eigenvalue calculation.

It is easily shown that a diagonal decomposition of A is given by

G B

S o s-1

Detailed calculation as given in the preceding section shows that the exact solution is given by

9891~ (10% ™)t N 1089~ (10" st
100000 10000
9891~ (10% 571t 1(gge—(10" st

Ya(t) = 107S. 7.61
2(t) 100000 © 1000000 T (7.61)

Yi(t) = +1077, (7.60)

A plot of Y1 (t) and Ya(t) is given in Fig.[T4l Clearly, for t < 7 = 1078 s, both Y} (¢) and Y»(t) are frozen
at the initial values. When t ~ 71 = 10~% s, the first reaction mode begins to have an effect. Both Y;
and Y5 then maintain intermediate pseudo-equilibrium values for ¢ € |1, 72]. When t &~ 7 = 1074 s,
both Y7 and Y5> rapidly approach their true equilibrium values.
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10710 107% 1076 10 1072 10°

Figure 7.4: Mass fraction versus time for spatially homogeneous problem with simple two-
step linear kinetics.

7.2.2 Steady solution
The time-independent version of Eqs. (TA0HZA]) is

dY d*Y . dY
U/E = Dw —A- (Y — qu), Y(O) = Yo, xll_)n;lo E — 0. (762)
Let us again employ Eq. (C43)) and the fact that dY.,/dx = 0 to recast Eq. (L.62)) as
d d? _
u%(Y—qu) :D@(Y—qu) ~S-0-S7' (Y -Y,). (7.63)

Next operate on both sides of Eq. (.63 with the constant matrix S~ and then use Eq. (T.47)
to get

d d?

-1 _ -1
uS . %(Y — qu) = DS . @(Y — qu)
-St.S.0-S7(Y-Y,), (7.64)
v sy vy = 2L sy v
dx I dx? I
oS (Y — Y., (7.65)
dZ d*Z.
“2 _plt 5.7 .
u— Tz 9L (7.66)
Similar to Eq. (Z.49)), the boundary conditions become
dZ
Z(0) = Zo, lim 22 0. (7.67)
z—00 AT

Importantly, these equations are now uncoupled. For example, the i equation and boundary
conditions become

—D
R dz?

@) _ . 7(2), Lo = Zio 0. (7.68)

T—00
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The solution can then be directly inferred from Eqs. (TI5, [ZI6]) to be
ZZ(ZL’) = ZZ'706T2'M, 1= 1, ooy N, (769)

where

U 40, D
= —1—14/1 ,=1,...,N. .
T2 oD ( + 02 ) 5 7 s s (7 70)
Analogously, in the limit where ;D /u? > 1, we can infer

t;=+/Dr, i=1,...,N, (7.71)
with the reaction time scale 7; taken as
7, =1/0;, i=1,...,N. (7.72)
Then knowing Z(z), one can use Eq. (T.47) to form
Y(z) =Y +S-Z(x). (7.73)

Thus, any Y;(x) can be expected to relax over all N values of length scales ;.

[
Example 7.5

For a case where N = 2, D = 10* ecm?/s, u = 10% cm/s, examine the solution to Eqs. (T.62) if
1000000 s~ —99000000 s~* 1072 107°
A= (—99000000 s™! 99010000 s~* > > Yo= <101> » Yeq = (106) ' (7.74)
Thus, solve

dY; 2\ d?Y;
(102 C_m) an _ (101 Cﬂ) ; L _ (1000000 s~1)(Y; — 107?)

s / dx s 22

+(99000000 s~ 1) (Y2 — 1079), (7.75)

> omy s _ pem®) &Y (v - 10°5

(10 ~) 10" = ) == + (99000000 5~")(¥; — 10°)
—(99010000 s~ 1) (Y — 1079), (7.76)

dY; dY:

o _2 pr— _1 1 —1: 1 —2:

Yi(0)=107% Y3(0)=10"", lim —==0, lim —*=0. (7.77)

Employing the transformation from Y to Z along with S™! as given in Eq. (Z59), our system can
be rewritten as

cm\ dZ; cm?\ 427, _
102 —=) = = (10" =— —(10®sHz 7.78
( s ) dx ( s ) dxz? (107572, (7.78)
cm\ dZ cem?\ d2Z
(0 )5 = (w0 ) G a0t (779
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},lil,f,l/:,Dj—,l,i 3.2x107* cm
107! |

107} £y = /D73 =32x 102 cm
109} | S—
106 Y,

1076 107 1072 10° 10? 10*
z (cm)

Figure 7.5: Mass fraction versus distance for advection-reaction-diffusion problem with sim-
ple two-step linear kinetics.

9891 1089 . dzy dZs

7100) = ——,  Z5(0) = —— =0, lim —= =0. 7.80
10 =To00000 2= 00007 A e~ A (7.80)
These have solution
98916((5—5\/400001)cm*1)z .
7Z = = (0.0981¢ (3:2x107 em™ )z 7.81
1089 ((575\/@)cm71)x B
Zy(x) = ‘ 0000 = 0.1089¢~ (27x10" em™ D (7.82)
The relevant length scales are
1
= =32x10"% cm, 7.83
' (5 — 5V/400001) cm ! (7.83)
1
by = =3.7x107% cm. (7.84)

(5 —5v41) cm~?
Especially for ¢1, these are both well estimated by the simple formulee of Eq. (Z.71)):

2
0~ /D = \/(101 %> (1078 5) = 3.2 x 10~* cm, (7.85)

S

2

0y~ /Dy = \/(101 ﬂ) (104 5) = 3.2 x 1072 cm. (7.86)
S

For the slower reaction 2, advection plays a larger role, rendering the diffusion-based estimate to have

a small but noticeable error.

Forming Y via Y =Y., + S - Z, we find the steady solution to be
Vi(z) = 107° —0.09891¢~(3:2x10% em Dz 4 (5 19g9e~(27x10" em™ )z (7.87)
Ya(z) = 1075+ 0.09891e~ (3:2x10" em™Hz 4 9189~ (2-7x10" em ™z (7.88)

Both variables evolve over two distinct length scales as they relax to their distinct equilibria. A plot
of Y1(t) and Ya(¢) is given in Fig. Similar to the time-dependent version of this system, a frozen
state near z = 0 first undergoes a reaction to a pseudo-equilibrium state near x = ¢;. Near x = /5, the
system relaxes to its true equilibrium.
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7.2.3 Spatio-temporal solution

Let us next study solutions with dependency on both time and distance. We extend the
analysis and nomenclature of Sec. [[.1.3]so as to take

Y (x,t) = Yo + B(t)e'h, (7.89)
so that Eq. (Z.40) becomes
dB ika -7 ika 1.21 ike ika
o€ + ikuBe™ = —DE‘Be™ — A - Be"™™, (7.90)
dB ~ .
E;+mm3::—DHB—A.R (7.91)
dB P
— :-(Qm+pkﬁ+A)B. (7.92)

Here I is the identity matrix. Now it is the real part of the eigenvalues of the matrix
— ((zl%u +Dl%2> I+A) that dictates whether the amplitudes grow or decay. With the

operator “eig” operating on a matrix to yield its eigenvalues, it is a well-known result from
linear algebra that

eig(al + A) = a + eig A. (7.93)

Now, A is dictated by chemical kinetics alone, and is known to have N real and positive
eigenvalues, g;, 1 = 1,..., N. Our eigenvalues (; are thus seen to be

Bi=iku+Dk*+o0;, i=1,...,N. (7.94)

It is only the real part of 8; that dictates growth or decay of a mode. Because
Re(3;) =Dk*+0; >0, Yi=1,... N, (7.95)

we see that all modes are decaying, and that diffusion induces them to decay more rapidly.
The time scales of decay 7; are again given by the reciprocals of the eigenvalues, and are
seen to be

i=1,...,N, (7.96)

T, =

Re ﬁ, - 1.2 - D’
() QG+Dk> 5+

using ¢ = 1/k from Eq. (:34). A

From Eq. (7.96), it is clear that for Dk?*/o; < 1, i.e. for sufficiently small wave numbers
or long wavelengths, the time scales of amplitude growth or decay will be dominated by
reaction:

k—0
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However, for Dk? Joi > 1, i.e. for sufficiently large wave numbers or small wavelengths, the
amplitude growth/decay time scales are dominated by diffusion:

1 1/ 2\?
1‘ i = = — - . .
kLIELOT iz D (27?) (7.98)

From Eq. ([Z36), we see that a balance between reaction and diffusion exists for k = k; =

\/0;/D. In terms of wavelength, and recalling Eq. (LT2]), we see the balance at

A (2n) =1/k; = \/D/Jo, = \/D7; = 1. (7.99)

Here /; is the ¢ for which the balance exists.

[
Example 7.6

For a case where N = 2, D = 10! ecm?/s, u = 10% cm/s, examine time scales as a function of the
length scales when considering solutions to Eq. (Z40) if

-1 _ -1
A ( 1000000 s 99000000 s ) (7.100)

—99000000 s~ 99010000 s~!

We have examined this matrix earlier and know from Eqs. (Z57 [[58) that the eigenvalues and
spatially homogeneous reaction time scales are

o1 =108s71, 7 =10"%s, oo =10"s7!, m=10"%s. (7.101)

From Eq. (790), we get expressions for the effects of diffusion on the two time scales:

1 1
T = 5 = T (7.102)
o1+ g (108 s71) + =
1 1
2 = D or T (7.103)
o2+ = (104 s—1) + —

The length scales where reaction and diffusion balance are given by Eq. ([C99):

2
0, = /D11 = \/(101 C%) (1078 s) = 3.2 x 10~ * cm, (7.104)

2
ty = \/Dry = \/(101 C%) (104 s) = 3.2 x 1072 cm. (7.105)

This behavior is displayed in Fig. We see that for large ¢, the time scales are dictated by those
given by a spatially homogeneous theory. As ¢ is reduced, diffusion first plays a role in modulating the
time scale of the slow reaction. As ¢ is further reduced, diffusion also modulates the time scale of the
fast reaction. It is the fast reaction that dictates the time scale that needs to be considered to capture
the advection-reaction-diffusion dynamics.
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10 | ‘ T =10""%s

100 | {0y =Dz =32x 1072 cm
» i
T: 10 | : 71 =10"%s

100 | 10, = /D =3.2x10% cm

1072 | |

107° 1().’4 1072 10° 162
¢ (cm)

Figure 7.6: Time scale spectrum versus length scale for the simple advection-reaction-
diffusion model with two-step linear kinetics.

@© 28 March 2025. J. M. Powers.



Chapter 8

Complex variable methods

see Mei, Chapters 9, 11.

Here we consider complex variable methods. We will give a brief physical motivation in the
context of Laplace’s equation in two dimensions, whose solution can be elegantly described
with the use of the methods of this chapter. Solutions we find can be applied in highly dis-
parate fields, as fluid mechanics, heat transfer, mass transfer, and electromagnetism. Much
of this theory was developed throughout the nineteenth century. The surprising dexterity
of Laplace’s equation in describing so much of nature did not escape broader notice. One
even finds in Tolstoy’s great nove the following musing from his character Levin, who is
depicted reading Tyndal]ﬁ

He took up his book again. ‘Very good, electricity and heat are the same thing;
but is it possible to substitute the one quantity for the other in the equation for
the solution of any problem?’

8.1 Laplace’s equation in engineering

We have seen in Sec. ([[L3]) a derivation of Laplace’s equation to describe the diffusion of heat
in a material whose temperature varies in two spatial dimensions and is constant in time.

The analysis yields Eq. (LI04), repeated below

O*T  9*T

ErRl il (8.1)

where T' is the temperature, with x and y as spatial variables. Also relevant in the derivation
was the heat flux vector, Eq. (L98), q = (¢, q,)", the steady state limit of the energy

'Leo Tolstoy, 1877, Anna Karenina, Part 1, Chapter 27, in English translation by C. Gar-
nett with L. J. Kent and N. Berberova, Modern Library Classics, New York, 2000. Also see
e-book format from Project Gutenberg

2John Tyndall, 1820-1893, Anglo-Irish physicist.
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conservation principle in which Eq. (L98) reduces to V' - q = 0, or dq,/dx + dq,/dy = 0,
and the two-dimensional limit of Fourier’s law, Eq. (L99), q = —kVT, or ¢, = —k0T'/0x;
qy = —kO0T/0y. We give analogs from many branches of engineering science in Table B.1],
which include Fick’s Newton’ng and Gauss’s laws.

Table 8.1: Notations from branches of engineering in which Laplace’s equation arises.
heat diffusion | mass diffusion | fluid mechanics dynamics electrostatics
Laplace’
aplaces g — g V2Y =0 V24 = 0 V26 =0 V2P = 0
equation
. = — E=-Vo
relevant q=—kVT j=-DVY u=Vo &7 ng 'V
. s ) . . gravitational electrical
vector Fourier’s law Fick’s law irrotationality . .
potential potential
T, o — T B _
divergence | VI .q=0 Vi.j=0 VIi.u=0 v g 0 v F:) 0
2 ) o Newton’s law | Gauss’s law
condition energy mass incompressibility . .
) ) in a in a
conservation conservation
vacuum vacuum

8.2 Velocity potential and stream function

We choose here to loosely focus on Laplace’s equation as it arises in two-dimensional, incom-
pressible, irrotational, inviscid fluid mechanics. One can easily use analogs from Table
to extend the same mathematical analysis to other fields. We first consider the so-called
velocity potential and stream function. We consider u to be a velocity vector, confined to
nonzero values in two dimensions:

(8.2)

Recall if a vector u is confined to the z — y plane, and there is no variation of u with z
(0/0z = 0), then the curl of that vector, w = V x u, is confined to the z direction and takes
the form

i j k 0
w:%a%ozaoa . (8.3)
u v 0 B_Z_B_Z

3Adolf Eugen Fick, 1829-1901, German physician.
4saac Newton, 1642-1726, English physicist and mathematician.
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Now if the field is two-dimensional and curl-free, we have w = 0 and thus

ov  Ju
— ——=0. (8.4)
or Oy
Moreover, because V x u = 0, we can express u as the gradient of a potential ¢, the velocity
potential:

u=Vo. (8.5)

Note that with this definition, the velocity vector points in the direction of maximum increase
of ¢. Expanding, we can say

_ o
_ 09
v o= o (8.7)
We see by substitution of Eqs. (80 B7) into Eq. (84]) that the curl-free condition is true
identically:
00 _ou_ 0 (00) 0 (06)_ 0% o o
or Oy Oz \ Oy oy \Ox ) 0Oxdy Oydxr ’

This holds as long as ¢ is continuous and sufficiently differentiable. In short, we may recall
that any vector field that is curl-free may be expressed as the gradient of a potential.
Now it can be shown that the physics of incompressible flows is such that

vi-u=0. (8.9)

Restricting to two dimensions, Eq. (89]) reduces to

ou  Ov
or "oy =" (8.10)
Substituting from Eqs. (86 B1) for v and v in favor of ¢, we see Eq. (810) reduces to
0 (0¢ o (0o
. (%) + 3 (a_y) ) (8.11)
¢ ¢
9 T = O (8.12)
Vip = 0. (8.13)

Now if Eq. (8I0) holds, we find it useful to define the stream function 1 as follows:

o
_ W
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Direct substitution of Eqs. (814, BIH) into Eq. (RI0) shows that this yields an identity:
ou v 0 (&p) L9 ( &p) Py Py

I — =) = — =0. 8.16
or Oy Ox \ Oy oy ox oxdy  Oyox ( )
Now, in an equation which will be critically important soon, we can set our definitions of u
and v in terms of ¢ and 1 equal to each other, as they must be. Thus combining Eqgs. (8.6,

R R14 RIH), we see

oo Oy

% _— a_y’ (8.17)
~ ~—

u U

? _ _g_w_ (8.18)
\,y-/ —

) v

If we differentiate Eq. (8I1) with respect to y and Eq. (8I8)) with respect to x, we see

P26 0%
e (8.19)
D¢ 0%
dxdy — Oa? (8.20)
Now subtract the Eq. (820) from Eq. (819) to get
O*p %Y
V3 = 0. (8.22)

Laplace’s equation holds not only for ¢ but also for 1.

Let us now examine lines of constant ¢ (equipotential lines) and lines of constant
(which we call streamlines). So take ¢ = C4, ¥ = Cy. For ¢ = ¢(x,y), we can differentiate
to get

86 86

_ 99 90 4 2
do e dr + 3y dy =0, (8.23)
dp = udr+vdy=0, (8.24)
&y S (8.25)
dx|,_c, v

Now for ¢ = 9¢(z,y) we similarly get
oY o

W 9 g, =0 (8.26)

dy = —vdr+udy=0, (8.27)

&y _— (8.28)
dz|y_c, u
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Y

Figure 8.1: Sketch of lines of constant ¢ and ¢.

We note

dyp 1

- (8.29)

dy :
¢=C1 dx ‘1/}:02
Hence, lines of constant ¢ are orthogonal to lines of constant ¢). Furthermore, we see that
d d
R on lines for which ¢ = Cs. (8.30)
u v

As a result, we have

dyl - _v (8.31)
defy_c, U

which amounts to saying the vector u is tangent to the curve for which ¢y = C5. These
notions are sketched in in Fig. Bl

Now solutions to the two key equations of potential flow V2¢ = 0, V29 = 0, are most effi-
ciently studied using methods involving complex variables. We will delay discussing solutions
until we have reviewed the necessary mathematics.

8.3 Mathematics of complex variables

Here we briefly introduce relevant elements of complex variable theory. Recall that the
imaginary number i is defined such that

it =1, i=-1. (8.32)
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8.3.1 FEuler’s formula

We can arrive at the useful Fuler’s formula, by considering the following Taylor expansions
of common functions about ¢t = 0:

1 1 1 1
¢ St 43 L s
el = 1+t+2't+3't+4lt+5!t..., (8.33)
int = 0+t+01t2 1t3+01t4+1t5 (8.34)
sint = 5 3 m 5! e .
_ Ly 34 L4 5
cost = 1+Ot—§t +03't Et +O5't (8.35)
With these expansions now consider the following combinations: (cost+isint),_, and
€'ly_io:
1
cosf +ising = 1+i6— —92 — 1593 —'94 +z§95 +..., (8.36)
| 1oy 1,1
e = 1+i0+ = (29) 3‘( i0)% + Z(z‘@)‘l + g(2'9)5 +..., (8.37)
IV
_ PR R (RN WVRN
= 1+1i0 2!9 13!9 +4!9 —1—15!«9 +... (8.38)
As the two series are identical, we have Euler’s formula
¢ = cosf +isin6. (8.39)

8.3.2 Polar and Cartesian representations
We take v € R, y € R! and define the complex number z to be
z=1x+1y. (8.40)

We say that z € C!. We define the operator R as selecting the real part of a complex number
and ' as selecting the imaginary part of a complex number. For Eq. ([840), we see

R(z) = =, (8.41)
S(z) = y. (8.42)

Both operators  and & take C! — R, We can multiply and divide Eq. (840) by /22 + 32

to obtain
z =22+ y? ’ +1 i .
/x2+y2 /$2+y2

Noting the similarities between this and the transformation between Cartesian and polar
coordinates suggests we adopt

— 2 a2 — r ing— 9
r=+/2?+ 9>, cos@-\/m, sm@-\/m. (8.44)

(8.43)
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Y
S

[ f———————————=—-e

Figure 8.2: Polar and Cartesian representation of a complex number z.

Thus we have

z = r(cosf+isinb), (8.45)
z = re?, (8.46)

We often say that a complex number can be characterized by its magnitude |z| and its
argument, #; we say then

ro= |z, (8.47)
0 = argz. (8.48)

Here, 7 € R! and # € R!. Note that || = 1. If z > 0, the function argz is identical to
arctan(y/x) and is suggested by the polar and Cartesian representation of z as shown in
Fig. However, we recognize that the ordinary arctan (also known as tan~!) function
maps onto the range [—7/2, 7/2], while we would like arg to map onto [—m, 7]. For example,
to capture the entire unit circle if r = 1, we need 6 € [—m, w|. This can be achieved if we
define arg, also known as Tan"! as follows:

arg z = arg(z + iy) = Tan"'(z,y) = 2arctan E——— (8.49)
4+ /2% + y?

Iff x > 0, this reduces to the more typical

arg z = arg(z + iy) = Tan"'(z,y) = arctan (%) = tan™! <y) , x> 0. (8.50)
T

The preferred and more general form is Eq. (849). We give simple function evaluations
involving arctan and Tan™' for selected values of z and y in Table Use of Tan™*
effectively captures the correct quadrant of the complex plane corresponding to different
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Table 8.2: Comparison of the action of arg, Tan™"', and arctan.

x| y|arg(z+iy) | Tan ' (2,y) | arctan(y/z)

11 1 /4 /4 /4
-1 1 3n/4 3n/4 —m/4
—-1| -1 —3m/4 —3m/4 /4

1| -1 —m/4 —m/4 —m/4
Tan(1,9) tanr (/)

Figure 8.3:
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Comparison of Tan™' (7, y) and tan™!(y/z) .




8.3. MATHEMATICS OF COMPLEX VARIABLES 221

positive and negative values of x and y. The function is sometimes known as Arctan or
atan2. A comparison of Tan™'(z,y) and tan~'(y/x) is given in Fig.
Now we can define the complex conjugate Z as

zZ = x—1y, (8.51)

T . Y
= a?+y? —1 , 8.52
y ( ’$2+y2 ’$2+y2) ( )
= r(cosf —isinf), (8.53)
= 71 (cos(—0) + isin(—40)), (8.54)
= re . (8.55)
Note now that
2z = (v+ay)(z—iy) =2" +y* = [, (8.56)
= rewre_w, (8.57)
— 42 (8.58)
2|2 (8.59)
We also have
0 —i0
sinf = — (8.60)
21
0 —i6
cosfl = &. (8.61)
2
[
Example 8.7
Use the polar representation of z to find all roots to the algebraic equation
24 =1. (8.62)

We know that z = re. We also note that the constant 1 can be represented as

. n=0,1,2,... (8.63)

1= e2n7ri

This will be useful in finding all roots to our equation. With this representation, Eq. (862) becomes

rletit — g2nmi n=0,1,2,... (8.64)
We have a solution when
r=1, 9:%, n=0,1,2,.. (8.65)
There are unique solutions for n = 0, 1, 2, 3. For larger n, the solutions repeat. So we have four solutions
z=e% z=e"2 =" z=¢5"2 (8.66)
In Cartesian form, the four solutions are
z==41, z=4i. (8.67)
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Wy iy
e 2t =1 SRR RN =i
’ N 7’ \\
\ [ ] [ ]
1 1 1 1
¢ ¢ ! :
\ i T \ | T
\ ! \ !
\ I’ AY ,’
AN ’ ’
\~__’__/ r=1 bt r=1

Figure 8.4: Sketches of solutions to z* = 1 and 2% = 4 in the complex plane.

I
Example 8.8
Find all roots to

2% =1 (8.68)
We proceed in a similar fashion as for the previous example. We know that
i= (/2T —0,1,2, ... (8.69)
Substituting this into Eq. (B68), we get
p3edil = im/242mm) oy =12, ... (8.70)
Solving, we get
— o — ™ 2nmw

(8.71)
There are only three unique values of 6, those being § = 7/6, 6 = 57/6, € = 37/2. So the three roots
are

z=e"m/5, z = >m/6 z = %"/, (8.72)
In Cartesian form these roots are
V3+i —V3+i
2= —— 7=
2 ) )

5 z = —i. (8.73)
Sketches of the solutions to this and the previous example are shown in Fig. For both examples,

the roots are uniformly distributed about the unit circle, with four roots for the quartic equation and
three for the cubic.
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8.3.3 Cauchy-Riemann equations

Now it is possible to define complex functions of complex variables W (z). For example, take
a complex function to be defined as

W(z) = 22+z, (8.74)
= (z+1iy)* + (z + iy), (8.75)
= 22 4 22yi —y* + x + iy, (8.76)
= (P+z—y’)+iey+y). (8.77)

In general, we can say
W(z) = ¢(z,y) + iv)(z,y). (8.78)

Here ¢ and v are real functions of real variables. We shall soon see we have chosen their
symbols to usefully match the physics-based symbols of the previous section.

Now W(z) is defined as analytic at zy if dW/dz exists at zo and is independent of the
direction in which it was calculated. That is, extending Newton’s definition of the derivative
to apply to complex numbers, we adopt

aw Wiz +Az) — W(z)
- = X : (8.79)

2=20

The notation in the subscript near the vertical bar indicates that the derivative is evaluated
at the point z = 25. Now there are many paths that we can choose to evaluate the derivative.
Let us consider two distinct paths, y = C} and x = Cy. We will get a result which can be
shown to be valid for arbitrary paths.

For y = C1, we have Az = Az, so

dz |,_., Ax ' '
ow
= — . .81
ol (8.81)

Here, the subscript y next to the vertical bar indicates that y is considered to be held
constant.
For x = Cy, we have Az = 1Ay, so

dW W(SL’Q + iy + ZAy) — W(xo + iyo)

= .82

dz |,_,, 1Ay ’ (8.82)
1 oW
ow

= —i— . .84

i oy | (8.84)
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Here, the subscript x next to the vertical bar indicates that x is considered to be held
constant. Now for an analytic function, we need the derivative to be the same for any path
of integration. So certainly we must require

ow

—| =—1 = 8.85
ox y oy |, (8.8)
Expanding using W = ¢ + i1y, and dispensing with the vertical bars, we need
8¢ 8¢ 0¢ 8¢
= = 8.86
8:6 8x <8y 8y ( )
0y .09
Thus, for equality, and thus path independence of the derivative, we require
0¢ o
0¢ oY

These are the well known Cauchy-Riemann equations for analytic functions of complex
variables. They are identical to our equations for incompressible irrotational fluid mechanics.
Moreover, they are identical to any of the other physical analogs from heat and mass transfer,
etc., presented in Table Bl Consequently, any analytic complex function is guaranteed to
be a physical solution. There are an infinite number of functions to choose from.

We define the complex potential as

W(z) = ¢(x,y) +iv(z,y), (8.90)
and taking a derivative of the analytic potential, we have, using Eqs. (RGEBIH), that

dw 9, 0v

dz 8x 8:6 (8.91)
= u—iv. (8.92)
We can equivalently say using Eqs. (87 BI4]) that

aw oy Oy

— = ( 5t ay) (8.93)
(0w 06

B (8?; 8y) (8:94)
= u—iv. (8.95)
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Figure 8.5:  Plot of contours of ¢(z,y) = 22 + x — y? and ¢ = 2zy + .

Now most common functions are easily shown to be analytic. For example, for the
function W (z) = 2% + 2, we are tempted to apply the ordinary rules of differentiation to get
dW/dz = 2z + 1. Let us check more carefully. We first expand to express W (z) as

W(z2) = (2* + 2 —y°) +i (2zy + 7). (8.96)
N ~~ 7 g
o(x,y) P(z,y)
We see then that we have

d(xy) = P+r—y',  Yz,y) =2ay+y, (8.97)
0o oY
— = 2 1 -4 =2 8.98
0o oY
-z = _9 - =2 1. 8.99

Note that the Cauchy-Riemann equations are satisfied because 0¢/0x = 0 /0y and d¢p /0y =
—01/0z. So the derivative is independent of direction, and we can say
aw oW
—=—| =2z+1)+i2y) =2(x+iy) +1 =22+ 1. (8.100)
dz oz |,
Thus our supposition that extending the ordinary rules of derivatives for real functions to
complex functions indeed works here. We plot contours of constant ¢ and v in Fig. B3 It
is seen in Fig. that lines of constant ¢ are orthogonal to lines of constant v consistent
with the discussion in Sec. Note also that because

0 06
u—%—2x+1, v—a—y— 2y, (8.101)

© 28 March 2025. J. M. Powers.



226 CHAPTER 8. COMPLEX VARIABLE METHODS

the velocity vector (u,v)” is zero when (z,y) = (—1/2,0). This point is evident in Fig. 85l
Note also that

Ju Ov

— 4+ —=2-2=0, 8.102

or 0Oy ( )
so if the solution were for a fluid, it would satisfy a mass conservation equation for an
incompressible fluid. And the solution is also representative of an irrotational fluid as

Jdv  Ou
—— —=0-0=0. 8.103
or Oy ( )
For an example of a nonanalytic function consider W (z) = z. Thus
W(z) =x —iy. (8.104)

So ¢ =z and ¢ = —y, 0¢/0x = 1, 0p/Jy = 0, and Ip/0x = 0, O /Iy = —1. Because
0¢/0x # P /dy, the Cauchy-Riemann equations are not satisfied, and the derivative depends
on direction.

8.4 Elementary complex potentials

Let us examine some simple analytic functions and see examples of the physics to which
they correspond.

8.4.1 Uniform field

Take
Wi(z)=Az,  with AeC. (8.105)
Then I
— =A=u—1v. 1
7 u— v (8.106)
Because A is complex, we can say
A=Ue "™ =Ucosa—ilUsina. (8.107)
Thus
W(z) = Az= (Ucosa—iUsina)(x+iy), (8.108)
= U(zcosa+ysina)+iU(ycosa — rsina). (8.109)
So
¢ =U(zcosa+ysina), ¢ =U(ycosa — zsina). (8.110)
And we get
u="Ucosa, v=Usina. (8.111)

This represents a spatially uniform velocity filed with streamlines inclined at angle « to the
x axis. The field is sketched in Fig. B.6l
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Figure 8.6: Streamlines for uniform flow.

8.4.2 Sources and sinks

Take
W(z)=Alnz, AcR. (8.112)

With z = re?, we have In z = Inr +46. So
W(z) = Alnr +iAf. (8.113)
Consequently, we have for the velocity potential and stream function
¢o=Alnr, P = Ab. (8.114)

Now u = V¢, so, after transforming to polar coordinates, omitting some details, we obtain
dp A 10¢

= — = —, ue = - =
or r r 06

So the velocity is all radial, and becomes infinite at » = 0. We can show that the volume
flow rate is bounded, and is in fact a constant. The volume flow rate ) through a surface is

Uy

0. (8.115)

2m 2m
Q:/uT~ndA:/ . d@z/ ér df = 2mA. (8.116)
A 0 0

r

The volume flow rate is a constant. If A > 0, we have a source. If A < 0, we have a sink.
The potential for a source/sink is often written as

W(z) = %lnz. (8.117)
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Figure 8.7:  Velocity vectors and equipotential lines for source flow.

For a source located at a point zy which is not at the origin, we can say

Q

W(z) = —=1In(z — z).
2T
The flow is sketched in Fig. B.1
8.4.3 Point vortices
For an ideal point vortex, we have
W(z) =iBlnz, B e R.
So
W(z) =iB(Ilnr+ i) = —Bf +iBlnr.
Consequently,
o= —B0, Y= Blnr.
We get the velocity field from
w9 _oq o, _t00__B
"or 7 T ro0 T

(8.118)

(8.119)

(8.120)

(8.121)

(8.122)

So we see that the streamlines are circles about the origin, and there is no radial component

of velocity. Consider the so-called circulation of this flow

27 B
r:]{uT-dr:/ ——r df = —27B.
C 0 r
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Figure 8.8: Streamlines, equipotential, and velocity vectors lines for a point vortex.

So we often write the complex potential in terms of the ideal vortex strength I':

oI

W(z) = ~5 In 2. (8.124)
For an ideal vortex not at z = zy, we say
i
W(z) = ~5- In(z — z). (8.125)

The point vortex flow is sketched in Fig.

8.4.4 Superposition of sources

Because the equation for velocity potential is linear, we can use the method of superposition
to create new solutions as summations of elementary solutions. Say we want to model the
effect of a wall on a source as sketched in Fig. At the wall we want u(0,y) = 0. That is

R <dd—W) =R(u—iv) =u=0, on  z=1y. (8.126)
z
Now let us place a source at z = a and superpose a source at z = —a, where a is a real
number. So we have for the complex potential
Wi(z) = % In(z — a)J—l— % In(z + a)J, (8.127)
origi,nal im;go
o Q
= o (In(z —a) +In(z +a)), (8.128)
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A | S

Figure 8.9: Sketch for source-wall interaction.

_ 9 (In(z —a)(z +a)), (8.129)
2w
= % In(2* — a?), (8.130)
aw Q22
T A (8.131)

Now on z = iy, which is the location of the wall, we have

aw Q 2y . .Q y
dz  2m (—y2 —a2> o <y2+a2 ' (8.132)
—_——

The term is purely imaginary; hence, the real part is zero, and we have v = 0 on the wall,

as desired.
On the wall we have a nonzero y component of velocity:

Q vy
_x , 1
L N (8.133)

We find the location on the wall of the maximum v velocity by setting the derivative with
respect to y to be zero,

v QP +ad)—yQy)
el v 0, (8.134)

Solving, we find a critical point at y = +a, which can be shown to be a maximum.

8.4.5 Flow in corners

Flow in or around a corner can be modeled by the complex potential

W(z) = A", AecRY, (8.135)
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= A(re”)", (8.136)
= Arte™, (8.137)
= Ar"(cos(nf) + isin(nd)). (8.138)
So we have
¢ = Ar"cosnb, (8.139)
v = Ar"sinné. (8.140)

Now recall that lines on which 1 is constant are streamlines. Examining the stream function,
we obviously have streamlines when ¢ = 0 which occurs whenever § = 0 or = 7/n.
For example if n = 2, we model a stream striking a flat wall. For this flow, we have

W(z) = A2 (8.141)
= Az +1iy)?, (8.142)
= A((2* — y*) +i(27y)). (8.143)
Thus,
¢ = Alx* —y?), (8.144)
Y = A(2xy). (8.145)

So the streamlines are hyperbolas. For the velocity field, we take

aw

= 2A(z +1iy), (8.147)
= u—iv. (8.148)
Thus,
u = 2Ax, (8.149)
—2Ay. (8.150)

This flow actually represents flow in a corner formed by a right angle or flow striking a flat
plate, or the impingement of two streams. For n = 2, streamlines are sketched in in Fig. R.10

8.4.6 Doublets

We can form what is known as a doublet flow by considering the superposition of a source
and sink and let the two approach each other. Consider a source and sink of equal and
opposite strength straddling the y axis, each separated from the origin by a distance € as
sketched in Fig. The complex velocity potential is
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Figure 8.10: Sketch for impingement flow, stagnation flow, and flow in a corner, n = 2.

W
>Q/ " V§<
~ ¢ ¢
source sink
Figure 8.11: Source sink pair.
_Q Q
Wi(z) = 5 In(z + ¢€) 5 In(z — ), (8.151)
Q z+e€
= —1 : 8.152
27 " z—€ ( )
It can be shown by synthetic division that as e — 0, that
2 2
Z+€:1+e—+52—2+.... (8.153)
z—¢€ z z
So the potential approaches
Q 2,2
~—In(1 — —4+...]. 154
W(z) srm(lt+e +e—+ (8.154)
Now because In(1 + z) — = as x — 0, we get for small € that
2
W(z) ~ Qe— ~ % (8.155)
2Tz 7wz
Now if we require that
lim Qe — W, (8.156)
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-4 -2 0 2 4

Figure 8.12: Streamlines and equipotential lines for a doublet. Notice because the sink is
infinitesimally to the right of the source, there exists a directionality. This can be considered
a type of dipole moment; in this case, the direction of the dipole is —i.

we have
W(z) = g (8.157)
- K 79 (8.158)
T+1yxr—1y
p(x —iy)
= — 8.159
x2+y2 ( )
So
x
o(z,y) = Hma (8.160)
Y

In polar coordinates, we then say

6 = n20 (8.162)

sin 6

Y= —p

§ (8.163)

Streamlines and equipotential lines for a doublet are plotted in Fig. [B.12]
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Figure 8.13: Streamlines and equipotential lines for a quadrupole, k = 1.

8.4.7 Quadrupoles

It is natural to examine a higher order potential, which will be called the quadrupole:

Wi(z) = g, (8.164)
1
= k 8.165
(x +iy)(x +iy)’ ( )
(z — iy)?
= k—"="= 1
k:(:E2 FREICE (8.166)
2% —y? — 2ixy
=k E ) (8.167)
This gives
2?2 — y?
o(z,y) = kma (8.168)
—2xy

Streamlines and equipotential lines for a quadrupole are plotted in Fig. 813 for k£ = 1.
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Figure 8.14: Streamlines for a Rankine half body.

8.4.8 Rankine half body

Now consider the superposition of a uniform stream and a source, which we define to be a
Rankine half body:

W) = Uz+ % In 2, U,Q <R, (8.170)
= Ure"? + QQ(IIIT’ +1i0), (8.171)
m
= Ur(cosf + isinf) + g(lnr +16), (8.172)
m
_ Q , . Q
= (Urcos@+—1Inr|+i|Ursinf+ —0 |. (8.173)
2w 2T
So
_ Q
¢ = Urcosﬁ+2—lnr, (8.174)
7r
v = Ursinf + QO. (8.175)
2T

Streamlines for a Rankine half body are plotted in Fig. Now for the Rankine half body,
it is clear that there is a point where the velocity vector u = 0 somewhere on the x axis,
along # = w. With the velocity given by
aw
v+ Y, (8.176)

dz 2mz
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we get
Q1 .,
U+ 27‘(‘7’6 = u— v, (8.177)
U+Q1( 0 —isinf) = wu—i (8.178)
5, 5. (COS s = u—iv. :
Thus,
u = U+ gcosH (8.179)
27r ’
Vo= Q—Msmﬁ. (8.180)
When 6 = 7, we get u = 0 when;
0 = U+ i(—1), (8.181)
27r
Q
= — 182
r ol (8.182)

8.4.9 Flow over a cylinder

We can model flow past a cylinder by superposing a uniform flow with a doublet. Defining

a® = /U, we write

W(z)

So

<r(cos 041

((rcosw
oo

¢ =

v o=

2

sinf) +

—cos@) (rsin@ — —sin @

2
) +ZSIH9(1—a—2
,

o2
Ur cosf <1+ —2) )
r
2
Ursinf (1 — a_2>
,

C; (cosf — isin@)) :

CL2

r

)

)

(8.183)
(8.184)
(8.185)
(8.186)

(8.187)

(8.188)

(8.189)

Now on r = a, we have ¢ = 0. Because the stream function is constant here, the curve
r = a, a circle, must be a streamline. A sketch of the streamlines and equipotential lines is

plotted in Fig. [R.15]
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Figure 8.15: Streamlines and equipotential lines for flow over a cylinder without circulation.

For the velocities, we have

2
u, = %:Ucosﬁ 1+a— + Ur cos
or r2

2
= Ucos@(l—a—Q),
r

10 , a®
ug = ;%——U&n@(l—l—r—z).

So on r = a, we have u,, = 0, and ug = —2U sin 6.

(8.190)
(8.191)

(8.192)

There are more basic ways to describe the force on bodies using complex variables directly.
We shall give those methods, but first a discussion of the motivating complex variable theory

is necessary.

8.5 Contour integrals

Consider the closed contour integral of a complex function in the complex plane. For such in-
tegrals, we have a useful theory which we will not prove, but will demonstrate here. Consider
contour integrals enclosing the origin with a circle in the complex plane for four functions.

The contour in each is C': z = Re with 6 € [0, 2x]. For such a contour dz = iRe” db.

@© 28 March 2025. J. M. Powers.



238 CHAPTER 8. COMPLEX VARIABLE METHODS

8.5.1 Simple pole

We describe a simple pole with the complex potential

and the contour integral is

a 0=27 a o
ij(z) dz = ]{— dz:/ ——iRe"” df),
c c? 9—0 Re®

27
= az'/ df = 27ia.
0

8.5.2 Constant potential
We describe a constant with the complex potential

W(z) =b.

7{CW(2) dz = fcbdz,

The contour integral is

0=2m o
= / biRe™ db,
[%

=0
2w

because ¥ = 2™ = 1.

8.5.3 Linear potential
We describe a linear field with the complex potential
W(z) = cz.

The contour integral is

0=2m
7{ W(z)dz = f cz dz = / cReiRe" db,
c c 6=0

~

2m - D2
A . icR .
— ZCR2/ 6229 do = 6229
0

2

because e = e = 1.
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8.5.4 Quadrupole
A quadrupole potential is described by

k
W(z) = = (8.204)
Taking the contour integral, we find
k 2r 10
f ~dz = k/ R, (8.205)
c? 0o R2Ze20
ki [, ki (1N ™
= D eitgg= (—) e =0 (8.206)
R 0 R -1 0

So the only nonzero contour integral is for functions of the form W(z) = a/z. If we
continued, we would find all powers of z have a zero contour integral about the origin for
arbitrary contours except this special one.

8.6 Laurent series

Now it can be shown that any function can be expanded, much as for a Taylor series, as a
Laurent sem’esﬁ

W(Z) = ... —l—C_Q(Z — ZO)_2 —I—C'_l(z — ZQ)_l —|—CQ(Z — ZQ)O +01(Z — Zo)l +02(Z — 20)2 +....
(8.207)

In compact summation notation, we can say
W(z)= > Culz—2)" (8.208)

Taking the contour integral of both sides we get

ffé W(z) dz = i :ZOO Clz — 20)" do, (8.209)

= > Cnf(z — )" dz. (8.210)
n=-—oo c
From our just completed analysis, this has value 277 only when n = —1, so
7{ W) d: = Cy2ri. (8211)
c

Pierre Alphonse Laurent, 1813-1854, Parisian engineer who worked on port expansion in Le Harve,
submitted his work on Laurent series for a Grand Prize in 1842, with the recommendation of Cauchy, but
was rejected because of a late submission.
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Here C_; is known as the residue of the Laurent series. In general we have the Cauchy
integral theorem which holds that if W (z) is analytic within and on a closed curve C' except
for a finite number of singular points, then

% W(z) dz = 2mi Zresidues. (8.212)
c
Let us get a simple formula for C,,. We first exchange m for n in Eq. (R208) and say
W(z)= Y Culz—z)" (8.213)
Then we operate as follows:
W(Z) m=o0 o
— = —zo)™m " 214
(Z — ZQ)"+1 m;w Cm(z ZO) ) (8 )
W(Z) m=o00 o
——dz = C(z —20)" " " dz, 8.215
ji (2 — 29) 1 o jém;oo (2 = 20) z ( )
= > Cn 7{ (2 — z)™ " ! dz. (8.216)
m=—00 ¢

Here C' is any closed contour which has zy in its interior. The contour integral on the right
side only has a nonzero value when n = m. Let us then insist that n = m, giving

7W(Z) z = 2 —2) ' dz
740(2—20)"“ d onjfc( o)t dz. (8.217)

J

Vv
=27

We know from earlier analysis that the contour integral enclosing a simple pole such as found
on the right side has a value of 27i. Solving, we find then that

o=t WE (8.218)

T 2mi o (z— z)mtt

If the closed contour C' encloses no poles, then

f W(z) dz = 0. (8.219)
c

We next consider some examples also described by Mei.

[
Example 8.9

Use complex variable methods to evaluate
< dr

I= R'. 8.220

| 15 ee (3220)
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We note z is real, and so the use of complex variable methods is not yet obvious. We first note the
integrand is an even function with symmetry about x = 0. This allows us to rewrite the formula with
symmetric limits as

1 [ dx
I== — R'. 8.221
2/0014—3:2’ re ( )

Let us replace the real variable = with a complex variable z = x 4 17y. We recognize however that the
path on which I is calculated has z being purely real. So

1 co+01% d
I:—/ = zecl (8.222)
2 ) cot0i 1 +2

On the entire path of integration I(z) =y = 0.
Now consider the integrand

1 1
= . 8.223
1422 (z4+0)(z—1) ( )
By inspection, it has two poles, one at z = i and the other at z = —i. We find the Laurent series

expansions near both poles. Let us first consider the pole at z = ¢ in some detail. There are many ways
to analyze this. Let us define Z as the deviation of z from the pole: Z = z —i. So we have

LA L = L (8.224)
1+22 (z4i)(z—1)  (2+20)2 '
11 1
= TR (8.225)
2i
11 2\ 2\’
~ ——=|1-= =) —| = 8.226
22'73( 2i+<2i) <2z> + )’ ( )
il iz 22 gz
- (TR ) (8.227)
il 1z 32
~ —§§+Z+§—1—+.... (8.228)
Returning to z, we then can easily show that the expansion near z =i is
1 1 N 1 -
T2~ 3 (z —1) +Z(Z_Z) +§(Z—Z) —E(z—z) — ... (8.229)
-~
residue
At z = —i, we have by the same procedure
I a1 N N 1 9
T2~ 3 (z+1) +Z(z+z) —g(z—i—z) —E(z—i-z) - (8.230)

residue

The coefficient on (z 4-i)~! is the residue near each pole, in this case :l:i/2ﬁ
We now choose a closed contour C' in the complex plane depicted in Fig. [R 16 Here we have

SWe could also use partial fraction expansion to achieve the same end. It is easily verified that 1/(1+422) =
(1/2)/(z+1) — (i/2)/(z — 1). So the residue for the pole at z =i is —i/2. Similarly, the residue for the pole
at z = —iis i/2.
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_Z °

Figure 8.16: Contour integral for fc dz/(1+ 2%).

where Cp is the semicircular portion of the contour, and C} is the portion of the contour on the real
axis. We take the semicircle to have radius R and will study R — oco. When R — oo, C1 becomes the
path for the original integral with which we are concerned. This contour C encloses the pole at z = i,
but does not enclose the second pole at z = —i. So when we apply Eq. (8212), we will only need to
consider the residue at z = i. Applying Eq. (82I2), we can say

dz [t
———

residue

Now we are really interested in the portion of C' on the real axis, namely C;. So motivated, we rewrite

Eq. 8222) as
1 d
7 _/ c (8.233)

2 011+Z
1 d d

= = f_z2_/ _Z2 : (8.234)

—_——

1 d

- —<7r—/ —22) (8.235)
2 CR1+Z

Now consider the integral applied on Cr. On Cgr, we have z = Re'? with R — co. So dz = Rie' dé.

This gives
dz 1 )
— = ————Rie" df 8.236
/CR 1+ 22 /CR 1+ R2e2io '° ’ ( )
T eie
= iR —— df. 8.237
! /0 1+ R2e2 ( )
Now when we let R — oo, we can neglect the 1 in the denominator of the integrand so as to get
d 4 ,
/ = = iR/ R2e7% 4o, (8.238)
cp 27 +1 0
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i g —i0
= = “ e 8.239
R/O € ? ( )
S e | (8.240)
~ R—i 0 '
1
= ——(-1-1 8.241
7l ) (8.241)
2
= = 8.242

Clearly as R — o0, [, — 0. Thus, Eq. (8235) reduces to

I =—. .24
- (5.243)

Note that in this case, we could have directly evaluated the integral. If we take the transformation
x = tanf, we get dz = df/ cos? 6. We find

g O=m/2 1 do /2 do /2
/ 12:/ 72_2:/ 7.2:/ =" (8.244)
o 1+z o—o 1-+tan?6 cos?0 o cos2f+sin” 0 0 2

[
Ezxample 8.10

Use complex variable methods to evaluate

<V

I =
0 1+I2

dz, r € R (8.245)

This is similar to the previous example, except for the y/z in the numerator of the integrand.
However, we will take a different approach to the contour integration. We first extend to the complex
domain and say

oco+017
I :/ \/22 dz, zeCl, (8.246)
or0i 142z

recognizing that our integration path is confined to the real axis. Now consider this integral in the
context of the closed contour depicted in Fig. BI7 The closed contour C' depicted here is

C=0C,+Cr+C_. (8.247)

For our I, we are interested in the integral along C,. The combination of C'y and C_ is known as a
branch cut. We note that the integrand can be rewritten as

VE V2 e e (8.248)

L+22  (z—i)(z+1) 2(z+1) _2(z—i)’

so there are poles at z = 41, as indicated in Fig. BI7 We find the Laurent series expansions near both
poles. At z = i, we find, omitting details of the analysis, which is analogous to finding Taylor series
coefficients,

ERALTE S (8.249)
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Figure 8.17:  Contour integral for ¢, +/z/(1+ 2*) dz.

At z = —i, we have

NZ Ni\/—_i
1+22° 2

(z+i) 4. (8.250)

Now we need the square root to be single-valued. We can achieve this by defining
Vz=+re?? g elo,2n]. (8.251)

With this, we see that Vi = (e™/2)1/2 = ¢i™/4 = (1+4)/+/2. And we see also that v/—i = (e3™/2)1/2 =
e3m/* = (=1 414)/v/2. The sum of the residues is then

zd; - _% " Z\/z__l (8.252)
- % B g (8.253)
- % (\/%_ \/__Z) ’ (8.254)
- % (1\;; - _1/_§H> ’ (8.255)
B % (%) ' (8.256)
- % (8.257)

So by Eq. (B212), the closed contour integral is

f{c 14\5«2 dz = 2mi (%) = Vom. (8.258)
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Now consider the portion of the integral in the far field where we are on Cr where z = Re? and
dz = Rie" df. This portion of the integral becomes

2w i0/2 )
VE g - %Riew do. (8.259)
cp 1+2 o 1+ R%e%
For large R, we can neglect the 1 in the denominator and we get
. 2w
1\/22 dz = L/ e=0/2 dg. (8.260)
cp 1tz VR Jo

While we could evaluate this integral, we see by inspection that as R — oo that it will go to zero; thus,
there is no contribution at infinity. Examining the integral then we see

f{ :/ +/ +/ . (8.261)
c c. Jor Joo

~~ N~~~

\/571' 0

So we have now

\/Ew_/c+ 1]{; dz+/a 1:{; dz. (8.262)
Now on Cy, we have
VE = VEE)2 = . (.263)
But on C_, because of the way we defined our branch cut, we have
Vz = Va2 = re™ = —/x. (8.264)
So Eq. ([8262)) becomes
Vor = /0 - fxz dr + /: 1::/52 dz, (8.265)
= ; 1\15552 da:+/0 1\—:5552 dx, (8.266)
= 2/000 14@:2 dz, (8.267)
/O - fxz dr = % (8.268)

8.7 Jordan’s lemma

The previous examples have shown us that often the portion of the contour integral in the
far field is negligible. Here we state without proof the generalization of this that is J ordan’d
lemma, quoting liberally from Mei, pp. 246-247:

"Camille Jordan, 1838-1922, French engineer.
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Jordan’s lemma If f(z) is analytic in 3(z) > 0 except at poles, and |f(z)| — 0
on the semicircular arc Cg in the upper half plane as R — oo, then for m > 0

lim (2)e"™ dz = 0. (8.269)
R—o0 Cr
If m < 0 and f(z) is analytic in ¥(z) < 0 except at poles, and |f(z)] — 0 as
|z| = oo in the lower half plane then Jordan’s lemma holds along a semicircle
Cg in the lower half plane.
Similarly, if f(z) is analytic in R(z) < 0 except at poles, and |f(z)| — 0 on
the semicircle Cg in the left-half plane as R — oo, then for m > 0

lim (2)e™* dz = 0. (8.270)

R—o00 Cr

And if f(z) is analytic in R(z) > 0 except at poles, and |f(z)] — 0 on the
semicircle C'g in the right-half plane as R — oo, then for m < 0

lim f(z)e™* dz = 0. (8.271)
Cr

R—o00

8.8 Conformal mapping

Conformal mapping is a technique by which we can render results obtained for simple ge-
ometries applicable to more complicated geometries. It can apply to any physical scenario
described by Laplace’s equation.

8.8.1 Analog to steady two-dimensional heat transfer

Let us largely use the notation we developed in Sec. B2 that was motivated by incompressible,
irrotational fluid mechanics, but think of it in terms of a steady two-dimensional heat transfer
problem. Here we shall think of temperature 7" as a potential ¢, so T'— ¢. Thus, Eq. (LI03)
for the steady temperature field is here

Po  Po

70 T =0 (8.272)

This equation employs Fourier’s law, Eq. (L99), which is recast as

w = ko (8.273)
_ 99
Vo= —hy (8.274)

Here we take ¢, — u and ¢, — v. Or with u = (u,v)”, we could describe Fourier’s law

as u = —kV¢. Loosely speaking u is the diffusion velocity of energy in the z direction
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and v is the diffusion velocity of energy in the y direction. In the steady-state limit, our
two-dimensional energy conservation equation Eq. (L.98)) is recast as

viiu = 0, (8.275)
ou Ov
—+— = 0. 8.276
ox * oy ( )

Differentiating Eq. (8273]) with respect to y and Eq. (8274) with respect to z, we find

ou 0%
— = —k— 8.277
Ay Oyox’ ( )
ov 0%
— = —k . 8.278
ox 0xdy ( )

Assuming sufficient continuity and differentiability of ¢, we subtract Eq. (8277) from Eq. (8278))
to get

ov  Ou
pr 8_y =0. (8.279)

This is the analog of the irrationality condition, Eq. (84]).

8.8.2 Mapping of one geometry to another

We look at some problems discussed also by Churchill, Brown, and Verhey. Let us imagine
the notion of a complex function as a mapping from one plane to another. We shall see that
this leads us to some powerful and surprising results with relevance to Laplace’s equation.
In short, we will see that we can solve Laplace’s equation in a simple domain and use a
mapping to infer a solution in a more complicated domain.

8.8.2.1 Solution in a half-plane

Let us explore this with an example. Consider the complex function

z—1
=1 : 8.280
w() =i (8.250)
This is similar to the doublet studied in Sec. except rather than letting e — 0, we take
e = —1. Now z = x + iy, and we restrict such that x € R', y € R!. Moreover w has a real
and imaginary part, yielding the form
z—1
E(x,y) +in(z,y) = R(w) +iS(w) = In (8.281)

241

In short, we have used a complex function to define a special type of coordinate transforma-
tion in which

(z,y) = (& n), (8.282)
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via
£ = &(x,vy), (8.283
n = n(z,y), (8.284

where the transformation is restricted by the properties of the chosen function w(z) =
w(zx + iy). We have also € € R! and n € R!. Now we note that

Inz = In(re’), (8.285)
= Inr+1n(e’), (8.286)
= Inr+if, (8.287)
= In|z| +iargz. (8.288)
We extend this result to express w as
z—1 z—1 z—1
=1 = ' . 8.289
w(z) == nz+1‘+largz+1 (8.289)
—
¢ n
We see then that our coordinate n(z,y) is given by
z—1
= 8.290
no= ag o (8.290)
r—14wy
= - 7 8.291
nwy) = ag-—— i (8.291)
1—1 — 14
_ gl ltiy) (8.292)
(x+1—1y)(z+1+iy)
2?2 +y?—1+42y
= 8.293
2?2+t —1 2y
= Tan™' 8.294
o (G G ) (5290
= Tan' (2" +y>—1,2y). (8.295)
Our other coordinate &(x,y) is given by
z—1
= 1 8.296
¢ = m|=]. (5.296)
r—141y
_ 8.207
&(x,y) ek (8.297)
1—1 — 142
_ |l —lti)) (8.298)
(x+1—iy)(z+1+1y)
2?2 +y?—1+142y
= 1 8.299
SRR (5:299)
V(@2 +y? — 1)2 + 42
= 1 8.300
SNCEN T (5:300)
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A plot of contours of constant £ and 7 in the x — y plane is given in Fig. BI8h. Also

4

n
y 2
<c T B
1 b=1 p=1
Fl| E
0t 6=0 $=0
A D “C -1 DA 1 B £

Figure 8.18: a) Contours of &(x,y) and n(z,y) induced by w(z) = In((z —1)/(z + 1)), b)
The & — 7 plane for this mapping.

shown are four points on the x axis, A for which x — —oco, B at x = —1, C at x = 1, and
D at x — oo; additionally, two points are shown in the region for y > 0. We have E at
(z,y) = (=1,3) and I at (z,y) = (1,3).
Let us examine a special contour, namely
lim n(z,y). (8.301)

y—07+

When y = 0, there are problems at x = +1. Setting aside a detailed formal analysis, which
is possible, we learn much by simply plotting n(z,y = 0.0001), given in Fig. We see
that for € [—1,1] that n maps to 7 with a small error due to the finite value of y. For
x < —1orx> 1,7 maps to0. A plot of contours of x € (—00,00) for y ~ 0 in the £ — 7
plane is given in Fig. BRI8b. Also shown are the mappings of the points A, B, C, D, E, and
F. Importantly F and F', which have y > 0, lie within n € [0, «].

Up to now we have simply discussed coordinate transformations. But let us now imagine
that in the x — y plane we have the temperature, which is the potential ¢, defined on the
boundary y = 0, and we are considering the domain y > 0. Let us further say that we have

0 x<-1,
dr,y=0={ 1 ze[-11], (8.302)
0 x> 1.
This has been indicated on Fig. We need to solve
a2¢ a2¢
—+—=0 8.303
0z e =0 (8.303)
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n(z,y = 0.0001)

30]
2.5
20/
15}
Lof

0.5

A B ' C D
-2 -1 0 1 2

Figure 8.19: Plot of n(x,y = 0.0001) induced by w(z) = In((z — 1)/(z + 1)).

with these boundary conditions. This is difficult because there is a singularity in the bound-
ary conditions at x = +1. Remarkably, we can achieve a solution by employing our mapping
and solving

Po 0?9
— +—=0 8.304
with the transformed boundary conditions,

#(&,0) =0, o€, m) = 1. (8.305)

We note from Fig. B8 that in the transformed space, the boundary conditions are particu-
larly simple. In fact, by inspection, we note that

1
o&m) = —n, (8.306)

satisfies Laplace’s equation in the transformed space, Eq. (8304]), as well as the transformed
boundary conditions at n = 0 and n = 7. We then transform back to z —y space and present
our solution for the temperature field as

1
b, y) = —Tan™" (2* +y* —1,2y). (8.307)

In terms of the ordinary arctan function, we could say
2y
22 4 y? — 1+\/(x2+y2—1)2+4y2

o(z,y) = %tan_1 (8.308)

Direct calculation in x — y space for either form reveals that both Laplace’s equation is
satisfied as well as the boundary conditions at y = 0. The temperature field ¢(z,y) is
plotted in Fig. [8.20]
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Figure 8.20: The temperature field ¢(z,y) satisfying V¢ = 0 with ¢(x,0) = 0 for z < —1
and x > 1 and with ¢(z,0) =1 for z € [—1, 1].

8.8.2.2 Solution in a semi-infinite strip

Consider now the complex function
w(z) = sin 2. (8.309)

We need to understand trigonometric functions of complex variables. We can do so by simply
extending their real analogs. So, drawing upon Eq. (B60), we say

w(z) =sinz = %, (8.310)
i
i(z+iy) _ —i(x+iy)
e e
= 8.311
S (831)
eix—y o e—i:v+y
= — 8.312
S (5312
eV (cosx +isinz) —e¥ (cosx — isinx)
= 8.313
- , (8.313)
Y4 ey Y _ ey
= sinz (%) +icosx <%) , (8.314)
= sinzcoshy+icoswsinhy. (8.315)
2 v
Similar to as before, the complex function has defined a coordinate transformation
z4(x,y) = sinzcoshy, (8.316)
y«(x,y) = cosxsinhy. (8.317)
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4 y D Ye
|
O: o
I I
< | Y
|
|
|

¢ A p=0 B ¢=1 b=1 §7¢:0 D
—7/2 /2 T -1 1 z,

Figure 8.21: Transformation induced by w(z) = sin z.

We sketch this transformation in Fig. [R.2Il. We note that the semi-infinite strip lying between
x = +m/2 has been mapped to the z, axis. And if we take our boundary conditions to be as
sketched with ¢(+7/2,y) = 0 and ¢(z,0) = 1 for x € [—7/2,7/2], we see that in the (z., y.)
system we have precisely the same problem we solved in the previous section. This suggests
that we can simply adopt the solution of the previous section, in a transformed coordinate
system. Take then Eq. (8307) as the solution in the (z,,y,) system:

1
(2, y,) = —Tan™! ([L’i + 92— 1, Qy*) . (8.318)
s
Then we use Eqs. (B3T0R3TT) to get ¢(x,y):
1
¢(z,y) = =Tan™" ((sinz coshy)? + (cos zsinh y)* — 1,2 cos zsinh y) . (8.319)
s
Detailed use of trigonometric identities reveals that Eq. (83I9) can be rewritten as
2
é(r,y) = = arctan (S‘i‘iz ) . (8.320)

Direct calculation reveals that V2¢ = 0, and that ¢(+7/2,y) = 0 and ¢(z,0) = 1. The
temperature field ¢(x,y) is plotted in Fig.
8.8.2.3 Solution in a quarter-plane
Consider now the transformation
w(z) =sin"! 2. (8.321)
This can be rewritten as
z = sinw, (8.322)
which we take here to directly induce the transformation
x(&,n) = sinfcoshn, (8.323)
y(&,m) = cos&sinhn. (8.324)
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3.0+

Figure 8.22: For z € [—n/2,7/2], y € [0,00], the temperature field ¢(z,y) satisfying
V2 =0 with ¢(£7/2,9) = 0, ¢(x,0) = 1.

D D A
Y n '
1
I
:
o — |
I I I
< < <1
[}
l

C B ¢=1 A C 'B

| 1 z T2 &

Figure 8.23: Transformation induced by w(z) = sin™! z for the quarter-plane.
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Here, we consider the quarter-plane in the z—y system and its image under transformation
to the £ —n system as sketched in Fig. In the z—y quarter-plane, we consider ¢(0,y) = 0.
For y = 0 and z € [0, 1], we take the Neumann condition d¢/dy = 0. For y = 0, x > 1,
we take the Dirichlet condition ¢(x > 1,0) = 1. Under the mapping, the quarter-plane
transforms to a semi-infinite strip confined to £ € [0,7/2] and n > 0.

The solution

25 ) (8.325)

™

o(&m)

satisfies 92¢/0¢? + 92¢/On* = 0 and all boundary conditions. To return to the z — y plane
we must find the inverse transformation. Squaring both Eqs. (8323) and (8.:324]) and scaling
gives

SL’2

e = cosh?7, (8.326)
sin
y?
woE sinh? 7). (8.327)
Now because cosh? u — sinh? v = 1, we have
2 y?
sin?€  cosE (8.328)
We can rewrite this as
72 y?
_ =1, 8.329
sin?¢ 1 —sin®*¢ ( )
and solve for first sin ¢ and then £ to get
1
¢ = arcsin (\/(x N PR/ Ry P y2) . (8.330)

Then we see that

o(z,y) = %arcsin% <\/ (x4+1)2+y2—+/(x—1)2+ y2) : (8.331)

Direct substitution reveals that 0°¢/dz% + 0°¢/0y* = 0 and that the boundary conditions
are satisfied. The temperature field ¢(z,y) is plotted in Fig. 24

Problems
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2.0F

1.5¢F

0.5+

Figure 8.24: For x € [0,00), y € [0,00), the temperature field ¢(x,y) satisfying VZ¢ = 0
with ¢ /0y = 0 for y =0, z € [0, 1], ¢(x,0) =1 for = > 1, and ¢(0,y) = 0.
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Chapter 9

Integral transformation methods

see Mei, Chapters 7, 10.

Here we consider integral transformation methods.

9.1 Fourier transformations

We have familiarity with the Fourier series representation of functions, often formed using
a set of orthogonal basis functions with discrete values of wave number. The Fourier trans-
formation may be considered a limit in which the wave number varies continuously. To see
how to arrive at this limit, let us begin with a more general consideration of a Fourier series
representation of a function. Let us seek to expand f(x) in a Fourier series expansion in
terms of orthogonal basis functions w,(z) as

[e.9]

f(x) = Z Cnlin (). (9.1)

n=—oo

Taking the basis functions to be u,(r) = e™™/L we express our expansion as

fla)=Y ™™t n=0,£1%2,.. (9.2)

n=—oo

We recognize that via Euler’s formula, Eq. (839), e/t = cos(nmx/L)+isin(nrx/L), that
this can be thought of as an expansion in trigonometric functions. Now for convenience, we
have chosen basis functions, e”™/L for n = 0,41, +2, .. ., that are orthogonal. We could also
have made the less restrictive assumption that the u,(z) were at most linearly independent,
at the expense of added complication. We also could have scaled our orthogonal basis
functions to render them orthonormal, though this useful practice is not commonly done.
We recall that for complex functions, taking the inner product on the domain x € [—L, L]
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requires a complex conjugation, so

(U (), up () :/_ U () Uy () dex. (9.3)

L
So for us
. . L -7 y
<6Zm7m/L, emﬂx/L) — / 6im7r:c/L6””rx/L dx, (94)
—L
L .
_ / ez(n—m)ﬂm/L dl‘, (95)
~L
L -
- =  iln—m)mz/L 9.6
i(n—m)we ] nm, (56)
27, ei(n—m)w o e—i(n—m)w
_ 9.7
e ) N S
2L
— TR sin(n —m)m, n#m, (9.8)
If n =m, Eq. (@.0) reduces to
. . L
<€zm7r:c/L’ emmc/L) _ / dSL’, n=m, (910)
—L
2L, n=m. 9.12
In summary,
. , 0, m#n
imrx/L inmx/L\ _ _ ) )
(e € ) = 2L, { oL m—n. (9.13)

We next find the Fourier coefficients ¢,. Operating on Eq. ([@2), we find

<eim7rgc/L’ f(l’)> _ <6im7rm/L’ Z Cneinwm/L>’ (914)
L > _L ,
/ e—lmﬂ'(E/Lf(x> de — Z Cn/ gin—m)mz/L dr, (915)
—L n—=—oo —L _
:22,6mn
— 2Ley, (9.16)

Exchanging m for n and z for £, we can say
1 [t :
Cn = —/ f(&e ™™/l de, n=0,£14+2, ..., (9.17)
2L ),
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gives the expression for the Fourier coefficients ¢,. Using this in Eq. (O.2), we can say

= 1 [t . ,
fla)y = > (ﬁ/ F(&)eminme/L df) e/l = 0,41,42,...,  (9.18)
N=—00 —L ,
A
= ﬁ Z / f(g)ezmr(m—i)/L dg, n=0,+1,£2,.... (9.19)
n=—oo v L

Now let us allow L — oco. Following Mei’s analysis on his pp. 132-133, we define «,, such
that

_nm 2
a 7 (9.20)

So we might have az = bn/L and ay = 47/L; thus, a5 — gy = w/L. Generalizing, we can
say

(n+1)m  nw

T
Aoz:oznﬂ—an:T—fzz. (9.21)
For convenience, we now define
~ 1 [F .
flomw) = — [ f(&e ) dg. (9.22)
27T _L
Using the definition of Eq. (0.22) in Eq. (@19]), we get
I = . =
fl@) = of > onflan, ), (9.23)
= > flan.z)Aa, (9.24)

This appears much as the rectangular rule for discrete approximation of integrals of contin-
uous functions. Now as we let L — oo, we see that Ao — 0, and Eq. (@.24) passes to the
limit of a Riemann integral:

flz) = / fla,z) da. (9.25)
We also see that as L — oo that Eq. ([@.22]) becomes
flaw) = 5o [ r@eeeo d (9.26)
T J -0
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provided [~ _|f(z)] dz < co. We combine Eqs. (@25, @.20) to form

10 = [ (5 [ s@ee ) o (9.27

7

'

Fla)
= % /_ R /_ R f(&)e =9 q¢ da. (9.28)

Let us define the Fourier transformation F of the function f(¢) as follows:
F(f(§)) =F(a) = / f(&)e ¢ de, Fourier transformation. (9.29)

The Fourier transformation is somewhat analogous to the discrete Eq. (@I7), though they
differ by a leading constant, 1/(2L), which has no clear analog in the limit L — oco. So F is
somewhat analogous to the ¢, from a discrete Fourier series. Next operate on Eq. (9.28) to
get the inverse Fourier transformation:

1 o9 9] ' '
f@) = o [ [ s©e dee da, (9.30)
T J-—c0J—c0
F(a)
1 [~ -
= o F(a)e™ da, inverse Fourier transformation. (9.31)
T J -

Note that Eq. (@31 corrects an error in Mei’s Eq. (7.1.8) on his p. 133. We take f(x) to
describe our function in the spatial domain and its image F'(«) to represent our function in
the so-called spectral domain. We also note that many texts will also exchange ¢ for x and

rewrite Eq. (0:29) as
F(f(x)) = F(a) = /_00 f(z)e™ ™ du, (9.32)

We note the Fourier transformation is a linear operator, so

Flaf(z) +bg(x)) = aF (f(x)) + bF (g(x))- (9.33)

[
Ezxample 9.1

Find the Fourier transformation of f(x) = §(z — z0), with o € R™.

Applying Eq. (@32), we get for the Dirac delta function

Fla) = / §(x — xo)e " du, (9.34)
— oo, (9.35)
= cosaxg — isinaxg. (9.36)

Note
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f(z) =0d(z)
2.0
5
A 1.5}
: +0
0.5
—4 i) ' 2 4

Figure 9.1: The Dirac delta function §(z) and its Fourier transformation.

o If f(x) is symmetric about = 0, implying here that o = 0, F'(«) is purely real, and specifically here
is

F(a) =1. (9.37)

e Loss of symmetry of f(x) induces an imaginary component of F(«).

e The Dirac delta function is highly nonuniform, i.e. localized, in the x-domain; however, its image
in the spectral domain is uniform throughout. This reflects the notion that the Dirac delta function
contains information at all frequencies.

For xy = 0, the function and its Fourier transformation are plotted in Fig.

I
Example 9.2
Find the Fourier transformation of f(x) = §(x + z0) + 6(z — z0), with o € R™.

Applying Eq. (@32]), we get

Fla) = / (6(z + 20) + 6(z — 20))e ™" da, (9.38)
— eiawo 4 e—ia;n07 (939)
= 2cosaxg. (9.40)

Note
e Here f(x) is symmetric about x = 0, and F(«) is purely real,
e Again, the function is nonuniform in the spatial domain and more uniform in the spectral domain.

For g = 1, the function and its Fourier transformation are plotted in Fig.
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f@)=d+1)+dx—1) F(a)

LA
ity A

Figure 9.2: The function f(z) = d(x — 1) + é(x + 1) and its Fourier transformation.

fl@)y=0(x+1)—06(zx—1) Im(F(c))
10 2
5 1

-4 -2 2 4 15 b [-s 5 0 15 @
-5
~10f

Figure 9.3: The function f(z) = 6(z + 1) — §(x — 1) and the imaginary component of its
Fourier transformation.

|
Example 9.3
Find the Fourier transformation of f(x) = §(z + zo) — §(x — x¢), with 29 € R

Applying Eq. (@32), we get

Fla) = / (6(z + o) — 6(z — m0))e ™" da, (9.41)
= ela®o _ gmiazo (9.42)
= 2isinaxg. (9.43)

Note

Here f(z) is anti-symmetric about = 0, and F(«) is purely imaginary,

Again the function is nonuniform in the spatial domain and more uniform in the spectral domain.

For zy = 1, the function and the imaginary component of its Fourier transformation are plotted in
Fig.
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f(z)=(H(z+1) - H(z —1))/2 F(a)
51—
4
2|
al /\. :
\7 o 15 @
-10 -5 5 10 T ]

Figure 9.4: A top hat function and its Fourier transformation.

[
Ezxample 9.4

Find the Fourier transformation of the top hat function
1
flx) = %(H(aﬂ—a) — H(x — a)). (9.44)

Here f(x) is symmetric about z = 0, so we expect a real-valued Fourier transformation. Note that
the width of the top hat is 2a and the height is 1/(2a), so the area under the top hat is unity. Thus
as a — 0, our top hat approaches a Dirac delta function. Applying Eq. ([@32]), we get for our top hat

function
1 i .
Fla) = 5 (H(x +a) — H(x — a))e™"** dz, (9.45)
a —00
L [" o d (9.46)
= _— (& €T .
2a J_, ’
1 1 —iax |2
= % (——m e ‘a) N (947)
— _ 1 (efiaa _ eiaa) (948)
2iac ’
1 eiaa _ e—iaa
= —|— 9.49
ao ( 21 ) ’ ( )
sin ax
= . 9.50
. (9.50)

The function and its Fourier transformation are plotted in Fig. for @ = 1. Note that in the
transformed space, F' is symmetric and non-singular at « = 0. Taylor series of F(«) about v = 0
verifies this as F(a) ~ 1 —a%a?/6 + a*a*/120 — .. .. If we were to broaden the top hat by increasing
a, we would narrow its Fourier transformation, F'(«). Conversely, if we were to narrow the top hat by
decreasing a, we would broaden its Fourier transformation.

[
Example 9.5

Find the Fourier transformation of the Gaussian function f(z) = /2,
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f(a) = exp(~2?/2)

2 ;@
Figure 9.5: A Gaussian function and its Fourier transformation.
Applying Eq. (@32)), we get for our Gaussian function
Fla) = / e~ 2gmi0w o (9.51)

= V2re /2, (9.52)

The function and its Fourier transformation are plotted in Fig. Remarkably, it maps into a function
of the same form as its generator. So this Gaussian has identical spatial and spectral localization.

[
Example 9.6

Find the Fourier transformation of a cosine whose amplitude is modulated by a Gaussian function
f(z) = e~ /2 cos az. (9.53)

Applying Eq. (@32]), we get
Fla) = / 6712/2@08 ax)e " du, (9.54)

\/g(l + 20y (ate)?/2, (9.55)

For a = 10, the function and its Fourier transformation are plotted in Fig. The function f(x)
appears as a pulse which oscillates. The pulse width is dictated by the exponential function. If we were
to weaken the amplitude modulation, say by taking f(x) = exp(—22/20) cos(10x), we would find the
pulse width increased in the x domain and the spike width would decrease in the frequency domain.
This suggests the function is not spatially localized but is spectrally localized. We see the single mode
with wave number 10 is reflected in spectral space at a = +10. We might be surprised to see the mirror
image at —10. This feature is part of all Fourier analysis, and is known as an aliasing effect. Only one
of the peaks gives us the clue to what the wave number of the generating function was.
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f(z) = exp(—x?/2) cos 10z F(a)
1.2}
1.0p
0.8
0.6}
0.4}
0.2}

Figure 9.6: A Gaussian modulated cosine function and its Fourier transformation.

f(x) = exp(—x?/2)(cos 10z + (1/2) cos 50x) Fla)

s o 00 O

-100 =50 50 100 «

Figure 9.7: A Gaussian modulated sum of cosines and its Fourier transformation.

Let us add another frequency mode and consider the Fourier transformation of
7I2/2 1
flx)=e cos 10z + 5 cos 50z | . (9.56)
The Fourier transformation can be shown to be

a2
\/§671250 (2¢"?% cosh 10a + cosh 50a) . (9.57)

The function and its Fourier transformation are plotted in Fig. We clearly see the two peaks at
a =10 and a = 50, as well as their aliases.

[
Example 9.7

Find the Fourier transformation of a sine whose amplitude is modulated by a Gaussian function

flx) = e 2 ginqz. (9.58)
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f(x) = exp(—2?/2)sin 10 Im(F(a))
1.0f
1.0f
0.5
2 3z 1o 1o -5 5 10/ 15«
-0.5
-1.0fp

Figure 9.8: A Gaussian modulated sine function and its Fourier transformation.

Applying Eq. (@32]), we get

Fla) = / 6_952/2(5111(190)6_“m dx, (9.59)

= —i\/g(—l + e2a0)g=(ate)?/2, (9.60)

For a = 10, the function and its Fourier transformation are plotted in Fig. In contrast to the even
cosine function of of the previous example which induced a purely real F(«a), the odd sine function
induces a purely imaginary F'(«). Other features are similar to the previous example involving cosine.

[
Example 9.8

If u=wu(z,t) and u — 0 as & — +oo, find the Fourier transformation of du/0x.

Let us start by taking

Flu(z,t)) =Ula,t) = / u(z, t)e " dr. (9.61)
We then have
ou o o
= eiio‘zu‘iooo - / (—ia)ue " dx. (9.63)
Because we have insisted that « vanish as x — 400, this reduces to
0 o0 ,

F (8—Z> = ia/_oo ue™" Y dx, (9.64)
= iaU(a,t). (9.65)

In general, we can say that

an

F (ﬁ) = (ia)"U (v 1). (9.66)
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[
Ezxample 9.9

Solve the heat equation with general initial conditions using Fourier transformations:
0 0?
8—1; = 1/8—;;, u(zr = +o0,t) = 0, wu(x,0) = f(x). (9.67)

Let us take the Fourier transformation of the heat equation:

ou 0?u
S —r ou
%eﬂ"” dr = —va?U(a,t), (9.69)
oo Ot

9 OO —iQx 2
pw ue dr = —va U(a,t), (9.70)

ou 5
5 = "o Ula,t), (9.71)
Ula,t) = C(a)exp (—va’t). (9.72)

Now our initial condition gives us

u(z,0) = f(x), (9.73)
Flu(x,0)) = F(f(x)), (9.74)
U(a,0) = /OO f(z)e " da, (9.75)
= FE;O) (9.76)

Substituting this transformed initial condition into Eq. [@72) gives
U(a,0) = F(a)=C(a)exp(0), (9.77)
Fla) = C(a). (9.78)

Therefore, our solution in transformed space is

U(a,t) = F(a) exp(—va’t). (9.79)

To return to the (z,t) domain, we employ the inverse Fourier transformation of Eq. (31 to get

u(z,t) = i/ F(oz)eiw_”a% do. (9.80)

T J-x

In terms of f, we can use Eq. (229) to say

u(z,t) = % _OO (/_OO f(&e s d{“) gior—va’t g (9.81)
F(a)
= % - f(g)/m eem=-ra’t g g, (9.82)
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Symbolic calculation reveals this reduces to

u(z,t) = 2;\/7%/_00 f(&e™ = dg. (9.83)

This is equivalent to Eq. (2.81)).

|
Example 9.10
We have already seen this problem posed in Eq. (2.8H), and a solution was obtained. Following the
example of Mei, p. 137, solve the heat equation with a Dirac delta distribution as an initial condition:

ou 0%

Frimidrwt u(r = +oo,t) = 0, u(x,0) =0(z). (9.84)

We know F(a) =1 from Eq. [@37), and the solution of Eq. ([@.80) becomes
1 (e o)

u(w,t) = - emvelteion o, (9.85)

1 o0

= 5 evatt (cosax +isinazx) da, (9.86)
™ — 0o
1 o0 - o0

= — e cosax da + i/ e " sinaz da, (9.87)
27 J_ o 2 J_ o

=0

1 [

= — ve dav. 9.88
5 7006 cosax do (9.88)

The integral involving sin is zero because the limits are symmetric and the function is odd in o. We
next break the integral into two pieces:

1 0 o0
u(z,t) = (/ et cos az do —|—/ e " cos ax da) . (9.89)
0

21 \J_ oo
0

Because of symmetry about a = 0, the [ - 1s equal to the fooo. Thus, we can also say

1 oo o0
u(z,t) = — (/ e cosaz da +/ e’ cos a da> ) (9.90)
27T 0 0
1 >~ —va’t
= — e cos ax da. (9.91)
T Jo
Let us now change variables, exchanging « for 8 via
a= i (9.92)

Thus for fixed ¢, we have

(9.93)
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Substituting into Eq. (@91)) to eliminate « in favor of 3, we find

u(z,t) = cos—d. 9.94
( = . (0:94)
Now define for convenience
x
- = 9.95
Il N (9.95)
I(p) = / e cos uB dp. (9.96)
0
With these definitions, Eq. ([@:94) becomes
1
u(x,t) = I(p), 9.97
(@.1) = —=1(0 (9.97)
Let us consider I(p). Differentiating Eq. ([@Q.96]), we get
—/ ﬁ6752 sin puf3 dp. (9.98)
0
Let us integrate the right side by parts to obtain
dl 1 RO B
i 56—62 sin p3 ) —5/0 e=# 1cos uB dB, (9.99)
=0 =pd (1)
1
= —§HI (9.100)

This atypical equation is actually a first order ordinary differential equation for the variable I, which
is itself an integral. We can get a condition at = 0 by considering the definition of Eq. (0.96) applied
at u=0:

1(0) = /Ooo e P cos(0) df = /000 e P ag. (9.101)

This integral is well-known to have a value which can be determined by a coordinate change, as described
earlier on p.[I706l Using this, we find

1(0) = X=. (9.102)

Solution of Eqs. (@100, @.T102) gives by separation of variables
dl pdp

— = -4 (9.103)
12
mr = L+ (9.104)
I = Cer/4, (9.105)
- ge—f/‘*, (9.106)
a2
_ ge (9.107)
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-10

Figure 9.9: Solution to the heat equation for ¥ = 1 for an initial pulse distribution.

Substituting into Eq. (@91) to eliminate I, we get

2

1 —x
. 1
W exp ( o ) (9.108)

Note this is fully consistent with the more general result of Eq. [@83)) for f(£) = 6(£). We plot results
for u(z,t) in Fig. D9 for v = 1.

u(z,t) =

We close with a discussion of the notion of convolution. Let us say we have two functions
f and ¢ and their respective Fourier transformations:

F(f)=F(a) = / N f(z)e ™ du, (9.109)
Flg) =Gla) = /OO g(x)e ™ dz. (9.110)
We also have the inverse Fourier transformations
flz) = % _Z F(a)e™ da, (9.111)
g(x) = % _Z G(a)e™ da. (9.112)

Let us define the convolution of f and g by the operation

frg= / () — ) d. (9.113)

[e.9]

Now use Eq. (@I11) to eliminate f(x — &):

fxg = /_ g(€) (%/ F(a)e@=8) da> de, (9.114)

o0
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_ % /_ Z /_ Z 9(E)F()e @9 da de, (9.115)

_ %/_Z /_(:g(g)F(oz)em(x_O dé da, (9.116)

= % :F(a)em /_ Z g(§e "t d¢ da, (9.117)

6(o)

_ % F(a)G(a)e™ da, (9.118)

_ FU(Fa)G(), (9.119)

F(f*g) = F(F ' (Fla)G(a), (9.120)
— F(a)G(a), (9.121)
F(f)F(9). (9.122)

9.2 Laplace transformations

The Laplace transformation is a technique often applied to linear ordinary differential equa-
tion to allow them to be transformed to algebraic equations, which are more easily solved.
In a similar fashion as the Fourier transformation, the Laplace transformation can be ex-
tended to apply to partial differential equations so as to convert them to ordinary differential
equations. As discussed by Mei, there are some problems for which Fourier transformation
integrals are not convergent but which have no such problems under the Laplace transfor-
mation.

Let us see how the Laplace transformation can be considered as a special case of the
Fourier transformation. Consider the function

g(x) = H(z)e " f(x), (9.123)

where H(x) is the Heaviside unit step function and ¢ € R' > 0. Let us take the Fourier
transformation of g(z):

Flo) =GO) = [ gla)e ™ (9.121)
_ /_ ZH(x)e—cwf(x)e—m dz, (9.125)
— /O ooe—<c+ik>zf(:c) dz, (9.126)
_ /Oooe—sxf(g;) dz. (9.127)

where we have defined

s =c+il. (9.128)
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The inverse Fourier transformation is

o(z) = H(z)e " f(z) = — /_ T GO

™

Thus, we have
1 o ,
H(z)f(z) = 5 / G(N)eetNT gy,
™ —00

From Eq. (@128), we have

A= —i(s—o0),
d\ = —ids.
Thus,
— c+1i00
H(z)f(z) = 5= G(—i(s —¢))e’ ds,
27 c—100
1 c+100 .
= 5= G(—i(s — ¢))e™ ds.

c—100

Let us define
and

Then we define the Laplace transformation £(F(x)) as

L(F(z))=F(s) = / e F(x) dx.
0
We define the inverse Laplace transformation, £, as

LV(TF(s)) = Fla) = —— / T B(s)e ds.

- 2mi

—100

(9.129)

(9.130)

(9.131)
(9.132)

(9.133)

(9.134)

(9.135)

(9.136)

(9.137)

(9.138)

Because c is positive, the path of integration is on a vertical line to the right of the origin in

the complex plane.

Now, most physical problems involving the Laplace transformation involve time ¢ rather
than distance x. So following convention, we simply trade = for ¢ in the definition of the

Laplace transformation and its inverse:
L(F(t)) = F(s) = / e SF(t) dt.
0

LY (F(s)) = F(t) = —— / T B(s)e ds.

211

—100
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F(t) = 8(1)
2.0
5
. 15}
0.5
) = ' 5 1 ‘ ‘

t S

Figure 9.10: The Dirac delta function §(t) and its Laplace transformation.

Because the Laplace transformation is only defined for ¢ > 0, we can effectively ignore any
part of F(t) for t < 0.

|
Example 9.11
Find the Laplace transformation of F(t) = 6(t — to) with ¢ty = Rl > 0.
Applying Eq. (@139), we get
L(O(t—1t9) =F(s) = / e SS(t — to) dt, (9.141)
0
= e 5, (9.142)

For ty = 0, the Dirac delta function and its Laplace transformation are plotted in Fig. @10l for s € R!.
Note here that F'(t) = 0 already for ¢ < 0.

I
Ezxample 9.12
Find the Laplace transformation of F(t) = H(t — to) with to = R! > 0.

Applying Eq. [@139), we get

LH(t—1ty))=F(s) = / e STH(t —to) dt, (9.143)
0
= / e * dt, (9.144)
to
I , (9.145)
S to
—St()
——— (9.146)

We must make the additional restriction that s > 0 here. For ¢y = 0, the Heaviside function and its
Laplace transformation are plotted in Fig. .11 for s € R!. Note here that F(t) = 0 already for ¢ < 0.
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F(t) = H(t) F(s)

5

1.0
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Figure 9.11: The Heaviside function H(t) and its Laplace transformation.

F(t) =t F(s)

10

3F
8,

2 6l
4,

1
2,

1 2 3 0 1 2 3 4 5
t S

Figure 9.12: The function F(t) =t and its Laplace transformation.

I
Example 9.13
Find the Laplace transformation of F(t) = t.

Applying Eq. (@.139), we get

L(t)=F(s) = / e 't dt, (9.147)
0
_ _eraasy”” (9.148)
52 0 '
1
= = (9.149)

We must make the additional restoration that s > 0 here. The function F'(t) = ¢ and its Laplace
transformation are plotted in Fig. for s € R'. We only plot F(t) for t > 0 because it is on that
domain that F is defined. For the more general F'(t) = t", it is easily shown that F/(s) = I'(n+1)/s""!.
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F(t) = sin 2t
1.0
0.5
1 2 3 4 \at
0.5
-1.0
Figure 9.13: The function F'(¢) = sin 2t and its Laplace transformation.
I
Ezxample 9.1
Find the Laplace transformation of F(t) = bsinat, for a,b € R > 0.
Applying Eq. (@139), we get
L(bsinat) = F(s) = / be *'sinat dt, (9.150)
0
B be~*'(ssinat + acosazx)|™
- - . (9.151)
ab
= 5 7 (9.152)

For a = 2, b = 1, the function F(t) = sin2¢ and its Laplace transformation are plotted in Fig. @13 for

s € R

I
Example 9.15
Find the Laplace transformation of F(t) = exp(—t?/2)

Applying Eq. [@139), we get

Llexp(—t2/2)) = F(s) = /OOOeStetzﬂ it

F(s) = \/gegerfc <%> .

Omitting details, we find

The function F(t) = exp(—t?/2) and its Laplace transformation are plotted in Fig.

(9.153)

(9.154)
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F(s)
1.2
1.0
0.8
0.6
0.4
0.2

4 51 2 4

Figure 9.14: The function F(t) = exp(—t?/2) and its Laplace transformation.

I
Example 9.16
If u = u(t), find the Laplace transformation of du/dt.

Let us take

We then have

I
o
|
»
~+~
£
e 8
|
S—
3
n
w
S~—
I
m
’
~+
oW
\'@F

In general, one can show that

d"u nyr n—1 0 dnilu
E<W>_S U(s) —s" " u(0) —...— s |
I
Ezxample 9.17
Use Laplace transformations and their inverses to solve
d2
WZ +9u=0, u(0)=0, a(0)=2.

Take the Laplace transformation of the system, Eq. (@.I60), to get

L‘(@ +9u) = £(0),

dt?
L (%) +L(9u) = £(0),
(s°TU — su0y —0(0)) +9U = 0,
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Figure 9.15: Contour integration path for inverse Laplace transformation integral associated
with d?u/dt? + 9u = 0.

sU—-2+9U0 = 0, (9.164)
U(s*+3%) = 2 (9.165)
— 2

Comparing to Eq. [@I52), we induce that
2
u(t) = 3 sin 3t. (9.167)

It is easy to verify that the differential equation and conditions at ¢ = 0 are satisfied.
Let us see if we can use the more formal machinery of the inverse Laplace transformation to deduce

Eq. (@I6T). Substituting Eq. ([@I66) into Eq. (@I40), we get

T —uty = T2 g (9.168)
270 Joioo S2+9
c+ioo st
= 5w 169
(9.170)
The integrand has two poles on the imaginary axis at
s =0 3i. (9.171)

Consider now the contour integral depicted in Fig. [0.15] We have the closed contour C' as the sum of
two portions of the contour:

C=C;+Ckg. (9.172)

We can use Eq. (B212) to give us §,. First we need the residues of the integrand. Finding a Laurent
series in the neighborhood of both poles gives us
2est 7 $(i/?))ei&'t
(s+3i)(s—3i)  sF3i

+...,  s=43. (9.173)
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The residues are thus F(i/3)e™%®*. So we get

Zresidues = %(e*?’it—e:”it), (9.174)
]{ = 2m’2residues = —Q—F(e_w ) (9.175)
c 3 ’ '
Ami @3it _ p—3it
= = 9.176
3 21 ’ ( )
e
= %sin?,t. (9.177)
Now
u(t) = —— (9.178)
a 271 CI’ '
1
= — — 9.179
i (1-1.) 0179
L (4T e / (9.180)
= — | —sin3t— .
211 3 Cr ’
2 1 2e5t
= —sindt— — —— ds. 9.181
37T o /CR 249 " (0.181)

We now apply Jordan’s lemma, Eq. (8270), to fCR' We note that Cr lies in the region where R(s) < 0.
And for us f(s) = 2/(s> +9). Clearly, on Cr with s = Re'®, we see as R — oo that |f(s)| — 0. So as
long as t > 0, we have fCR = 0. Thus, we get
2
u(t) = 3 sin 3t. (9.182)

Let us now discuss convolution in the context of the Laplace transformation. As with
the convolution for the Fourier transformation, let us assume we have two functions F and
(G, and their respective Laplace and inverse Laplace transformations:

L(F)=F(s) = /0 h e SE(t) dt, (9.183)
LG)=G(s) = /0 h e M G(t) dt. (9.184)

Let us define the convolution as
FaG= /Ot G(r)F(t - 7) dr. (9.185)

Then we operate as follows

LF+G) = /Owe—st </OtG(T)F(t—T) dT) dt. (9.186)
_ /0 h /0 Gt — 1) dr dt. (9.187)
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3 4 >»
> >

T T

Figure 9.16: Sketch of area of integration and limits, depending on order of integration.

The domain of integration is sketched in Fig. The graph on the left is bounded by the
curves 7 = 0 and 7 =t and lies between the curves t = 0 and ¢ — co. When we switch the
order of integration, we have to carefully change the limits. When we first integrate on t,
we must enter the domain at t = 7 and exit at t — oo. Then we must bound this area by
7 =0 and 7 = co. So the integral becomes

L(F Q) / / e S'G(T)F(t — 7) dt dr. (9.188)

Let now £ =t — 7. Then di = dt and
LIFxG) = / / e HNG(r)F(#) di dr, (9.189)
= /0 /O e HDG(TVF(F) dr di, (9.190)
= /Ooo e R (f) /Ooo e " G(7) dr di, (9.191)
= < /0 h e F(f) df) ( /0 Ooe—”G(T) dT), (9.192)
= F(s)G(s). (9.193)

So

L(F % G) = L(F)L(G). (9.194)

I
Ezxample 9.18
Following the analysis of Mei, pp. 272-275, apply the Laplace transformation method to solve

Stokes’ first problem, considered in Sec.

ou 0%u

5 = V(’“)—y2’ u(y,0) =0, u(0,t)=(U)H(t), wu(oo,t)=0. (9.195)
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We consider the Laplace transformation to operate on ¢ and thus it does not impact y. So
L(u(y,t)) = u(y,s). And here H(t) is the Heaviside function in ¢, which is a more complete way
to formulate Stokes’ first problem than done previously. Taking the Laplace transformation of the
governing equation, we get

su(y,s) —u(y,0) = V@ (9.196)
y7 y7 - 8y27 M
=0
0%t s
u(y,s) = Ci(s)exp (\/§y> + Ca(s) exp (— §y> . (9.198)

We need a bounded solution as y — 0o, so we take Cy(s) = 0, giving

(y, s) = Ca(s) exp (—\/§y> . (9.199)

Now, we evaluate Cy(s) by employing the boundary condition. We thus need to take the Laplace
transformation of the boundary condition at y = 0, which is

L(u(0,1)) = LIU)H(?)), (9.200)
U
= — 9.201
- (9:201)
Thus Cs(s) = U/s, and we get
U 5
U = — — /=y . 9.202
a(y, s) = eXp( Vy) (9.202)
Now we need to take the inverse Laplace transformation to find u(y, t):
u(y,t) = = e a(y, s)e ds (9.203)
Y, - 27_” oo Y, ) .

c+ioco 1
= i —eStTVE/vY (s, (9.204)

27 Joioo S

U c+ioo 1
= — ZeSte™ VMY (s, (9.205)

2T Jojno S

Obviously there is a pole at s = 0. Let us employ a special contour which avoids this pole at the
expense of introducing a branch cut as we take the contour integral sketched in Fig. We have the
closed contour C' as

C=Cr+Crpn+Cy+Cc+C_+Chge. (9.206)

For C'r; and Cpra, we will let R — oo, and for C,, we will let € — 0. Our contour integral will take the

form
j,{:/+/ +/+/+/+/ =0. (9.207)
C Cr CRr1 Cy Ce - Cra
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Tm(s)
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Figure 9.17: Contour integration path for inverse Laplace transformation integral associated
with du/ot = vd*u/oy>.

There are no residues to consider by the nature of our contour, which has avoided the singularity at
s =0. And we are interested in |, o for as needed by our inverse Laplace transformation. By Jordan’s

lemma, Sec. R both me and me vanish as R — oo, for t > 0. On C,, we let

s = ee'?, ds = eie® df. (9.208)
and consider
1 1 )
/ —este™ VI ds = lim — O OWO (e gp), (9.209)
Ce S e—0 . eel %,1_/
—
= / 1 de, (9.210)
= —2mi. (9.211)

Note that this corrects a small error in Mei’s analysis on p. 274. Now along Cy, we introduce the
positive real variable v so as to have

s = veT = —y, veR >0, ds = —dv. (9.212)
Also on Ct we have
Vs = Vet /2 = +i\/v. (9.213)
We get then on Cy
/ Loste—v/slow g5 = /0 L mvte-iTon (Zay), (9.214)
c, S o —U
- —/OOO %e_”te_i\/”/_”y dv. (9.215)
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We get on C_

/ leste—\/s/uy ds
c_ S

Adding, we get

Lolo= ]
+ —e
Cc_ Cy o U

2mi erf (

/ e—vtez v/vy
0 —v

0o
~/0

<1
22'/ —e Vtsin(y/v/vy) dv,
0 U

Y
2v/vt

where the last integral was obtained with the aid of symbolic software. So Eq. (9:2207) tells us

J.

/ les’fe_vs/”y ds
cr S
leste—\/s/uy ds

cr S

U

21

u(y,t)

u(y,t)

(—dv), (9.216)
%e‘”tei\/”/_”y dv. (9.217)

vt (ei vy _ g u/uy) v, (9.218)
(9.219)

) 7 (9.220)
_/Ce_/c_/@, (9.221)

2mi — 2mi ext (2\%) , (9.222)

U (1 e (2{33)) , (9.223)

U <1 — erf (2\27» , (9.224)

Uerfe (2\%) | (9.225)

This is fully equivalent to our earlier result found in in Eq. (G.70]) using slightly different notation.

Problems
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Chapter 10

Linear integral equations

see Powers and Sen, Chapter 8.

In this chapter, adopted largely from Powers and SenE' we introduce an important, though
often less emphasized, topic: integral equations. Integral equations, and their cousins the
integro-differential equations, often arise naturally in engineering problems where nonlocal
effects are significant, i.e. when what is happening at a given point in space-time is affected by
the past or by points at a distance, or by both. They may arise in such areas as radiation heat
transfer and statistical physics. They also arise in problems involving the Green’s functions of
linear operators, which may originate from a wide variety of problems in engineering such as
heat transfer, elasticity, or electromagnetics. Our focus will be on linear integral equations,
though one could extend to the nonlinear theory if desired. More common studies of linear
equations of the sort Ly = f typically address cases where L is either a linear differential
operator or a matrix. Here we take it to be an integral. We will then be able to apply
standard notions from eigenvalue analysis to aid in the interpretation of the solutions to such
equations. When the integral operator is discretized, integral equations can be approximated
as linear algebra problems.

10.1 Definitions
We consider integral equations that take the form
b
h(x)y(z) = f(x) + )\/ K(z,s)y(s) ds. (10.1)

Such an equation is linear in y(x), the unknown dependent variable for which we seek a
solution. Here K(z,s), the so-called kernel, is known, h(x) and f(z) are known functions,

1J. M. Powers and M. Sen, 2015, Mathematical Methods in Engineering, Cambridge University Press,
New York.
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and A is a constant parameter. We could rewrite Eq. (I0T]) as

(h(z) Ole = | K (.9) () ds) y(s) = (), (10.2)

so that it takes the explicit form Ly = f. Here () is a placeholder for the operand. If
f(z) = 0, our integral equation is homogeneous. When a and b are fixed constants, Eq.

is called a Fredholnﬂ equation. If the upper limit is instead the variable z, we have a Volterr:
equation:

hz)y(x) = f(z) + )\/1‘ K(x,s)y(s) ds. (10.3)

A Fredholm equation whose kernel has the property K(x,s) = 0 for s > z is in fact a
Volterra equation. If one or both of the limits is infinite, the equation is known as singular
integral equation, e.g.

h(x)y(z) = f(x) + )\/00 K(z,s)y(s) ds. (10.4)

If h(xz) = 0, we have what is known as a Fredholm equation of the first kind:

b
0= f(z)+ )\/ K(x,s)y(s) ds. (10.5)

Here, we can expect difficulties in solving for y(s) if for a given x, K(x,s) takes on a value
of zero or near zero for s € [a,b]. That is because when K(z,s) = 0, it maps all y(s) into
zero, rendering the solution nonunique. The closer K (z,s) is to zero, the more challenging
it is to estimate y(s).

If h(z) = 1, we have a Fredholm equation of the second kind:

b
y(x) = f(z) + )\/ K(x,s)y(s) ds. (10.6)

Equations of this kind have a more straightforward solution than those of the first kind.

10.2 Homogeneous Fredholm equations

Let us here consider homogeneous Fredholm equations, i.e. those with f(z) = 0.

2Erik Ivar Fredholm, 1866-1927, Swedish mathematician.
3Vito Volterra, 1860-1940, Italian mathematician.
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10.2.1 First kind

A homogeneous Fredholm equation of the first kind takes the form

O—/ K(z,s)y(s) ds. (10.7)

Solutions to Eq. (I0.7) are functions y(s) which lie in the null space of the linear integral
operator. Certainly, y(s) = 0 satisfies, but there may be other nontrivial solutions, based
on the nature of the kernel K(z,s). Certainly, for a given z, if there are points or regions
where K(z,s) = 0in s € [a,b], one would expect nontrivial and nonunique y(s) to exist
which would still satisfy Eq. (I0.7). Also, if K(x,s) oscillates appropriately about zero for
s € [a, b], one may find nontrivial and nonunique y(s).

I
Ezxample 10.1
Find solutions y(z) to the homogeneous Fredholm equation of the first kind

O:/O xsy(s) ds. (10.8)

Assuming x # 0, we can factor to say

1
0= / sy(s) ds. (10.9)
0
Certainly solutions for y are nonunique. For example, any function which is odd and symmetric about
s =1/2 and scaled by s will satisfy, e.g.
sin(2nmx)

y(x):CT, CeR neQ. (10.10)

The piecewise function

y(z) —{ g: iZ(Od, . (10.11)

also satisfies, where C' € R!.

10.2.2 Second kind

A homogeneous Fredholm equation of the second kind takes the form
b
x) = )\/ K(z,s)y(s) ds. (10.12)

Obviously, when y(s) = 0, Eq. (I0.12) is satisfied. But we might expect that there exist
nontrivial eigenfunctions and corresponding eigenvalues which also satisfy Eq. (I0.12). This
is because Eq. (I0.I2)) takes the form of (1/A)y = Ly, where L is the linear integral operator.
In the theory of integral equations, it is more traditional to have the eigenvalue \ play the
role of the reciprocal of the usual eigenvalue.
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286 CHAPTER 10. LINEAR INTEGRAL EQUATIONS

10.2.2.1 Separable kernel

In the special case in which the kernel is what is known as a separable kernel or degenerate
kernel with the form:

N
K(z,8) =Y gi(x)ihils), (10.13)
i=1
significant simplification arises. We then substitute into Eq. (I0.12) to get
b N
y(r) = /\/ (Z ¢i(9€)¢i(8)> y(s) ds, (10.14)
a i=1
N b
=AY o) [ lols) ds. (10.15)
i=1 a _
Then we define the constants ¢;, i =1,..., N, as
b
Ci = / »i(s)y(s) ds, i=1,...,N, (10.16)
and find
N
y(x) = A>_ cdilx). (10.17)
i=1
We get the constants ¢; by substituting Eq. (I0.I7) into Eq. (I0I6):
b N
a j=1
N b
= A g / Vi) (s) ds. (10.19)
j=1 & g _
Bi]‘

Defining the constant matrix B;; as B;; = fab Yi(s)¢;(s) ds, we then have

N
C; = A Z Bijcj- (1020)
j=1
In Gibbs notation, we would say
c=)B-c, (10.21)
0=MB-1I)-c. (10.22)
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This is an eigenvalue problem for c. Here the reciprocal of the traditional eigenvalues of B
give the values of A\, and the eigenvectors are the associated values of c.

I
Example 10.2
Find the eigenvalues and eigenfunctions for the homogeneous Fredholm equation of the second kind
with the degenerate kernel, K(z,s) = xs on the domain z € [0, 1]:

1
y(z) = /\/ xsy(s) ds. (10.23)
0
The equation simplifies to
1
y(x) = /\:v/ sy(s) ds. (10.24)
0
Take then
1
c=/ sy(s) ds, (10.25)
0
so that
y(x) = Azxe. (10.26)
Thus,
1
c = / sAsc ds, (10.27)
0
1
1 = )\/ 5% ds, (10.28)
0
S|
= N>, (10.29)
0
~ (2 (10.30)
= 3) )
A = 3 (10.31)

Thus, there is a single eigenfunction, y = x associated with a single eigenvalue, A = 3. Any constant
multiplied by the eigenfunction is also an eigenfunction.

10.2.2.2 Non-separable kernel

For many problems, the kernel is not separable, and we must resort to numerical methods.
Let us consider Eq. (I012) with a =0, b= 1:

y(z) = \ /0 K(z, 8)y(s) ds. (10.32)
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Now, while there are many sophisticated numerical methods to evaluate the integral in
Eq. (I0.32), it is easiest to convey our ideas via the simplest method: the rectangular rule
with evenly spaced intervals. Let us distribute N points uniformly in x € [0,1] so that
;=@ —1)/(N—=1),i=1,...,N. We form the same distribution for s € [0,1] with
s;i=(—-1)/(N—-1),j=1,...,N. For a given x = z;, this distribution defines N — 1
rectangles of width As = 1/(N — 1) and of height K(x;,s;) = K;;. We can think of K;; as
a matrix of dimension (N — 1) x (N —1). We can estimate the integral by adding the areas
of all of the individual rectangles. By the nature of the rectangular rule, this method has
a small asymmetry which ignores the influence of the function values at i = 7 = N. In the
limit of large N, this is not a problem. Next, let y(z;) = v;, i =1,..., N —1, and y(s;) = y;,
j=1,...,N —1, and write Eq. (I1.32) in a discrete approximation as

N-1
yi=A>_ Kijy;As. (10.33)

j=1

In vector form, we could say
y = AK-yAs, (10.34)
1

0 = ([K———T1)- 10.35
( AAs ) Y ( )
= (K-odl)-y. (10.36)

Obviously, this is a eigenvalue problem in linear algebra. The eigenvalues of K, o; =
1/(NAs), @ = 1,..., N — 1, approximate the eigenvalues of L = fol K(x,s)(:) ds, and the
eigenvectors are approximations to the eigenfunctions of L.

|
Ezxample 10.3
Find numerical approximations of the first nine eigenvalues and eigenfunctions of the homogeneous
Fredholm equation of the second kind

y(x) = )\/O sin(10xs)y(s) ds. (10.37)

Discretization leads to a matrix equation in the form of Eq. (I0.34)). For display purposes only, we
examine a coarse discretization of N = 6. In this case, our discrete equation is

Y1 0 0 0 0 0 U1
o 0 038 0717 0932 1000 | [w|
ys [ =] 0 0717 1000 0675 —0.058 || s <—> (10.38)
" 0 0932 0675 —0443 —0.996 | | v | Q22
s 0 1.000 —0.058 —0996 0.17 ) \ys/ A
—— ——
y K y

Obviously, K is not full rank because of the row and column of zeros. In fact it has a rank of 4. The
zeros exist because K (x,s) = 0 for both x = 0 and s = 0. This however, poses no issues for computing
the eigenvalues and eigenvectors. However N = 6 is too small to resolve either the eigenvalues or
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Figure 10.1: First nine eigenfunctions for y(z) = A fol sin(10zs)y(s) ds.

eigenfunctions of the underlying continuous operator. Choosing N = 201 points gives acceptable
resolution for the first nine eigenvalues, which are

A = 2.523, Ao = —2.526, A3 = 2.792, (10.39)
AN = —T7.749, s = 72.867, e = —1225.2, (10.40)
A7 = 3.014 x 10%, As = —1.011 x 106, Ao = 4.417 x 107. (10.41)

The corresponding eigenfunctions are plotted in Fig. 0.1

[
Ezxample 10.4

Find numerical approximations of the first six eigenvalues and eigenfunctions of the homogeneous
Fredholm equation of the second kind

1
) = A [ gl auls) ds (10.42)
where
x(s —1), x <s,
g(x,s) = { We_1) z>s (10.43)

This kernel is the Green’s function for the problem d?y/dz? = f(x) with y(0) = y(1) = 0. The Green’s

function solution is y(x) = fol g(x, 8)f(s) ds. For our example problem, we have f(s) = A\y(s); thus, we
are also solving the eigenvalue problem d?y/dxz? = \y.
Choosing N = 201 points gives acceptable resolution for the first six eigenvalues, which are

M = —9.869, Ay =-3948,  )\3=—88.8l, (10.44)
M = —157.9, A5 =-246.6, )¢ = —355.0. (10.45)
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0.10

0.05

~0.05]

~0.10-

Figure 10.2: First six eigenfunctions for y(x) = A 01 g(z,s)y(s) ds, where g(z,s) is the
Green’s function for d*y/dz* = f(z), y(0) = y(1) = 0.

These compare well with the known eigenvalues of A = —n?72, n =1,2,...:
A1 = —9.870, Ao = —39.48, A3 = —88.83, (10.46)
Ay = —157.9, A5 = —246.7, A = —355.3. (10.47)

The corresponding eigenfunctions are plotted in Fig. The eigenfunctions appear to approximate
well the known eigenfunctions sin(nwz), n = 1,2,....

We can gain some understanding of the accuracy of our method by studying how its error converges
as the number of terms in the approximation increases. There are many choices as to how to evaluate
the error. Here let us choose one of the eigenvalues, say \4; others could have been chosen. We know

the exact value is \y = —1672. Let us take the relative error to be
|)\4N + 167T2|
= 10.48
c 1672 (1048)

where A\yjny here is understood to be the numerical approximation to A4, which is a function of N.
Fig. 03] shows the convergence, which is well approximated by the curve fit e4 ~ 15.99 N ~2:94,

10.3 Inhomogeneous Fredholm equations
Inhomogeneous integral equations can also be studied, and we do so here.
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Figure 10.3: Convergence of the relative error in approximation of \y, = —1672 for y(z) =
A fol g(z, s)y(s) ds, where g(z, s) is the Green’s function for d?y/dz* = f(z), y(0) = y(1) = 0.
10.3.1 First kind
|
Example 10.5
Consider solutions y(x) to the inhomogeneous Fredholm equation of the first kind
1
0=z +/ sin(10xs)y(s) ds. (10.49)
0

Here we have f(z) = 2, A = 1, and K(z,s) = sin(10zs). For a given value of z, we have K (z,s) =0,
when s = 0, and so we expect a nonunique solution for y.
Let us once again solve this by discretization techniques identical to previous examples. In short,

1
0= f(x) —i—/ K(x,s)y(s) ds, (10.50)
0
leads to the matrix equation
0=f+K-yAs, (10.51)
where f is a vector of length N — 1 containing the values of f(x;),i =1,...,N — 1, K is a matrix of
dimension (N — 1) x (N — 1) populated by values of K(z;,s;),i=1,...,N—1,7=1,...,N—1, and
y is a vector of length N — 1 containing the unknown values of y(z;),7 =1,...,N — 1.

When we evaluate the rank of K, we find for K(z,s) = sin(xs) that the rank of the discrete K is
r = N — 2. This is because K (z,s) evaluates to zero at © = 0 and s = 0. Thus, the right null space
is of dimension unity. Now, we have no guarantee that f lies in the column space of K, so the best we
can imagine is that there exists a unique solution y that minimizes ||f + K - yAs||a which itself has no
components in the null space of K, so that y itself is of minimum “length.” So, we say our best y is

y = —ALK+ f, (10.52)
S
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where K™ is the Moore-Penrose pseudoinverse of K.
Letting N = 6 gives rise to the matrix equation

0 0 0 0 0 0 0 Y1

0 0.2 0 0.389 0.717  0.932 1.000 Y2 1

0Of=104]14+]0 0717 1.000 0.675 —0.058 Y2 <—) . (10.53)
0 0.6 0 0932 0.675 —0.443 0.996 Ya v

0 0.8 0 1.000 —-0.058 0.996 0.117 Y5 As

0 3 K y

Solving for the y of minimum length which minimizes ||f + K - yAs]|2, we find

0
—4.29

y=| 132 |[. (10.54)
—0.361
0.057

We see by inspection that the vector (1,0,0,0,0)7 lies in the right null space of K. So K operating on
any scalar multiple, «, of this null space vector maps into zero, and does not contribute to the error.
So the following set of solution vectors y all have the same error in approximation:

(0%
—4.29
y=| 132 |, a € R (10.55)
—0.361
0.057

We also find the error to be, for N = 6
[If + K-yAs|ls =0. (10.56)

Because the error is zero, we have selected a function f(z) = x, whose discrete approximation lies in
the column space of K; for more general functions, this will not be the case. This is a consequence of
our selected function, f(z) = x, evaluating to zero at # = 0. For example, for f(z) = z + 2, we would
find ||f + K- yAsl||a = £(0) = 2, with all of the error at 2 = 0, and none at other points in the domain.

This seems to be a rational way to approximate the best continuous y(z) to satisfy the continuous
integral equation. However, as N increases, we find the approximation y does not converge to a finite
well-behaved function, as displayed for N = 6,51,101 in Fig. [0.4l This lack of convergence is likely
related to the ill-conditioned nature of K. For N = 6 the condition number ¢, that is the ratio of the
largest and smallest singular values is ¢ = 45; for N = 51, we find ¢ = 10'37; for N = 101, ¢ = 10?32
This ill-conditioned behavior is typical for Fredholm equations of the first kind. While the function
itself does not converge with increasing N, the error ||f + K- yAs||z remains zero for all N for f(z) =«
(or any other f which has f(0) = 0).

10.3.2 Second kind

[
Ezxample 10.6

Identify the solution y(x) to the inhomogeneous Fredholm equation of the second kind

1
ylz) ==z —I—/O sin(10zs)y(s) ds. (10.57)
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Figure 10.4: Approximations y & y(z) which have minimum norm while best satisfying
the discrete Fredholm equation of the first kind 0 = f + K - yAs, modeling the continuous
O=z+ fol sin(zs)y(s) ds.

Again, we have f(x) = z, A = 1, and K(x,s) = sin(10xs). Let us once again solve this by
discretization techniques identical to previous examples. In short,

1
) = o)+ [ Kashyls) d, (10.58)
0
leads to the matrix equation

y=f+K-yAs, (10.59)
where f is a vector of length N — 1 containing the values of f(x;),i =1,...,N — 1, K is a matrix of
dimension (N — 1) x (N — 1) populated by values of K(z;,s;),i=1,...,N—1,7=1,...,N—1, and

y is a vector of length N — 1 containing the unknown values of y(z;),j =1,...,N — L.

Solving for y, we find

y=(I-KAs) " f (10.60)

The matrix I — KAs is not singular, and thus we find a unique solution. The only error in this solution
is that associated with the discrete nature of the approximation. This discretization error approaches
zero as N becomes large. The converged solution is plotted in Fig. In contrast to Fredholm
equations of the first kind, those of the second kind generally have unambiguous solution.

10.4 Fredholm alternative

The Fredholm alternative applies to integral equations, as well as many other types of equa-
tions. Consider, respectively, the inhomogeneous and homogeneous Fredholm equations of
the second kind,

y(z) = f(z)+A / K(z, s)y(s) ds, (10.61)

b
y(r) = )\/ K(x,s)y(s) ds. (10.62)
For such systems, given K (z,s), f(x), and nonzero A € C! either
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Figure 10.5: The function y(x) which solves the Fredholm equation of the second kind
y(r) =a+ fol sin(10xs)y(s) ds.
e Eq. (I0.6I)) can be uniquely solved for all f(x), or

e Eq. (I0.G2) has a nontrivial nonunique solution.

10.5 Fourier series projection

We can use the eigenfunctions of the linear integral operator as a basis on which to project
a general function. This then yields a Fourier series approximation of the general function.

First let us take the inner product to be defined in a typical fashion for functions u,v €
LQ [O, 1]

(u,v) :/0 u(s)v(s) ds. (10.63)

If u(s) and v(s) are sampled at N uniformly spaced points in the domain s € [0, 1], with
s1=0,sy =1, As =1/(N — 1), the inner product can be approximated by what amounts
to the rectangular method of numerical integration:

N-1
(u,0) = Y unvnAs. (10.64)
n=1

Then if we consider u,, v,, to be the components of vectors u and v, each of length N — 1,
we can cast the inner product as

(u” - v)As, (10.65)
<u\/E)T : (V\/E) . (10.66)

Q

(u,v)

Q
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The functions v and v are orthogonal if (u,v) = 0 when u # v. The norm of a function

is, as usual,
1
[lulle =V {u,u) = U/ u?(s) ds. (10.67)
0

In the discrete approximation, we have

lull ~ /(uT - u)As, (10.68)
~ \/ (u\/A_s>T-<U\/A—s) (10.69)

Now consider the integral equation defining our eigenfunctions y(z), Eq. (I0.32):

y(zr) = )\/0 K(z,s)y(s) ds. (10.70)

We restrict attention to problems where K(z,s) = K(s,z). With this, the integral operator
is self-adjoint, and the eigenfunctions are thus guaranteed to be orthogonal. Consequently,
we are dealing with a problem from Hilbert-Schmidt theory. Discretization, as before, leads

to Eq. (I0.30):
0=(K-ol)-y. (10.71)

Because K(z,s) = K(s,z), its discrete form gives K;; = Kj;. Thus, K = K”, and the
discrete operator is self-adjoint. We find a set of N — 1 eigenvectors, each of length N — 1,
yvi, i =1,..., N — 1. The eigenvalues are 0; = 1/(\;As),i=1,...,N — 1.

Now if y;() is the eigenfunction, we can define a corresponding orthonormal eigenfunction
wi(z), by scaling y;(z) by its norm:

piz) = ﬁ"(ﬁ) = 1‘%(3;) . (10.72)
yill2 \V fo y3(5> ds
The discrete analog, properly scaled to render ¢, to be of unit magnitude, is
VA
¢ = T (10.73)
V(v yi)As
Yi
= ) (10.74)
[lyill2
Now for an M-term Fourier series, we approximate f(z) by
M
fla)~ fla) =£ =Y api(a;) =a’ - @. (10.75)
i=1
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Here f, is an (N — 1) x 1 vector containing the projection of f, ® is a matrix of dimension
M x (N — 1) with each row populated by a normalized eigenvector ¢,:

o)
® = 91?2 (10.76)

b

So if M = 4, we would have the approximation
f(@) = f(z;) =1, = a1 + aadhy + azps + uy. (10.77)

However, we need an expression for the Fourier coefficients . Now in the continuous
limit, a; = fol f(s)pi(s) ds. The discrete analog of this is

ol = (f1- @7, (10.78)
a = ®-f. (10.79)

The vector f is of length N — 1 and contains the values of f(x) evaluated at each x;. When
M = N — 1, the matrix ® is square, and moreover, orthogonal. Thus, its norm is unity,
and its transpose is its inverse. When square, it can always be constructed such that its
determinant is unity, thus rendering it to be a rotation. In this case, f is rotated by ® to
form a.

We could also represent Eq. (I0.75) as

f, = &' .« (10.80)
Using Eq. (I0.79) to eliminate a in Eq. (I0.80), we can say
f,=®" & f. (10.81)
P

The matrix ®7 - ® is a projection matrix P:
P=3o". @ (10.82)

The matrix P has dimension (N — 1) x (N — 1) and is of rank M. It has M eigenvalues of
unity and N — 1 — M eigenvalues which are zero. If ® is square, P becomes the identity
matrix I, rendering f, = f, and no information is lost. That is, the approximation at each
of the N — 1 points is exact. Still, if the underlying function f(x) has fine scale structures,
one must take N — 1 to be sufficiently large to capture those structures.

[
Example 10.7

Find a Fourier series approximation for the function f(z) = 1 — 22, = € [0,1], where the basis
functions are the orthonormalized eigenfunctions of the integral equation

1
y(x) = )\/O sin(10zs)y(s) ds. (10.83)
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We have found the unnormalized eigenfunction approximation y in an earlier example by solving
the discrete equation

0=(K—-ol)-y. (10.84)

Here K is of dimension (N — 1) x (N — 1), is populated by sin(10x;s;), i,7 = 1,...,N — 1, and is
obviously symmetric.

Let us first select a coarse approximation with N = 6. Thus, As = 1/(N — 1) = 1/5. This yields
the same K we saw earlier in Eq. (I038):

0 0 0 0 0
0 0.389 0.717  0.932 1.000
K=| 0 0717 1.000 0.675 —0.058 (10.85)
0 0932 0.675 —0.443 —-0.996
0 1.000 —-0.058 —-0.996 0.117

We then find the eigenvectors of K and use them to construct the matrix ®. For completeness, we
present ® for the case where M = N —1=25:

é, 0 060 070 039 0.092
b, 0 049 0023 —0.67 —0.55

Bsy5 = b4 = 0 039 —023 —0.38 080 (10.86)
b, 0 —050 068 —050 0.20
b 1.0 0 0 0 0

Now, let us consider an M = 3-term Fourier series approximation. Then we will restrict attention to
the first three eigenfunctions and consider @ to be a matrix of dimension M x (N —1) =3 x b:

b ... 0 0.60 0.70 0.39  0.092
P = ¢y ... | =1 0 049 0.023 —-0.67 —0.55 (10.87)
o 0 039 -0.23 —-0.38 0.80
Now we consider the value of f(z) at each of the N — 1 sample points given in the vector x:
0 0
L 0.2
x=|2]=104 (10.88)
=:|= . .
i 0.6
= 0.8
At each point f(z) gives us the vector f, of length N — 1:
1 1.00
% 0.96
f= x = | 0.84 (10.89)
B 0.64
25 0.36
We can find the projected value f, by direct application of Eq. (I0.81]):
0 0 0 1.00
0.60 0.49 0.39 0 0.60 0.70 0.39  0.092 0.96
f, = 0.70 0.023 -—0.23 0 049 0.023 —-0.67 —0.55 0.84 |,
0.39 —-0.67 -0.38 0 039 -0.23 —-0.38 0.80 0.64
0.092 —-0.55 0.80 0.36
P ———
(PT f
P
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: three-term
T
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Figure 10.6: M = 3-term Fourier approximation of f(z) =1 — z?, x € [0, 1] where the basis
functions are eigenfunctions of the N — 1 = 5-term discretization of the integral operator
with the symmetric kernel K (x,s) = sin(10xs), along with the error distribution.

0
0.88
= |09 |. (10.90)
0.56
0.39

A plot of the M = 3-term approximation for N — 1 = 5 superposed onto the exact solution, and in
a separate plot, the error distribution, is shown in Fig. We see the approximation is generally a
good one even with only three terms. At z = 0, the approximation is bad because all the selected basis
functions evaluate to zero there, while the function evaluates to unity.

The Fourier coefficients a are found from Eq. (I0.79) and are given by

1.00
0 0.60 0.70 0.39 0.092 0.96 1.4
a=| 0 049 0.023 -0.67 —0.55 0.84 | = | —0.14 | . (10.91)
0 039 -0.23 —-0.38 0.80 0.64 0.23
0.36
So the Fourier series is
0 0 0 0
0.60 0.49 0.39 0.88
f, =010, + appy + azp; =1.4 0.70 —0.14 ] 0.023 +023| —023 [ =1]095]. (10.92)
0.39 —0.67 —0.38 0.56
0.092 —0.55 0.80 0.39

If we increase N — 1, while holding M fixed, our basis functions become smoother, but the error
remains roughly the same. If we increase M while holding N — 1 fixed, we can reduce the error; we
achieve no error when M = N — 1. Let us examine a case where NV — 1 = 100, so the basis functions
are much smoother, and M = 20, so the error is reduced. A plot of the M = 20-term approximation

for N — 1 = 100 superposed onto the exact solution, and in a separate plot, the error distribution, is
shown in Fig. [0.7
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Figure 10.7: M = 20-term Fourier approximation of f(x) = 1—2?, x € [0, 1] where the basis
functions are eigenfunctions of the N — 1 = 100-term discretization of the integral operator
with the symmetric kernel K(z,s) = sin(10zxs), along with the error distribution.
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Problems

1. Solve the Volterra equation
t
a —I—/ e u(s) ds = ae’.
0
Hint: Differentiate.

2. Find any and all eigenvalues A and associated eigenfunctions y which satisfy

mm=AAf%@ww

S

3. Find a numerical approximation to the first six eigenvalues and eigenfunctions of

1
y(x) = )\/0 cos(10xs)y(s) ds.

Use sufficient resolution to resolve the eigenvalues to three digits of accuracy. Plot on a single graph
the first six eigenfunctions.

4. Find numerical approximations to y(z) via a process of discretization and, where appropriate, Moore-
Penrose pseudoinverse to the equations

(a)
1
0=z —l—/o cos(10zs)y(s) ds.

(b)
1
ylx) =z —i—/ cos(10xs)y(s) ds.
0
In each, demonstrate whether or not the solution converges as the discretization is made finer.

5. Find any and all solutions, y(z), which satisfy

fy()ds
a:-l—fo

folac ()ds

= —i—foxsy)ds.

(a) y(=
(b) y(z
(c) y(
(d) y(z

6. Using the eigenfunctions y;(z) of the equation

5

)
)
)
)

1
)= A [ eyl d,
0
approximate the following functions f(z) for « € [0, 1] in ten-term expansions of the form
10
T) = Z ;i ()
i=1

(a) f(z) =,
(b) f(x) = sin(mx).

The eigenfunctions will need to be estimated by numerical approximation.
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